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Abstract

Household water filtration represents a promising method to improve drinking wa-
ter quality at the point-of-use. In Nepal, the use of ceramic filters with insuffi-
cient performance and a high sensitivity to inadequate operation and maintenance
(OM) practices calls for an intervention with high quality water filters and improved
household trainings.

This study assessed three filter designs and their handling. The first design was
a two bucket filter system with a gravity-driven membrane (GDM) from Germany.
Likewise, the second filter design consisted of a raw water and storage bucket and
was equipped with a locally produced ceramic candle filter with silver impregnation
(MCC filter). The third assessed filter was a hollow-fiber filter produced by Sawyer
Products, Inc. and did not include a storage unit. After the distribution of 66 filters
to households living in a remote area in Western Nepal and training the local people
in the filter’s use, microbial water analyses of the raw water and the filtrate were
conducted in the laboratory and in the field. A semi-structured questionnaire was
carried out with the filter users to assess the influence of handling practices on the
performance of the filter.

In the laboratory, all three filter designs significantly improved the water quality.
Log removal values (LRVs) for total coliforms of 4.48 (Sawyer), 4.32 (MCC) and 2.17
(GDM) were observed. In the field, 91 % (GDM), 95 % (MCC) and 91 % (Sawyer)
of the samples contained 0 CFU /100 mL (E. coli). However, recontamination in the
storage of the MCC (23 %) and particularly the GDM filters (41 %) was observed.
Hence, less recontamination was observed for the MCC filter where colloidal silver
diffuses from the MCC candles into the storage. Based on the logistic regression
model, handling aspects did not represent a reliable explanation for the different fil-
ter performances and recontamination in the storage. Yet, prevalent cleaning prac-
tices (e.g. hands, cloths and raw water) could have an influence on the water quality
after longer time of filter operation.

The high performance, availability of local supply-chains, cost-effectiveness and
the reduction in recontamination makes the MCC filter suitable for the local context.
Trainings on adequate OM and the regular replacement of the candles may be crucial
to ensure continuous improvement of the water quality. Furthermore, future studies

on the long-term performance of the MCC candles is necessary.
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Chapter 1

Introduction

1.1 The WASH concept and its impact on public health

Today, still 844 million people lack the access to basic drinking water services [87]
and 80 % of this group lives in rural areas [88]. Around the world, over 2 billion peo-
ple consume drinking water with faecal contamination [84]. In addition, according
to the Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP)
of the World Health Organization (WHO) and the United Nations Children’s Fund
(UNICEEF), globally 2.3 billion people lack basic sanitation. Furthermore, 47 % of
people in least developed countries (LDCs) do not have any hand washing facilities
[88]. The WHO estimates a 502,000 diarrhoeal deaths per year due to unsafe drink-
ing water and a total amount of 842,000 diarrhoeal deaths which can be attributed
to inadequate Water, Sanitation and Hygiene (WASH) [74]. This accounts for 58 %
of global diarrhoeal deaths and 1.5 % of the total disease burden [74]. Globally, diar-
rhoea remains a major cause of death particularly among children below the age of
tive and can be traced back to unsafe water and unsafe sanitation in 72 % and 56 %,
respectively [2].

With the aim to globally improve the WASH situation the United Nations (UN)
launched the Millennium Development Goal (MDG) Target 7.C: "Halve, by 2015, the
proportion of the population without sustainable access to safe drinking water and
basic sanitation". Whereas according to the JMP by 2015 91 % of the population used
improved drinking water, the objective on sanitation infrastructure was not achieved
as still 2.4 billion lack facilities [86]. Within the framework of the new development
agenda of the UN, the Sustainable Development Goal (SDG) 6 addresses WASH in
particularly two subgoals: "By 2030, achieve universal and equitable access to safe
and affordable drinking water for all" (SDG 6.1) and "By 2030, achieve access to
adequate and equitable sanitation and hygiene for all [...]" (SDG 6.2) [87, p. 2].

Due to the overlap of the three WASH aspects, it is crucial to establish compre-
hensive WASH interventions in order to improve the public health. A meta-analysis
by Wolf et al. [76] provides evidence for the reduction of diarrhoeal morbidity on ac-
count of WASH interventions in low- and middle-income countries (LMICs). More-
over, a recent systematic review suggests an association of such interventions with
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non-diarrhoeal morbidity [21]. Furthermore, preliminary reviews of WASH inter-
ventions have emphasised the importance of enhancing the household drinking wa-
ter quality at the point-of-use (POU) [65]. In a systematic review including 50 studies
from LMICs (84,000 participants) Clasen et al. [10] demonstrated that particularly
water treatment methods at the household level lead to a reduction in diarrhoeal
events. Yet, the fact that household water treatment and safe storage (HWTS) ac-
counts for a reduction in diarrhoea of 30-40 % is quite disputed [62]. Experts crit-
icized that the reporting bias in unblinded studies might account for a part of the

measured impact [26, 62].

1.2 WASH situation in Nepal

Pursuant to the MDG assessment report by JMP the MDG 7.C. on drinking water
was met due to improved drinking water sources in over 90 % [86, 68]. Among the
households without improved water source only 14 % used appropriate household
treatment methods [68]. Microbial analyses of the water quality of households with
improved water sources have however revealed that at the source there is contami-
nation of E. coli in 71 % of the samples [68]. Notably, fecal contamination occurred
in 82 % of the households. Despite improvements in drinking water infrastructure,
the enhancement of microbial water quality remains a challenge [68].

The first insights from the recent comprehensive Health Impact Study (HIS) by
Meierhofer [41] support the findings obtained by UNICEF. Among the 1427 evalu-
ated households in Mid- and Far-Western Nepal, 94 % of the samples at the point-
of-collection (POC) showed fecal contamination [41]. 64 % of these water samples
contained more than eleven E. coli per 100 mL which resulted in a medium risk ac-
cording to the WHO risk classification of E. Coli contamination in drinking water
[41]. Notably, the microbial water quality tests revealed that in 70 % there is an in-
crease in contamination at the point-of-use (POU). In general, the WASH situation in
the study area in Western Nepal was critical [41]. While most of the households had
their own latrines, only 40 % had their own handwashing station of which a fraction
(=~ 30%) was equipped with soap. Moreover, the study showed that 16.5 % of the
children had diarrhoea in the last seven days [41]. The multivariate logistic regres-
sion revealed that there was an association with factors such as a floor made of mud,
handwashing after toilet and personal hygiene [41]. In the study area 55.7 % of the
children were diagnosed with parasitic infections. Additionally, undernutrition was
reported in 55 % of the children and 64 % of the children had clinical signs of nu-
tritional deficiencies [41]. Factors including low personal hygiene of caregiver and
child, better hygiene in the latrine and poor water quality at the source are associated
with the observed nutritional deficiencies [41].
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1.3 Households water treatment methods

If the feasibility or reliability of a centralised piped water supply system is not given,
HWTS represents an efficient strategy to improve the drinking water quality at the
POU [6, 79, 84]. Additionally, compared to centralised water treatment, HWTS can
be more effective regarding the improvement of the water quality and economical
aspects [11]. Besides the main objective of HWTS to provide safe drinking water
in an economical and sustainable way, HWTS methods are required to be socially
accepted and simple in operation and maintenance [79]. In fact, the performance
of HWTS methods is extremely sensitive to inadequate operation and maintenance
(OM) practices [6]. Therefore, efficient training and education is crucial [53, 42]. In
addition, to ensure health gains associated with HWTS methods, correct, consistent
and sustained use, referred to as adherence is a prerequisite [6]. A quantitative mi-
crobial risk model by Brown and Clasen [6] revealed that a reduction in adherence
from 100 % to 90 % results in a decline in health gains of up to 96 %. Recurring
expenses, a high user burden and the need of a considerable behavioral change may
increase the likelihood of non-adherence [6, 31]. A field study in Rwanda including
a membrane filter revealed a continued use of 86 % of the distributed filters after 12-
24 months [31]. Besides the simple operation, and the integrated storage, additional
support on OM and repair as well as repeated behaviour change messaging were
reasons for the high reported adherence [31].

Provided that effective HWTS technologies are operated correctly, these systems
have the potential to significantly improve the drinking water quality and reduce the
diarrhoeal burden [36, 65, 10, 84]. World Health Organization (WHO) [84] reported
a reduction in diarrhoeal diseases up to 61 % for households with such technologies.
Based on the principle of disinfection by solar radiation, solar water disinfection
(SODIS) is one of these methods. By means of SODIS contaminated water is disin-
fected in a plastic bottle within 6 h at direct exposure of sunlight [36, 40]. Based on
the meta-analyses of Clasen et al. [10], the use of SODIS leads to a reduction of diar-
rhoea by around a third. Other HTWS methods include the disinfection by boiling or
chlorination which have also shown to reduce the risk for diarrhoea by around 25 %
[10]. Moreover, different HWTS technologies are based on the principle of filtration.
Various studies on consumer preferences indicated that among HWTS technologies
household filters are favoured [55] and are also highly accepted in Nepal [70]. Addi-
tionally, a higher adherence was shown for household filtration systems compared
to other HWTS methods [84]. Based on the principle of size exclusion, various fil-
tration technologies and products were invented to remove colloids, pathogens and
suspended solids. For filtration at the POU evidence suggests a diarrhoeal risk re-
duction of about 50 % [10]. A recent meta-analysis by Wolf et al. [76] revealed that
as a result of an integrated safe storage there is a risk reducion of 61 % for diarrhoeal
diseases compared to filters without safe storage. Household filtration systems have
demonstrated different advantages and disadvantages during efforts of providing
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safe drinking water at the POU. With regard to the above mentioned criticism on
the reporting bias of non-blinded studies, the mentioned values for the reduction in
diarrhoea could be biased as Clasen et al. [10] reports a lack of blinding in 80 % of
the included studies. The analysis adjusted for non-blinding reveals a smaller but
significant effect of chlorination and filtration systems and a non-significant effect of
SODIS [10].

1.4 Households filtration systems and their challenges

As a promising HWTS method, different household filtration systems have been in-
vented to reduce the diarrhoeal burden particularly in LMICs by means of improved
drinking water quality. Currently, technologies used at the POU are mainly biosand,
ceramic and membrane filters.

Biosand filters are adapted from slow sand filters and consist of a concrete or
plastic container filled with sand [66, 26]. In this sand column which is covered
by a biofilm layer (Schmutzdecke), pathogens and suspended particles are removed
by biological and physical processes [26, 66, 65, 16]. Filter design aspects such as the
filter depth and the type of sand have shown to be crucial influencing factors when it
comes to the removal of bacteria and viruses [57]. A modified design including iron-
coated sand has shown to achieve removal values above 2 log for E. coli [1]. Globally,
a reduction in diarrhoeal illnesses related to biosand filters was demonstrated [57].

In the last 30 years ceramic filters have gained worldwide importance as a low-
cost HWTS and represent a very promising POU water treatment technology [5,
53, 30]. Both an improvement of the drinking water quality at the POU and an
associated reduction in diarrhoeal events have been shown by various studies [9,
39]. While ceramic filters may efficiently remove bacteria and protozoa, there is a
limited effectiveness against viruses [84, 35, 71]. The fired clay in the form of a pot
or a candle serves as the porous media that filters the drinking water. Saw dust
is used to create the porosity hence an increased percentage of saw dust leads to
higher average pore size, a higher porosity and higher hydraulic conductivity [30].
Consequently, this increases the flow rate and may have a negative effect on the
performance [30, 84]. These factors related to the production quality have a large
influence on the performance [56, 46, 84]. A quality management in local factories is
therefore crucial [46].

A recent study conducted in Nepal has revealed that the locally produced ce-
ramic filters improve the water quality only in 40% of the cases [42]. This was due
to a generally low performance of the ceramic filters and importantly because of in-
adequate filter operation and maintenance practices [42]. It is proposed that as a
result of low flow rates cleaning practices including extensive brushing resulting in
an abrasion of the ceramic layers, were common in the households [42]. This study
accentuates the importance of handling aspects as a precondition for the efficient
operation of a household filtration system.
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Various studies provide support for the fact that the performance of a ceramic
filter is increased by additional disinfection using colloidal silver [30, 34, 67]. The
silver nanoparticles (AgNO3, diameter: 10-100 nm) are incorporated into the clay
candle or a solution including colloidal silver applied on the inside and outside sur-
face of the candle [30, 67]. As a result, the formation of a biofilm is inhibited [64].
Moreover, Meierhofer et al. [43] showed that the presence of silver in the storage
container is associated with a reduction in recontamination risks and a decrease in
regrowth of both E. coli and total coliforms. The silver concentrations leaching into
the effluent water depend on the water chemistry, numerous product characteris-
tics and the operation period of the candle [43, 30]. According to the experiments
of Kallman et al. [30] the highest amount of colloidal silver is released during the
first 12 hours and a slightly lower concentration was observed after then months of
usage. Despite the advantageous effect of silver for water treatment, the potential
ecotoxicological implications have to be considered. For instance, ionic silver (Ag®)
released from silver nanoparticles may cause oxidative stress and disrupt cellular
processes [50]. Therefore, a drinking water limit of 0.10 mgL’1 was set by the WHO
[83]. This value is based on the no observable adverse effect level (NOAEL) of 10 g
for humans as a cumulative dose over 70 years [83]. However, taking into account
the fluid requirements and the lower body weight of children as well as other po-
tential silver uptake [37], for small children drinking water should have a maximal
silver concentration of 25 ugL! [43]. This calculation from Meierhofer et al. [43] is
based on the tolerable daily intake value of silver of 2.5 ugkg™ of body weight per
day [24].

Membrane filtration constitutes a pressure- or vacuum-driven separation pro-
cedure through a semi-permeable membrane [23]. The filtration properties of the
selective barrier are determined by the pore size [23]. While micro and ultra fil-
tration is characterised by pore sizes between 0.1 - 0.2 ym and 0.01 - 0.05 ym to
remove fine particles, nano filtration features smaller pore sizes (0.001 ym) and al-
lows for the separation of solutes [23]. For water treatment ultra filtration has gained
significant interest due to the high removal rates of pathogens. Depending on the
pore size, membrane filters are effective against bacteria, protozoa as well as viruses
[85, 35]. Gravity-driven membrane (GDM) filtration includes membranes with pore
sizes between 20-40 nm that filter water at very low pressures of 10-150 mbar [54].
The GDM technology allows for water filtration without pumping, backflushing or
cleaning over an operation time of five to eight years [12]. Due to the accumulation
of particles on the surface of the membrane, a biofilm is formed which leads to the
emergence of cavities. The water then flows through this porous film in a stable flux
[12, 54]. The integrity of the membrane, the pore size, membrane fouling, seals and
pipe connections are key parameters that determine the efficiency of a membrane
filtration product [85]. Although market prices of membranes have decreased, the
financial aspect for particularly decentralised systems, poses an obstacle for house-
holds in developing countries [56].



6 Chapter 1. Introduction

Hollow fibers as a different type of membrane are widely used for applications in
medicine and represent another HWTS method [61]. The semi-permeable fibers are
stacked in a cartage which allows for water filtration using gravity. Laboratory tests
have demonstrated a log removal of six for bacteria (e.g. Klebsiella terrigena) and re-
moval values of five log for protozoa [27]. Lindquist et al. [38] demonstrated signif-
icantly improved water quality in households and a reduction in diarrhoeal events
after an intervention in Honduras using the filtration system Sawyer PointONE™
(Sawyer Products, Inc., Safety Harbor, Florida, USA). In contrast, findings of a recent
study in South Sudan revealed that fouling of the hollow fiber membrane associated
with highly contaminated influent water and inadequate handling of the filter has
led to a reduced performance in only a few months [25]. Hence, the backflushing
of the hollow fibers using a syringe has shown to be crucial to ensure a consistent
performance.

As demonstrated above, the different household filtration systems have the po-
tential to significantly improve the drinking water quality [84]. In a recent evaluation
of different HWTS products, membrane filters performed better than ceramic filters
[84]. However, other factors such as social aspects including the acceptance of the
product and challenges regarding the OM may impact the efficiency of HWTS. As
these factors are highly dependent upon the local context, they have to be investi-
gated in order to ensure the promotion of safe water.

1.5 Study background and aim

This Master thesis is embedded in the comprehensive Health Impact Study (HIS)
"Evaluation of the impact of water quality and hygiene interventions on the health
status of children in the project area of Helvetas WARM-P Project in Nepal". Previ-
ous investigations within the collaboration between HELVETAS Swiss Intercooper-
ation Nepal and Eawag, the Swiss Federal Institute of Aquatic Science and Technol-
ogy have shown significant improvements in hygiene and sanitation after a WASH
education campaign in the project area in Western Nepal. However, due to high
recontamination rates between the point-of-collection (POC) and the POU the ob-
jective of the HIS is an impact assessment of enhanced water quality infrastructure
coupled with effective training’s at the household level. During the cross-sectional
study in March and May 2018 baseline data on WASH aspects of all 1427 partici-
pating households was collected in the study area in Mid- and Far-Western Nepal
where previously no water treatment interventions were carried out. Within the
scope of HIS in four areas the following interventions are implemented: (I) instal-
lation of chlorination system in the water supply scheme, (II) household hygiene
education, (III) distribution of high quality households filtration systems including
training on adequate OM, (IV) control area without intervention. This study is fo-
cused on intervention IIl. Due to the insufficient performance of locally produced
candle filters, this study aims to determine the household water filtration system
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that will be implemented within the framework of the HIS intervention. Therefore,
the main objective is the assessment of three different household filter designs: a
GDM filter, a candle filter with silver impregnation (MCC filter) and a hollow-fiber
filter (Sawyer filter). Furthermore, due to the potential influence of inadequate fil-
ter OM on the water quality, this study takes into account handling aspects of the
different filter designs.

1.6 Research questions

This study aims to assess the performance and the handling of three different water
filter designs to determine the most suitable household filtration system in the cur-
rent local context of the study area in Western Nepal. To this end, this study seeks to

address the following research questions:

1. How do the GDM, MCC and Sawyer filters perform on improving microbio-
logical water quality in the laboratory?

2. How do the GDM, MCC and Sawyer filter perform on improving microbiolog-
ical water quality when used by rural households in Nepal?

3. Handling aspects of the three filter designs:

(a) Can adequate filter operation and maintenance be established by appro-
priate user’s training?
(b) Can design reduce recontamination that can be caused by inadequate

handling?

4. Which filter type shows the highest acceptance and is the most favourable in
the current local context?






Chapter 2

Material and Methods

In section 2.1 the study design and context is elucidated and a brief introduction to
the study area (section 2.2) of this research project provided. Then, information on
the participating households and the questionnaire is given in section 2.3. The filter
types used in this study and its distribution in the field is described in section 2.4. To
assess the performance of the three filter types, experiments under laboratory con-
ditions were performed as described in section 2.5. Additionally, the performance of
the 66 distributed water filters was evaluated in households (section 2.6). Informa-
tion on the data analysis is provided in section 2.7.

A detailed overview of the experiments conducted in the laboratory of HELVE-
TAS Swiss Intercooperation in Surkhet, the Swiss Federal Institute of Aquatic Sci-
ence and Technology (Eawag) and in the field in Nepal, is provided in Table 2.1. The
outcome variables and the respective section in Materials and Methods is indicated.

TABLE 2.1: Experiments conducted within the scope of this research
project. The filter type, the outcome variable and the respective sec-
tion in Materials and Methods is indicated.

Experiment Outcome variable Section

Laboratory (Helvetas / Eawag)

Air flow resistance (AFR) of MCC candles AFR [mmhg] 251
Flow rate of MCC candles Q[mLh™] 251
Filter performance test (all filters) LRV ! E. coli, total coliforms (filtered 12 )  2.5.2
Brushing experiment I - filter performance (MCC) LRV E. coli, TC? (filtered I) 2.5.3
Brushing experiment I - flow rate (MCC) Q[mLh] 2.53
Brushing experiment II - filter performance (MCC) LRV Enterococci (filtered I, filtered T1# ) 253
Brushing experiment II - silver diffusion (MCC) Csiter [1gL1] (filtered T, filtered II) 253
Brushing experiment II - disinfection in storage (MCC) A Enterococci (CFU 5 /100 mL) 253
Field (Nepal)

Filter performance test (all filters) LRV E. coli, TC (filtered I, filtered II) 2.6
Recontamination in the storage (MCC, GDM ) A E. coli, TC (CFU /100 mL) 2.6

! Logjg of pathogen concentration [CFU/100 mL] of influent divided by pathogen concentration [CFU /100 mL]
of effluent water

2 Sample at the filter discharge pipe

3 Total coliforms

* Sample at the tap of the storage

5 Colony-forming unit
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2.1 Study design and context

As stated in the Introduction, the overarching framework of this study is the Health
Impact Study (HIS) with the goal to assess the impact of water quality interventions
in the rural study area in Mid- and Far-Western Nepal. To assess the performance
of the three selected filter types a randomised experimental design was conducted
in the study area in Nepal. Each of three filter types, the GDM, MCC and Sawyer
tilter was distributed to 22 households and the users were trained on adequate oper-
ation and maintenance (OM) practices. The households were revisited after approx-
imately one month to test the water quality of the raw water, at the discharge pipe
of the filter and at the tap of the storage of the GDM and MCC filter. Furthermore,
an interview with questions on general demographics, filter operation and mainte-
nance and general water, sanitation and hygiene (WASH) conditions in the house-
hold was conducted. By means of an experimental setup in the field laboratory of
HELVETAS Swiss Intercooperation in Surkhet, Nepal, the filter performance was as-
sessed. Additionally, a follow-up experiment was conducted at Eawag, Diibendorf,
Switzerland. The generally used indicator for faecal contamination, Escherichia coli
(E. coli) was used to evaluate the filters [13, 82]. Additionally, the gram-negative
bacteria total coliforms were used as a second indicator [13].

The distribution and installation of the filters as well as the training was carried
out between the 29" January and the 2"! February 2019. We then proceeded with
the data collection in the field from the 21°t February to the 7" March 2019.

2.2 Study area

The Federal Democratic Republic of Nepal is a landlocked country in South Asia
and is bordered by India and China. Nepal’s diverse geography can be divided into
three belts from South to North: the Terai, the tropical region in the Gangetic Plain,
the Pahad, the hilly area and the Himal, the mountain region with its highest alti-
tudes in the world. According to the World Bank the population of Nepal was over
29.3 million in 2017 [78]. 81 % of people have reported to live in rural areas [77]. In
2017, the Human Development Index (HDI) of Nepal has reached 0.57 which cor-
responds to the rank 149 of 189 assessed countries and territories [69]. Importantly,
whereas the HDI measures the achievement in the average human development in a
country, the Inequality-adjusted HDI includes inequalities within the country. Con-
sidering the discount due to inequalities the value of 0.57 falls to 0.43 (-25.6%) [69].
Furthermore, gender-based inequalities are represented in the Gender Inequality In-
dex (GII) where Nepal reaches a value of 0.48, ranking it 118 out of 160 countries
[69].

According to Minstry of Foreign Affairs [44] there are then different religions of
which Hinduism is the most abundant (81.3 %). Furthermore, there are 123 spo-
ken languages in Nepal and 126 caste/ethnic groups [44]. Hence, a social hierarchy
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ranks people into different castes with Brahmin, Chhetri, Newari and Thakuri in
the highest caste, followed by Janajati (middle) and Dalit in the lowest caste [3, 63].
Despite the fact that the system was abolished using a constitutional amendment,
discrimination based on the social status, particularly against the Dalit community,

&
China %3157
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I Surkhet
@ Birendranagar

© SurkhetB

is prevalent [63].

FIGURE 2.1: Map of the study area in Western Nepal showing the

provinces (color grading), districts within the provinces and a map

extract from Surkhet district. Designed using data from Wikimedia
Commons distributors [75] and OpenStreetMap contributors [51].

The Surkhet district as part of the Karnali Province is located approximately 370
km west of the capital, Kathmandu (Fig. 2.1). Our study area, referred to as Surkhet
B, is located around 30 km outside of Birendranagar, the capital of Karnali Province
(bold frame in Fig. 2.1). The village along the Bheri river belongs to the Lekhbeshi
municipality. Compared to villages in the hilly area of Nepal, the topography of
the study area is relatively flat. On the hill above the village water is collected in
reservoirs and a piped water system provides water in the morning and the evening,
respectively. However, as mentioned above, recent water quality tests in 1427 house-
holds have revealed that over 95 % of the samples at the POU were contaminated
with E. coli [41]. While a critical WASH situation in the study area was reported,
a high share of children had parasitic infections and showed clinical signs of nu-
tritional deficiencies [41]. Regarding the socio-economic characteristics of the study
area, the recent study by Meierhofer [41] revealed that 70 % of the respondents spent
less than CHF 137.00 (15.000 NRs) per month. Half of the 1427 investigated house-
holds had electricity and wood was mainly used for cooking [41]. Over 80 % of the
floors were made from mud and painted with cow dung. While 20 % had a high
and 16 % a low socio-economic status, 64 % of the respondents had a middle socio-

economic status in the study area Surkhet B [41].
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2.3 Participating households and questionnaire

2.3.1 Selection of the households

Prior to the actual distribution of the water filters the participating households were
selected together with the local authorities. Potential participants had to be outside
of the recently installed chlorination scheme in the catchment areas of the piped
water supply scheme. First, during a meeting in Surkhet B the aim of the study and
the filter designs were presented to the local User’s Committee which is responsible
for the water scheme. Additionally, during the meeting the intended distribution
process was discussed with Helvetas and the local community. In order to ensure
a randomised distribution of the filter types among all households (Fig. 2.2), the
lottery method was chosen. To this end, the head of the households was attending
the meeting on our distribution day (28.01.2019). All participants were informed
about the study purpose and then the member of the household payed NRs. 1000
and took a lottery ticket (numbers 1-3). Based on these numbers the water filters
were handed out. The GDM modules were not distributed at this point as they had
to be activated first.

FIGURE 2.2: Selected households in Surkhet B. Indicated in blue are
GDM, in orange MCC and in green Sawyer households [22].
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2.3.2 Ethical considerations

This study was approved by the Ethical Review Committee of Eawag. To ensure
transparency, the participants were informed about the goal and the approach of the
study. Before the study informed consent forms were signed by the participant. As
an alternative for illiterate participants fingerprints were used. Household members
below the age of 16 were not allowed to be part of the study. Prior to the study meet-
ings with the Lekhparsa Drinking Water supply and sanitation User’s Institution,
the User’s Committee of the water scheme and local NGO staff were held to inform
about the aim of the study. Additionally, the procedures of the research project in-
cluding the selection of the households and the distribution of the filters and prices
were discussed in detail.

2.3.3 Household questionnaire

To collect information on the households and the filter handling practices a house-
hold questionnaire was composed and translated into Nepalese. The survey con-
sisted of 100 questions dived into four categories: A - Household information, B -
Wealth index, C - Water handling and hygiene, D - Filter Design, E - Observation
through the interviewer. The questions related to wealth aspects were based on the
report DHS Comparative Reports No. 6 by Rutstein [60]. As the design and the
handling of the water filter varied, not all of the questions were applicable for all
filter types. To gather the necessary information dichotomous questions (Yes / No),
multiple-choice questions, questions with a likert-skale and some open-end ques-
tions were used. The entire survey can be found in the Appendix A (section A.1).
The household questionnaire was set up using the software Open Data Kit (ODK;
(University of Washington, Seattle, USA) and the data collection was carried out
using the tablet Samsung Galaxy Note A3 (Samsung Group, Seoul, South Korea).
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2.4 Water filter types and distribution of the water filters

2.4.1 Selection of filter types and properties of filter products

To ensure improved water quality at the POU the three following water filters were
selected for the assessment to subsequently facilitate a large-scale distribution of one
of the filter designs within the scope of the HIS.

GDM filter

In a project by Sandec in Uganda membrane filters have been successfully used to
provide safe drinking water. In local water kiosks large gravity driven membrane
(GDM) filters (MICRODYN-NADIR Biocell 25, Wiesbaden, Germany) were installed
[12]. For this study the same technology in a different design was chosen for water
purification on the level of the households. The applied filter module CUBE Mini
Module (FM 045) is from the MARTIN Membrane Systems AG (Berlin, Germany). It
is an ultrafiltration membrane with an area of 0.45m? (150 kDalton, 35 nm pore size).
Whereas the GDM module was imported all other components were obtained from
the local market in Kathmandu. The design included two plastic buckets (32 L) and
a tap. The Fig. 2.3 shows the GDM filter design and the membrane module which
was attached on the sides of the upper bucket. The filter module costs CHF 30.00 and
the additional components (buckets, bolts, nuts, seal rings and a cord) were around
CHF 20.00.

e b AA AL

FIGURE 2.3: GDM filter design in one of the households (A) and the
membrane module in the upper bucket of the filter (B).

MCC filter

Similar to the widely distributed ceramic filters, is the candle filter produced by the
local manufacturer Madhyapur Clay Craft (MCC) in Bhakthapur. Importantly, in an
additional production step the candle is impregnated with colloidal silver. Due to
the anti-microbial characteristics and the strong adhesion to clay ceramic, there is
an increased use of colloidal silver in ceramic filter production [89]. According to
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the manufacturer of the MCC candles, the method used for the impregnation of the
MCC candles is dipping in a solution including colloidal silver. The product used
in this study was suggested by HELVETAS Swiss Intercooperation Nepal and was
also subject to pretests in the laboratory in Surkhet. The assembly of the water filter
is simple and the local distributor provides all the necessary parts. The filter design
includes one clay candle, a raw water tank (5 L) and a clean water tank (5 L) with a
tap. The design used in this study is shown in Fig. 2.4 The filter including all parts
is available on the national market for approximately CHF 13.00 (1400 NRs) and a
replacement candle costs CHF 1.70 (190 NRs).

FIGURE 2.4: Candle filter from MCC Bhakthapur (A) and the impreg-
nated clay candle in the upper bucket of the filter (B).

Sawyer filter

The third water filter assessed is a fibre membrane filter produced by Sawyer Prod-
ucts, Inc. (Safety Harbor, Florida, USA). The Sawyer PointONE™ used in this study
contains hollow fiber tubes (diamter Imm) with a pore size of 0.1 ym [61]. The
Sawyer PointONE™ is widely used in developing countries. The design (Fig. 2.5)
included a plastic bucket (22 L; Bagmati Plastic Industries Pvt. Ltd, Kathmandu,
Nepal) with a price of CHF 3.50 (380 NRs). The Sawyer PointONE is available on
the national market and costs CHF 45.00 (5000 NRs).

2.4.2 Assembly of water filters, training and user’s manual

During the distribution phase, each of the households was visited to install the filters
and to give instructions on the OM of the respective filter design. Furthermore, the
GPS data, the head of the family, the filter number was noted, the informed consent
forms were signed by the participant and a photo was taken from the household.
To facilitate the on-site assembly of the GDM and Sawyer filter the necessary
preparations such as drilling of holes were made in the Office of Helvetas in Surkhet.
Furthermore, for each of the filter designs an illustrative manual on the OM of the
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FIGURE 2.5: Sawyer filter design (A) including the Sawyer PointONE
(B).

filter type was developed and printed (Fig. 2.6). Please refer to Appendix B for the
Manuals in English and Nepalese.

The activation of the GDM modules was performed in the evening before the
distribution of the modules. They were soaked in a 500 ppm NaOCl solution for
three hours and then rinsed to avoid remaining chlorine. The solution was prepared
using a locally available household bleach solution (5.25 % Sodium hypochlorite
(NaOCl)). Overnight the modules were kept in the water.

Whereas the MCC filter can be easily assembled without any additional tools, the
GDM filter assembly is a more complex process including numerous components
and tools. To avoid microbial contamination in the storage containers of the GDM
and MCC filters, they were disinfected using chlorine tablets. Prior to the operation
start of the filter, the training concerning the OM practices (incl. manuals) of each
filter type was conducted in Nepalese.

FIGURE 2.6: Manual with OM aspects in Nepalese on a MCC filter in
the field.
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2.5 Filter performance under laboratory conditions

To compare the performance of the three filter designs, water quality tests were per-
formed in the field laboratory of Helvetas in Surkhet. The laboratory setup con-
sisted of three GDM filters (GDM Lab 1-3), 12 MCC filters (MCC Lab 1-12) and three
Sawyer filters (SAWYER Lab 1-3). The filters MCC Lab 1-6 are analogous to the filters
distributed in the field (section 2.4) while MCC Lab 7-12 were part of a second pro-
duction batch. To investigate the influence of brushing events with different brush
types on the filter performance and the diffusion of silver, an additional follow-up

study was carried out at Eawag (section 2.5.3).

2.5.1 Air flow resistance and flow rate of MCC candles

According to Helvetas there is an absence of effective quality management in the
production of locally produced ceramic filters. The flow rate of the ceramic filter
candles serves as an indicator for the quality control [46]. During a visit staff from
the Geberit AG have addressed the issue of quality management and suggested to
measure the air flow resistance (AFR) of filter candles [46]. In their unpublished
report it has been shown that the AFR of the ceramic candles correlates with the
flow rates [46].

To assess the AFR [mmhg] of the MCC candles used in this study, an adapted
blood pressure measurement device was used (Fig. 2.7). From the 33 tested candles
six were selected for the laboratory tests. To investigate the potential influence of
AFR on the performance, two candles with low, middle and high AFR values were
selected. Then the candles were put into operation and the flow rates Q [mLh™]
were measured. The raw water bucket was filled with 5 L of water and the volume
of filtrate quantified after one hour. The procedure was repeated three times. Due
to highly variable flow rates and extremely low values of the first batch which was
distributed in the field, a second match of candles was ordered and also assessed in
the lab in Surkhet.

FIGURE 2.7: Adapted blood pressure measurement device to assess
the air flow resistance of the MCC candles.
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2.5.2 Sampling and analysis of the water quality

To evaluate the performance of the GDM, MCC and Sawyer filter, the water quality
of the raw water and the filtrate at the filter discharge pipe was tested. The raw water
for the filter tests was collected from a small stream in the South of Birendranagar,
Nepal. Before the experiment the raw water containers were emptied. From the
collected river water a 10 mL sample was taken for water quality analysis using a
syringe. Subsequently, the filter containers were filled with the raw water. After 15
minutes a 100 mL sample was taken from the filtered water and filled into a sterile
Whirl-Pak® bag (Nasco, Fort Atkinson, USA). The sample from the GDM filter and
the MCC filter were taken directly from the filter discharge pipe (filtered I) rather
than the storage. In the case of the MCC filter the sampling was performed using a

modified bucket as shown in Fig. 2.8.

(a) (B)

FIGURE 2.8: Installation used for the sampling of the filtrate (A) and
sampling at the filter discharge pipe (filtered I) using a Whirl-Pak (B).

All water samples were immediately processed using a filtration kit (DelAgua,
Marlborough, Wiltshire, UK), sterile membrane filters (pore size: 0.45 ym, @: 47 mm)
and Compact Dry EC plates (Nissui Pharmaceuticals, Tokyo, Japan). After passing
the sample through the sterile membrane filter, it was placed on a moistened Com-
pact Dry EC plate. To wet the Compact Dry EC plates, sterile water was used which
was boiled every morning, filled into a baby bottle and subsequently boiled again.
The tweezers were sterilised using a lighter. The disinfection of the DelAgua filtra-
tion device was performed as follows: 2 mL of methanol were added to the lower
cup and burned. Once the methanol was almost completely burnt the filtration head
was placed over the sample cup. The disinfection took place for ten minutes. Each
sample was labelled with the sample ID, the time and the date. Subsequent to the
processing of the water sample the plate was placed in the solar-powered incubator
(Eawag, Diibendorf, Switzerland) and incubated for 24 hours at 35 = 2 °. To en-
sure consistent quality of the procedure a duplicate of every 101" sample was taken.
Additionally, every day one negative control using sterilized water was processed.
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After the incubation of 24 h the colony forming units (CFU) of E. coli and total
coliform per 100 mL were counted. If colonies were very numerous, the CFU’s were
counted manually using the Promega Colony Counter for iOS (Promega Corpora-
tion, Madison, Wisconsin, USA) as shown in Fig. 2.9. The counts were recorded in
the note book as well as on the plate using a permanent marker.

o Colony Counter Results
Promega i 11, 2019 6:35 PM

135 s

FIGURE 2.9: Sample plate with both CFU/100 mL of E. coli and to-
tal coliforms. Here E. coli were counted using the Promega Colony
Counter.

2.5.3 Filter performance and durability test of MCC candles

A recent study revealed that extensive or frequent brushing of the ceramic filter can-
dle might be a common practice to increase the flow rates [42]. It was suggested that
this physical damage of the ceramic layers may lead to a reduced filter performance
[42]. As mentioned above, the effectiveness of the MCC candles is enhanced by the
colloidal silver coating on the filter candles. To investigate the influence of brush-
ing, the candles on wearing off this silver layer and therewith possibly reducing the
filter’s performance, two experiments were performed.

Brushing experiment I

The first experiment was carried out in the field lab in Surkhet with four MCC can-
dles. Two candles from the first and two candles from the second production batch
with relatively low AFR values were selected. The water quality tests were per-
formed as described in section 2.5.2 and repeated three times. Additionally, the flow
rate of each candle was measured as described in section 2.5.1. Subsequently, the
MCC candles were extensively brushed using a steel brush and then the perfor-
mance was assessed. After three iterations of this procedure, the flow rate measure-

ments were repeated.
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Brushing experiment II including silver measurements

In the laboratory at Eawag (Diibendorf, Switzerland) an additional experiment in-
cluding soft, middle (mid) and hard brush types was conducted (Fig. 2.10). Two
candles were used per brush type and one was used as the control. First the initial
performance of the candles and the silver concentration of the filtrate was analysed
three times. Subsequently, with each brush type two MCC candles were consistently
brushed for one minute and the system flushed over night. Then the buckets were
filled again with spiked water and the microbial analysis and the sampling for the
silver measurement was performed again (filtered I). After ~ 3-4 hours the stor-
age container was shaken and again samples for the microbial analysis and the sil-
ver measurements were taken (filtered II). The whole procedure was repeated three
times.

The analysis was performed using tap water spiked with Enterococci. The pow-
der of one tablet Bioflorin (Sanofi-Aventis (Suisse) SA, Vernie, Switzerland) was
added to a laboratory glass bottle (1 L) and mixed with 1 L tap water (not cholori-
nated). From this stock solution 20 mL were added to 4 L of tap water using a
pipette. Before filling the filter a 1 mL sample was taken for water quality analy-
sis of the raw water. This raw water sample was diluted with tap water (1:9) and
subsequently 1 mL was pipetted directly onto a Compact Dry ETC plate (Nissui
Pharmaceuticals, Tokyo, Japan). Then the sample from the filter discharge pipe was
taken and analysed as described in section 2.5.2. Due to uncertainties concerning
the amount of CFU/100 mL of filtered water and a maximal detection limit of 300
CFU/100 mL a sample of 1 mL and a sample of 100 mL were taken and analysed
in accordance with section 2.5.2. To moisturise the ETC dry plate NANOpure wa-
ter (Thermo Scientific Barnstead NANOpure Water Purification System, Waltham,
USA) was used. The plates were then incubated for 24 h at 37 °C. To analyse the
diffusion of silver from the candle into the stored water a 10 mL water sample was
taken from the filter discharge pipe, mixed with 100 uL of nitric acid (65%) and
stored in a tube at 4°C.

To quantify the dissolution of silver atomic absorption spectrometry (AAS) was
used. In the case of high silver concentrations, a repeated measurement was carried
out after the automatic dilution of the sample.

FIGURE 2.10: Different brush types: (1) soft, (2) middle and (3) hard
brush
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2.6 Data collection in the field

At each household, in the first step the buckets of the water filters and the drinking
water container used by the households were emptied. Then a household member
was asked to fill the water container at the tap. In a second step from this container
a 100 mL water sample was taken for water quality analysis and filled into Whirl-
Pak® bag (Nasco, Fort Atkinson, USA) and subsequently, the raw water bucket of
the filter device was filled using the collected raw water. In a few Sawyer households
no transport container was used as the bucket can be easily filled directly at the
tap. To ensure a representative water sample in these cases, the sample for water
quality analysis was taken after letting the tap run for 30 seconds. In the third step,
a 100 mL water sample was taken directly after the filtering process from the filter
discharge pipe and filled into a Whirl-Pak®. Due to the low flow rates of the MCC
candles this sample was taken using the sampling bucket depicted in Fig. 2.8. As
the GDM filter and the MCC filter design included a storage which could be subject
to recontamination, in the forth step an additional 100 mL water sample was taken
from the tap of the safe water bucket and filled into a Whirl-Pak®.

All water samples were directly processed at the household using a filtration kit
(DelAgua, Marlborough, Wiltshire, UK) as described in 2.5.2 and illustrated in Fig.
2.11. Each sample was labelled with the sample ID, the time and the date. At lunch
time and in the evening the plates were placed in a solar-powered incubator (Eawag,
Diibendorf, CH) and incubated for 24 hours at 35 + 2 °C. To ensure a consistent
electricity supply for the incubator a solar panel and a car battery were installed
at the study site. Analogous to the lab experiments every 101" water sample was
duplicated to ensure a consistent processing. After the incubation of 24 hours the
colonies were counted in the field as described in section 2.5.2.

FIGURE 2.11: Field laboratory setting including the DelAgua filtra-
tion kits, Compact Dry EC plates, sterile membrane filters (A) and
filtration of a water sample collected using a Whirl-Pak® (B).
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2.7 Data analysis

The data from the water quality tests and the questionnaire was analysed in Excel
16 (Microsoft Corporation, Redmond, Washington, USA), SPSS 25 (IBM, Armonk,
New York, USA) and RStudio 1.2 (Rstudio, Inc., Boston, Massachusetts, USA). More
detailed information on the statistical analysis and the calculation of the log removal
values (LRV), the compliance rate, indicator for recontamination and the applied
indices is provided in the following sections.

2.7.1 Statistical analysis

The assessment of the normality was performed graphically and numerically us-
ing the Shapiro-Wilk test. Whereas, as part of the descriptive statistics such as the
mean =+ standard deviation were calculated for normally distributed data, the me-
dian (Mdn) and median absolute deviation (MAD) were computed for data violat-
ing the normality assumption. Statistical hypotheses testing was conducted using
t-tests for data following normal distribution. In the case of a violation of normality;,
for bivariate analyses Wilcoxon rank-sum tests were performed. To test differences
between several independent groups violating the assumption of normal distribu-
tion, the non-parametric Kruskal-Wallis test was conducted. Subsequently, a non-
parametric post hoc test analogous to the Wilcoxon rank-sum test was carried out to
compare the different groups as suggested by Field et al. [18].

For further analyses the water quality data was categorised in accordance with
the E. coli classification of the World Health Organisation (WHO) [80]. The CFU /100
mL of total coliforms were categorised analogously.

TABLE 2.2: E. coli classification by the World Health Organization
(WHO) [80].

CFU/100 mL  Classification

0 In conformity with WHO guidelines
1-10 Low risk

11 -100 Intermediate risk

101 - 1000 High risk

>1000 Very high risk

2.7.2 Compliance rate, log removal value (LRV) and recontamination

To assess the impact of our training on OM practices a compliance rate was com-
posed which is based on the information retrieved after one month of filter oper-
ation. It included handling aspects which were both part of the training session
during the distribution and queried in the survey. The composition of the variables
included in the compliance rate depended on the filter type. All aspects are pre-
sented in Table 2.3. The instructed handling practice always represents 1. Therefore,
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some variables were re-coded or their scale adjusted to ensure that 1 is always the
appropriate answer which matches the instruction from the training and the OM
manual. The performance indicator of each filter type was calculated in accordance
with formula 2.1. The number of households in compliance with the variable i was
divided by the total amount of households (N = 22 if not specifically indicated).
Subsequently, the average of the n quotients was calculated and multiplied by 100
(equation 2.1).

Zn Number of HH in compliance (Variable i)
i=1 Total number of HH (Variable i)

n

% Compliance Rate = ) x (100) (2.1)

The log removal value (LRV) as a measure for the filter performance was calcu-
lated using the logo of the influent divided by the effluent CFU/100 mL of E. coli,
total coliforms and Enterococci in the case of the brushing experiment II. The logjo
will be referred to as log.

To quantify potential recontamination, re-growth or additional disinfection in
the storage container, the difference between CFU/100 mL at the filter discharge
pipe (filterd I) and the CFU/100 mL at the tap of the storage (filtered II) was calcu-
lated and expressed as A E.coli, A Enterococci and A total coliforms, respectively.

TABLE 2.3: Variables i included the compliance performance indica-
tor for each of the filter types (N = 22). The number n of variables
per filter type is indicated. In the coding, 1 represents the instructed

handling practice.
Filter Type Variable i Coding (1 = instructed handling practice)
Clean filter 0 = cleaning, 1 = no cleaning
GDM (n=3) Cleaning membrane module 0 = cleaning, 1 = no cleaning
Top bucket removed 0 = removed, 1 = not removed
Clean filter 0 =no cleaning, 1 = cleaning
Clean frequency candle 0 =no cleaning, 1 = cleaning every week
MCC (n =5) Clean materials: raw water 0 = raw water, 1 = no raw water
Clean materials: boiling water 0 = no boiling water, 1 = boiling water
Clean materials: brush 0 =no brush, 1 = intended brush
Clean filter 0 =no cleaning, 1 = cleaning
Sawyer (n=3) Clean frequency backflush 0 = no backflushing, 1 = backflushing
Backflush water (N =9) 0 = use of raw water, 1 = use of filtered water

2.7.3 Wealth, handwashing and toilet index

In order to aggregate the information on wealth and hygiene aspects, principal com-
ponent analysis (PCA) was used [73, 19]. By means of this mathematical model
variables are reduced to uncorrelated variables or more specifically principle compo-
nents [17]. Asnot all factors may be retained in the analysis, there are various criteria
to exclude factors of less statistical importance [17]. In accordance with Kaiser [29]
all factors with values below 0.5 in the anti-image correlation matrix were excluded
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and the analysis repeated. Then, using a method described by Cattell [8] which in-
cludes a so-called scree plot, the factors with high eigenvalues were selected. Also
based on the Kaiser’s Criterion all factors with eigenvalues above 1 were retained
[28]. As defined by Krishnan [33] from the factor scores, the Non-Standardized In-
dex (NSI) was calculated using the equation 2.2. The subsequent standardisation
was based on equation 2.3 [33]. Overall, three indices were composed: a wealth
(WI), handwashing (HWI) and a toilet (TT) index.

NSI — i <Variance expla.ined by facjcor i score) « (factor i score) 22)
= Total variance explained
NSI —Min NSI

S = Max NST — Min NSI <

100 (2.3)

2.7.4 Logistic regression models

To investigate the influence of social parameters, WASH conditions and handling
aspects on the performance of the water filters, two logistic models were generated
in accordance with Field [17]. Based on evidence from the literature and bivariate
analyses with the target variables and the explanatory variables, potentially rele-
vant parameters for the models were identified. While the GDM and MCC filters
had similar design characteristics and therefore equivalent handling practices, the
Sawyer filter had different properties and handling aspects. For example there was
no storage that could be subject to recontamination. Therefore, in both models only
data from GDM and MCC households were incorporated.

For the first two logistic regression models the variables A E.coli and A total co-
liforms as a measure for recontamination were selected as the dependent variables.
For this, binary variables were formed with uncontaminated (0 = 0 CFU/100 mL)
and contaminated (1 = > 0 CFU/100 mL). Then the binary logistic model was car-
ried out. To assess the impact of household factors on the LRV for E. coli and total
coliforms the LRVs were divided into three categories: IIl = > 4 log, Il = > 3 log, I
= < 2 log [81]. Subsequently, with the outcome variable and the household factors
a ordinal regression model was computed. The statistical significance was tested
using the Wald test. In addition to the p-value, the odds ratio (OR), the 95 % Con-
fidence interval (CI), the estimated logit coefficient (B) and its standard error (S.E.)

were reported.
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Results

The findings of this thesis are presented in five subsections. In the first section (3.1)
insights on the demographics, wealth and WASH aspects in the rural study area in
Western Nepal are provided. The results from the laboratory filter tests are presented
in section 3.2 while the results from the performance tests in the field are elucidated
in section 3.3. In section 3.4 the findings from the survey on the handling aspects
is presented and finally, the acceptance of the three filter designs addressed (section
3.5).

3.1 Demographics, wealth and WASH aspects

3.1.1 Socio-demographic characteristics

Around 85 % of the respondent were female and the participants had an average
age of 36 £ 13 years and were between 17 and 70 years old. In the majority of the
households (62 %) lived four or five people and in 47 % of the households lived
children below the age of ten. About 35 % of the respondents belonged to the lower
Dalit caste. In our study area 20 % can neither read or write. While almost 14 % had
no educational background, a high share of the respondents (42 %) had access to
education until secondary school. 65 % of the women did not have an employment
and quarter of the men worked in agriculture. About the same amount of men had a
foreign employment. A detailed overview of the socio-demographic characteristics
of the households in the study area is in the Appendix of this document (Table B.5).

3.1.2 Socio-economic characteristics

The typical household in this study in Surkhet B (Fig. 3.1) spent between 10,000 -
19,999 Nepali Rupees (CHF 90.00 - 180.00'), had a mobile phone (83 %) and access
to electricity (86 %). Additionally, almost half of the households had a television.
For cooking the families almost exclusively used wood (97%). In Fig. 3.1 a typical
kitchen is shown in proximity to animals. The house with between three and five
rooms (62 %) was made from stones and mud (62%), has corrugated galvanised
iron (CGI) sheets on the roof (49 %) and a floor made from earth (71 %). 67 % of

1Exchange rate: 1 CHF = 111.73 NPR [15]
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the household owned less than 10 kattha of land which is equivalent to less than
0.84 acres. While this represented an average household for example every third
household spent less than 10.000 Nepali Rupees (=~ CHF 90.00). Some did not have
access to electricity and ten percent stated to own none of the items we included in
the survey. The detailed compilation of the socio-economic characteristics of the 66
households is found in the Appendix B (Table B.6).

FIGURE 3.1: Household with a fireplace to cook outside, a washing
station, walls build from stones and mud, CGI sheets on the roof (A)
and kitchen in proximity to animals (B).

3.1.3 Drinking water: infrastructure and knowledge

Among the 66 surveyed households almost 90 % had piped water in the house or
the yard. Yet, the majority of respondents (58 %) considered their drinking water to
be very risky or a bit risky. While 97 % of the households knew water disinfection by
boiling, also 94 % of the respondents knew the principle of filtration. Previously, 94
% of the households boiled water to disinfect it. Additionally, every 5™ household
used filtration with a cloth. Other applied methods were SODIS (9 %) and chlori-
nation (8 %). In the households women were mainly responsible for the household
water treatment (wife: 71 %, daughter: 21 %). Around 20 % of the households have
used a water filtration system before which were almost exclusively ceramic filters.
Whereas high acquisition costs (20 %) were mentioned as an obstacle, the major
reason for not having used water filters in the past, is the lack of knowledge (60
%). This includes unawareness about the need of water treatment and also missing
knowledge about water filters. In addition, as a reason, the absence of a local mar-
ket system was mentioned by 9 % of the respondents. Additional data on drinking
water and household water treatment is found in Table B.4 in the Appendix B.
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3.1.4 Wealth, handwashing and toilet index

Using principal component analysis (section 2.7.3) the wealth index (WI) was calcu-
lated to assess the socio-economic status of the individual households. Within our
study area there is large diversification of wealth indices (Fig. 3.2). The largest share
of households reach a WI between 20 - 40, classified as low (Mdn = 35.25, MAD =
20.49).
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FIGURE 3.2: Wealth index (WI) classified from very low to very high

Fig. 3.3 shows the frequencies of the handwashing index (HWI) and the toilet
index (TI) among the 66 participating households. With a median HWI of 76.27
(MAD = 13.00) most of the households were in the category high. Likewise, the
majority of the households exhibited a TI between 60 - 80 (Mdn = 73.00, MAD =
18.22) and are therefore also classified as high. Based on the spearman correlation
test, the variables HWI and TI are uncorrelated (r; = 0.056, p = 0.653). Furthermore,
neither between the WI and HWI (r; = 0.139, p = 0.265), nor between the WI and TI
(rs = 0.179, p = 0.150) a significant correlation was observed. The variables included
in the indices are presented in the Appendix B (section B.1).
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FIGURE 3.3: Handwashing index (HWI) and toilet index (TI) classi-
fied from very low to very high.
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3.2 Filter performance under laboratory conditions

3.2.1 Flow rate and air flow resistance of MCC candles

According to section 2.5.1 the air flow resistance (AFR) and flow rate Q of the MCC
candles were evaluated. The measurement of the AFR of the 33 candles of the first
production batch (MCC 1) resulted in values of 51.4 £ 11.4 mmhg. The average
AFR of the 26 candles from the second production batch (MCC 2) was 44.4 + 8.9
mmhg. As shown in Fig. 3.4 the AFR values from MCC 2 (laboratory candles) were
slightly less diversified. The flow rate of the lab candles from the first production
batch range between 240 mLh™! and 1480 mLh! (Fig. 3.4). The lab candles from the
second production batch have flow rates between 420 mLh™! and 1200 mLh™'. The
relationship between the AFR values and the flow rates determined by the Spearman
correlation test is significant (rs = -0.970, p < 2.2x10716).
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FIGURE 3.4: Flow rate Q and air flow resistance (AFR) of MCC can-
dles. The two assessed production batches MCC 1 (N = 6) and MCC
2 (N = 6) and the confidence interval are indicated.
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3.2.2 Comparison of log removal values (LRV)

The performance of the GDM, MCC and Sawyer filter was assessed in the field lab-
oratory in Surkhet (section 2.5). Included in these experiments were 3 GDM, 12
MCC and 3 Sawyer filters. Due to highly variable concentrations of E. coli and total
coliforms in the river that served as a water source for the experiments, the con-
tamination of the influent water was not constant. Influent concentrations of E. coli
ranged between 400 - 1,800 CFU/100 mL for the first four iterations and between 20
and 210 CFU/100 mL for the fifth, sixth and seventh iteration of the performance
test. Counts of total coliforms were observed up to 18,000 CFU /100 mL.
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FIGURE 3.5: Log removal values (LRV) calculated using the CFU /100

mL of E. coli (A) and total coliform (B) of influent and effluent of the

filter types GDM (N = 21), MCC (N = 54) and Sawyer (N = 21). The

median as well as the lower and upper quantiles and error lines are
shown.

Fig. 3.5 shows the log removal of E. coli and total coliforms. In the laboratory
LRVs of 2.93 (MAD = 0.81) for E. coli and 4.48 (MAD = 0.07) for total coliforms were
observed for the Sawyer filters. The MCC filters reached LRVs of 2.20 (MAD = 0.49)
and 4.32 (MAD = 0.31) for E. coli and total coliform, respectively. A similar removal
rate of E. coli revealed the tests of the GDM filter (Mdn = 2.40, MAD = 1.14). For
total coliforms LRVs of 2.17 (MAD 1.14) were observed. The Kurskal-Wallis rank
sum test showed a significant difference between the logo reduction of E. coli of the
observed groups ((%(2) = 8.263, p = 0.016). Whereas the comparison of the mean
ranks between the filter designs shows a significant difference between the LRVs of
the MCC filter and the Sawyer filter, no other difference was observed between the
groups (Table 3.1). There was a statistically significant difference between the LRVs
for total coliforms and the different filter types (%2(2) = 19.794, p = 5.031 x10~°). The
statistic comparison of the mean ranks between the three groups demonstrates a sig-
nificant difference between the LRVs of the GDM filter compared to the LRVs of the
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MCC and Sawyer filters. The critical difference between the LRVs of the MCC and
Sawyer filters was higher than the observed difference hence there is no significant
difference.

The correlation tests furthermore highlighted that there was no significant rela-
tionship between the LRVs for E. coli and total coliforms and the flow rates of the
MCC candles (r; =-0.198, p = 0.247; rs = -0.186, p = 0.276).

TABLE 3.1: Post-hoc test after Kruskal-Wallis test for LRVs of E. coli
and total coliforms among the three filter types, p = 0.05.

Bacteria type Compared groups  Observed difference  Critical difference  Difference
GDM-MCC 8.065 17.150 False

LRVs E. coli GDM-Sawyer 12.357 20.581 False
MCC-Sawyer 20.422 17.150 True
GDM-MCC 22272 17.150 True

LRVs total coliforms ~ GDM-Sawyer 37.857 20.581 True

MCC-Sawyer 15.585 17.150 False
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3.2.3 Filter performance and durability test of MCC candles

To assess the effect of extensively brushing the MCC candles, durability tests were
performed in the field laboratory in Surkhet and at Eawag (section 2.5.3). Illustra-
tions of the treated and untreated candles are shown in the Appendix B (Fig. B.1).

Brushing experiment I

The three intensive brushing events using a steel brush led to an abrasion of approxi-
mately 0.5 cm in diameter. The reduction in the thickness of the ceramic layer has led
to an increase in the average flow rates (Fig. 3.6). On average the untreated candles
had a lower flow rate (1128 + 276.51 mLh!) than the brushed candles (1808 + 268.97
mLh). The difference tested with the Wilcoxon rank-sum test, was significant (Z =
20.929, p = 3.282 x 107'Y) and represented a large effect r = 0.988.

Fig. 3.6 indicates a decrease in the LRVs for E. coli and total coliforms before and
after the brushing events. Furthermore, the Wilcoxon rank-sum test showed that
there was a significant difference (Z = -3.182, p = 0.006) between the LRV for total
coliforms of the MCC candles before (Mdn = 4.07, MAD = 0.66) and after the brush-
ing events (Mdn = 1.90, MAD = 1.14). In accordance with the Cohen’s classification
the effect was large (r = -0.918). The log removal of E. coli before (1.79 & 0.55) and
after (1.43 £ 0.45) the treatment did not significantly differ, Z = -2.067, p = 0.063, r =
0.529.)

Bacteria type E E. coli E Total coliform
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FIGURE 3.6: Flow rate Q [mLh™!] (A) and LRVs (B) of MCC candles
for both E. Coli and total coliform before (N = 24) and after (N = 24)
the brushing event.

Brushing experiment II including silver measurements

To investigate the influence of brushing practices on the performance and the diffu-
sion of colloidal silver, a follow-up experiment was conducted (section 2.5.3).
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The spiked raw water used for this experiment contained 370,000 CFU/100 mL
of Enterococci (MAD = 16,300). Fig. 3.7 depicts the initial LRVs of the MCC candles
and the LRVs after each brushing event (Brush 1-3) measured at the filter discharge
pipe (filtered I). The performance tests of the seven candles before any brushing
resulted in a median LRV of 2.87 (filtered I, MAD = 0.77). When calculating the LRV
using the water quality of the raw water sample and the sample of the tap of the
storage (filtered II), significantly higher (Z = -2.866, p = 0.004, r = -0.766) median
values of 3.56 log (MAD = 0.432) were observed. The silver (Ag) concentrations
determined by means of AAS were 32.96 ugL! (MAD = 3.53 ugL!) and 36.52 uglL!
(MAD = 15.54 ugL™!) for filtered I and filtered II, respectively.
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FIGURE 3.7: Influence of brushing events with a soft (N = 2) , middle

(N = 2) and hard (N = 2) brush on the LRV’s (filtered I) of the MCC

candles. The control (N = 1) an the initial LRVs (N = 4 per brush type)
are shown.

To analyse the differences in LRVs after the brushing events of the different
groups, a Kruskal-Wallis test was performed. The test revealed no significant dif-
ference in the LRVs of candles that were treated with soft, mid and hard brushes.
However, the comparison between brushed candles and not brushed candles indi-
cated significant differences. The Wilcoxon rank-sum test was performed for each
brush type: soft brush: Z = -2.207, p = 0.027, r = -0.698; mid brush: Z = -2.335, p =
0.020, r = -0.738, hard brush: Z = -1.970, p = 0.049, r = -0.623). Comparing the LRVs
of the control (Brush 1-3) with the initial values, a similar trend is shown but there
was no significant difference (Z =-1.863, p = 0.063, r = -0.589).
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FIGURE 3.8: Initial (N = 14) diffusion of colloidal silver [ygL‘l] and
after each of the brushing events (N = 7).

Directly after the commissioning of the filter candles silver concentrations be-
tween 38 uglL! and 87 ugL! were measured in the filter storage bucket. These mea-
surements were excluded from the analyses. Fig. 3.8 depicts a slight decrease of
the silver concentrations over the course of time. The Kruskal-Wallis test revealed
no significant difference in the silver concentration of candles that were treated with
soft, mid and hard brushes. However, the comparison between brushed candles
and not brushed candles indicated significant differences. A significant difference
was observed for the soft (Z =-2.66, p = 0.008, r = -0.940), mid (Z = -2.66, p = 0.008,
r = -0.940) and hard brush (Z = -2.66, p = 0.008, r = -0.940) but not the control (Z
=-1.534, p = 0.125, r = -0.686). Compared to initial the silver concentrations, after
the brushing of the candles, the silver concentrations of the combined groups were
significantly lower (Z = -6.598, p =4.17 x 1071, r =-1.247).

Median silver concentrations (Brush 1, Brush 2, Brush 3) of 25.04 ;ugL‘1 (MAD =
6.72 ugL™) were measured at the filter discharge pipe. Slightly lower values were
observed at the tap of the storage (Mdn = 23.81 ugL™!, MAD = 3.50 ugL!). There
was no correlation between the silver concentrations in the effluent water (filtered
I) and the LRVs of the filters (r; = 0.4891, p = 0.489). However, there was a signifi-
cant correlation between the Ag concentration and the A Enterococci, the additional
disinfection in the storage (rs = -0.668, p < 0.001).
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3.3 Filter performance in the field

3.3.1 Comparison of log removal values (LRV)

Using the described procedures (section 2.6) the performance of 22 GDM, MCC and
Sawyer filters was analysed in Surkhet B. The log removal value (LRV) was then
calculated using the concentrations of E. coli and total coliforms from the influent
and effluent water (section 2.7.2).

There was a large variability in the contamination of the influent water source.
The concentration of E. coli ranged from 0 to over 700 CFU/100 mL with a median
of 450 (MAD = 5.19). The median of the total coliform counts was 187.5 (MAD =
77.84) and they ranged from 0 to over 2000 CFU/100 mL. Fig. 3.9 shows the LRVs
of all filters if samples were taken at the filter discharge pipe directly (filtered I)
and at the tap of the storage (filtered II). The median of the log removal of E. coli
was 0.94 (MAD = 0.70), 0.95 (MAD = 0.52) and 0.95 (MAD = 0.77) for the GDM,
MCC and Sawyer filter, respectively. A slightly lower median LRV for E. coli of 0.62
(MAD = 1.00) and 0.84 (MAD = 80) was observed after the storage at the tap of the
GDM and MCC filter. Substantially higher LRVs for total coliforms than E. coli were
observed: 2.50 (MAD = 0.48) for the GDM, 2.50 for the MCC (MAD = 0.44) and 2.48
(MAD = 0.26) for the Sawyer filter. As depicted in Fig. 3.10 the GDM exhibited
particularly lower LRVs at the tap of storage (Mdn = 1.15, MAD = 0.77). In contrary,
this was not observed for LRVs of the MCC filter after the storage. The observed
median was 2.49 (MAD = 0.28). All results are characterised by large variabilities in
LRVs. Furthermore, the highest LRVs were observed at the highest initial pathogen
concentrations.

Between the LRVs for E. coli (filtered I) no significant differences among the three
groups (¥2(2) = 1.153, p = 0.562) were found. Likewise, the LRVs for total coliforms
(filtered I) were not significantly affected by the filter type ({?(2) = 0.794, p = 0.672).
Additionally, no significant differences between the LRVs for E. coli were observed at
the tap (filtered II). However, there is a statistically significant difference between the
LRVs for total coliforms among the three filter types (72(2) = 13.096, p = 0.001). The
statistic comparison (Table 3.2) of the mean ranks between the three groups shows
a significant difference between the LRVs (filtered II) of total coliforms of the GDM
filter compared to the LRVs of the MCC and Sawyer filters.

TABLE 3.2: Post-hoc test after Kruskal-Wallis test for LRVs (filtered II)
for E. coli and total coliforms among the three filter types, p = 0.05.

Bacteria type Compared groups  Observed difference  Critical difference  Difference
GDM-MCC 7.341 13.856 False
= LRVsE. coli GDM-Sawyer 8.477 13.856 False
'03 MCC-Sawyer 1.136 13.856 False
.i:) GDM-MCC 19.409 13.856 True
™ LRVs total coliforms GDM-Sawyer 16.523 13.856 True

MCC-Sawyer 2.886 13.856 False
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FIGURE 3.9: Log removal values (LRVs) for E. coli of filtered I (N =
22) and filtered II (N = 22) for each of the filter types. For the Sawyer
filter: filtered I = filtered II. The median as well as the lower and upper

quantiles and error lines are shown.
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FIGURE 3.10: Log removal values (LRVs) for total coliforms of filtered
I (N = 22) and filtered II (N = 22) for each of the filter types. For the
Sawyer filter: filtered I = filtered II. The median as well as the lower
and upper quantiles and error lines are shown.
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3.3.2 Comparison of water quality using the classification by WHO

To evaluate the performance of the filters using the LRVs, the water quality of the
raw water, a sample from the filter discharge pipe (filtered I) and a sample from the
tap of the storage (filtered II) was assessed. For the user the most important perfor-
mance value of a water filter is the pathogen concentration at the POU. Therefore,
the water quality (filtered II) was categorised in accordance with the E. coli classi-
tication of the WHO (section 2.7.1). As shown in Fig. 3.11 95 % of all raw water
samples were within the categories low risk, intermediate risk or high risk. After
the filtering process, referred to as filtered I in Fig. 3.11, 91%, 95% and 91% from the
GDM, MCC and Sawyer samples were in conformity with WHO guidelines. The re-
maining samples exhibited numbers between 1 - 3 CFU/100 mL and were therefore
in the low risk category. At filtered II, subsequent to the filtering and the storing, 68
%, 77% and 91 % of the samples from the GDM, MCC and Sawyer filter exhibited
E. coli counts below one and were therefore in conformity with WHO guidelines. In
the case of the Sawyer filter, filtered I and filtered Il is equal, as the filter design does
not include any storage. At the tap, 32 % of the samples from the GDM filters and
23 % of the samples from MCC filters showed contamination of E. coli. The increase
in samples classified as low, intermediate and high risk during the period of storage
indicates recontamination of re-growth of bacteria in the storage vessel.

Similar to the classification of the E. coli counts CFU/100 mL of total coliforms
were categorised (section 2.7.1) as depicted in Fig. 3.12. 89 % of all raw water sam-
ples contained more than 100 CFU/100 mL and a large fraction (46 %) within the or-
ange category (101 - 1000 CFU /100 mL), exhibited numbers of total coliforms above
400 CFU/100 mL. The efficient filtration processes resulted in 0 CFU/100 mL in 55
%, 86 % and 72 % for the GDM, MCC and Sawyer filter, respectively. Yet, from Fig.
3.12 we note that recontamination or re-growth during storage seems to be present,
particularly in the case of the GDM filter. Further results with respect to recontami-
nation are provided in section 3.3.3.
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FIGURE 3.11: Water quality (E. coli) of raw water (N = 22), filtered I
(N = 22) and filtered II (N = 22) of the three filter designs. For the
Sawyer filter: filtered I = filtered II. The categories are in accordance

with the classification of WHO [80].
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filtered I (N = 22) and filtered II (N = 22) of the three filter designs.
For the Sawyer filter: filtered I = filtered II. The categories are in ac-
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3.3.3 Recontamination

As shown in previous studies recontamination or microbial re-growth may pose a
problem for household filter designs including GDM and ceramic filters [43, 49, 54].
The recontamination was measured as A E. coli and A total coliforms between the fil-
ter discharge pipe and the tap of the storage (section 2.7.2). Fig. 3.13 shows samples
from a GDM filter with high contamination of E. coli (>250 CFU/100 mL) and total
coliforms (> 150 CFU/100 mL) in the raw water and no growth on the plate from the
sample directly after filtering. The sample from the tap exhibits both recontamina-
tion of E. coli and total coliforms (2 and ~ 50 CFU /100 mL).

FIGURE 3.13: EC plates from the raw water, filtered I and filtered II
(left to right) from a GDM filter with recontamination or regrowth in
the storage.

In the field, in 32 % of the filters or more specifically in 9 of 22 GDM and 5 of
22 MCC filters recontamination of E. coli was observed. Furthermore, an increased
amount of total coliforms was also observed in water samples of 3 MCC filters. For
GDM filters E. coli recontamination ranged between 1 and 35 CFU /100 mL (Mdn = 3,
MAD = 1.48) and between 2 and 59 CFU /100 mL for total coliforms (Mdn =13, MAD
=16.31). Samples of the MCC filters exhibited recontamination values between 1 and
114 CFU /100 mL (Mdn = 1, MAD = 0) and between 1 and 57 CFU /100 mL (Mdn =
2, MAD = 1.48) for E. coli and total coliforms, respectively. The samples from the
GDM filters (15 of 22) were significantly more contaminated (Z = -2.757, p = 0.006,
r = -0.416) with total coliforms than the samples from the MCC filters. A significant
relationship between the filter type and the recontamination was not observed for
E. coli (Z = -1.544, p = 0.123, -0.233). Further Spearman correlation tests have shown
that there was no significant correlation between the E. coli and total coliforms counts
directly after filtering and A E. coli and A total coliforms (Z = 1776.6, p = 0.989; Z =
1521.4, p = 0.532).

Regarding the Sawyer filter recontamination may also pose a risk for users who
store the drinking water in containers before the consumption. Only two households
assert to use an additional storage, namely a jerrycan and a Gagris. Latter is usually
used to transport water from the water source. In both vessels recontamination of E.

coli and total coliforms was observed.
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3.4 Handling of the water filters and compliance with user’s

training

As mentioned in section 2.4 after the onsite installation of the filters, users were
trained and manuals on the appropriate OM were handed out. The results on han-
dling aspects and whether the households have complied with the training, are pre-
sented in the following subsections.

3.4.1 Handling of the three filter designs

Table 3.4 shows OM aspects of the GDM, MCC and Sawyer households. All house-
holds stated to use the distributed filter as their main drinking water source. How-
ever, 3 MCC households and 5 Sawyer households claimed to consume water from
another source. MCC households used additional tap water due to the insufficient
amount provided by the MCC filter. While 3 Sawyer households used another can-
dle filter, two MCC households boiled water to disinfect it.

Whereas the majority of GDM and Sawyer households filled their water filter
twice per week, 68 % of MCC users stated to fill it once per day. 66 % of all house-
holds used a steel jug for their drinking water. Furthermore, plastic bottles and
cups are widely used. Only three households claimed to use an additional storage
container for their drinking water. Generally, the MCC filter was cleaned more fre-
quently than the other two filter designs. With respect to the cleaning of the filter
parts, almost all participants cleaned the inside and the outside of the steel buck-
ets, mostly once per week. This cleaning practice was less prevalent in GDM and
Sawyer households. The backflushing of the Sawyer filter was not carried out by
the majority of the users. Additionally, over 60% of the households used unfiltered
water for this cleaning procedure. From the households stating to clean the candle,
80 % cleaned it every week. Most households used their hands, a brush and either
raw water or boiled water to clean the MCC candle. The aggregated frequencies of
cleaning materials among the 66 households for various filter parts show that hands
are mostly used, followed by a brush (Table 3.3). In general, raw water is used to
clean the different filter parts.

TABLE 3.3: Cleaning materials used by the 66 households to clean the
filter parts tap, lower bucket (inside and outside), lid, upper bucket
(inside and outside).

Material used for cleaning Number (N=3961) %

Raw water 159 40.2
Boiled water 35 8.8
Hands 193 48.7
Soft cloth 15 3.8
Brush 110 27.8
Soap 18 45

1 Response count of the 66 participating households on the
cleaning materials used for six filter parts
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TABLE 3.4: Handling aspects of the GDM, MCC and Sawyer filter
mentioned by the households included in this study. Unless other-
wise indicated: N = 22 per filter type.

Filter type

GDM MCC Sawyer
Variable (N = 22 if not indicated) Number % Number % Number %
Main drinking water source
Distributed filter 22 100 22 100 22 100
Other source 0 0.0 3 13.6 5 22.7
Frequency of filling
Once per day 7 31.8 15 68.2 4 18.2
Every second day 0 0.0 0 0.0 1 4.5
About twice per week 12 54.5 6 27.3 13 59.1
Once per week 1 4.5 1 4.5 2 9.1
Less than once per week 2 9.1 0 0.0 2 9.1
Safe water container
Additional storage 0 0.0 1 45 2 9.1
Cup 7 31.8 5 227 5 22.7
Jug 17 77.3 13 59.1 14 63.6
Pan 0 0.0 0 0.0 1 4.5
Bottle 8 36.4 4 18.2 6 27.3
Other 2 9.1 1 45 1 45
Cleaning frequency
Every day 0 0.0 0 0.0 3 13.6
Once per week 8 36.4 17 77.3 5 22.7
Every two weeks 2 9.1 5 22.7 4 18.2
Never 12 54.5 0 0.0 10 45.5
Filter cleaning process
Outside of upper bucket 9 40.9 20 90.9 12 54.5
Inside of upper bucket 6 27.3 22 100.0 12 54.5
Lid upper bucket 10 45.5 22 100.0 7 31.8
Outside of lower bucket 9 40.9 19 86.4 0 0.0
Inside of lower bucket 7 31.8 21 95.5 0 0.0
Candle 0 0.0 1 45 0 0.0
Tap of the filter 5 227 13 59.1 0 0.0
Frequency of backflushing!
Every day 2 9.1
Once per week 4 18.2
Every two weeks 3 13.6
Less than once per month 13 59.1
Backflush water! (N =9)
Filtered Water 3 33.3
Unfiltered water 6 66.7
Cleaning frequency lower bucket
Once per week 5 227 18 81.8
Every two weeks 2 9.1 3 13.6
Cleaning frequency candle?
Once per week 14 63.6
Every two weeks 3 13.6
Cleaning material candle? (N =17)
Raw water 9 52.9
Boiled water 8 47.1
Hands 17 100.0
Brush 17 100.0
Soap 1 59

1 Only applicable for Sawyer filter
2 Only applicable for MCC filter
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3.4.2 Compliance with user’s training

To assess the compliance of the households with the user’s training, a performance
indicator was calculated (section 2.7.2). All variables including the frequencies and
the coding used for the composition of the compliance rate are listed in Table 3.5.
In the coding 1 corresponds to the instructions whereas 0 represents the inadequate
handling practice.

As instructed none of the households cleaned the membrane module of the GDM
filter but the majority cleaned other parts of the filter. Regarding the MCC filter, over
60 % of the households cleaned the candle every week. However, only 8 out of 22
households used boiling water as instructed. Most striking is the fact that only 40 %
of the households carried out the backwashing of the Sawyer filter (9 % every day)
and among these households only a third used filtered water for the procedure.

The lowest compliance rate was observed for Sawyer households (43 %) and
the highest for GDM households (83 %) (Fig. 3.14). The OM practices of the MCC
households complied with the training in 67 % of the investigated households. The
average compliance rate among all 66 households was 65 % (Fig. 3.14).

TABLE 3.5: Variables included in the compliance performance indica-
tor for each of the filter types (N = 22). In the coding, 1 represents the
instructed handling practice.

Filter Type  Variable (N =22 if not indicated) =~ Number % Coding

Clean filter 12 54.5 0 = cleaning, 1 = no cleaning
GDM Cleaning membrane module 22 100.0 0= cleaning, 1 = no cleaning
Top bucket removed 21 95.5  0=removed, 1 = not removed
Clean filter 22 100.0 0 =no cleaning, 1 = cleaning
Clean frequency candle 14 63.6 0 =no cleaning, 1 = cleaning every week
MCC Clean materials: raw water 13 59.1 0 = raw water, 1 = no raw water
Clean materials: boiling water 8 364  0=no boiling water, 1 = boiling water
Clean materials: brush 17 77.3 0 = no brush, 1 = intended brush
Clean filter 12 545  0=no cleaning, 1 = cleaning
Sawyer Clean frequency backflush 9 409 0 =no backflushing, 1 = backflushing
Backflush water (N = 9) 3 33.3  0=use of raw water, 1 = use of filtered water
Sawyer HH - 43 %
MCC HH A 67 %
65 %
GDM HH - 83 %

50 75 100
Compliance rate [%]

FIGURE 3.14: Compliance rates of the GDM, MCC and Sawyer house-
holds (A) and average compliance rate among all 66 households (B).
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3.4.3 Influence of handling aspects on the water quality

The impact of household factors on the recontamination (A E. coli and A total col-
iforms) and on the LRVs for E. coli and total coliforms was identified (section 2.7.4).
Because of the large differences between the filter designs and the corresponding
handling aspects only the two similar filter designs, the GDM and MCC filter were
included in the model. Bivariate analyses including the household factors led to
some unexpected results which should be interpreted with caution. For instance,
there was a significant correlation between A total coliforms and the variable indi-
cating whether the users cleaned the filter or not (r; = 18866, p = 0.0289).

The binary logistic regression model for the predictor variables wealth index
(WI), handwashing index (HWI) and toilet index (TI), cleaning of the lower bucket,
cleaning of the tap and the outcome variable A E. coli of recontamination as ex-
plained above was statistically significant (f?(5) = 11.378, p = 0.044). According
to the Nagelkerkele R? the model explains 32 % of the variance. The results of the
model are presented in Table 3.6. The model suggests that an increase in the wealth
index and the cleaning rates of the tap lead to a decrease in recontamination of the
filtered water. Additionally, there is a tendency to lower recontamination in house-
holds with no cleaning of the lower bucket and with a lower toilet index. The same
model for the outcome variable A total coliforms was not significant ({2(5) = 4.241, p
= 0.515). The ordinal regression model including household factors and the catego-
rized outcome variable LRV for total coliforms was also not statistically significant.

As mentioned above, in 14 cases recontamination of E. coli was observed of which
nine were GDM and five MCC filters. Handling practices of these 14 cases indicate
potential reasons for the observed recontamination. In various cases user’s cleaned
the inside of the storage container with raw water, their hands or a brush. Details on
the handling practices of the 14 recontaminated samples are found in the Appendix
B (Table B.7).

TABLE 3.6: Binary logistic regression model of household factors on
the outcome variable AE.coli

95% CI
B S.E. P OR Lower Upper
Wealth index -.056 028 .043 946 .896 .998
Handwashing index .007 016 .672 1.007 975 1.040
Toilet index .042 025 095 1.043 993 1.096
Cleaning of lower bucket  2.093 1.232 .089 8.106 724 90.700
Cleaning of tap -3.270 1.348 .015 .038 .003 534

Constant -2.104 2.060 307  .122
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3.5 Acceptance of the assessed filter designs

In general as shown in Fig. 3.15 the respondents liked the randomly assigned filter
design. The most frequently mentioned positve aspect was the fact that the filters
supply safe water (44 %). 30 % the GDM, 14 % of the MCC and 14 % of the Sawyer
households particularly liked the filter designs. 23 % of the GDM households fur-
thermore appreciated the large storage volume included in the filter’s design. Two
of the MCC and three of the Sawyer households declared not to like the filter type.
Various aspects constitute a reason for the slightly lower acceptance of the MCC and
Sawyer filter. The most frequently mentioned aspect was the low flow rate of the
MCC filter (Fig. 3.16). In addition to the flow rate, the storage volume (5 L) was
considered to be insufficient by two households. Regarding the Sawyer filter’s de-
sign, the plastic lid, the general filter operation and the absence of a storage were not
appreciated by the users. Additionally, for both the GDM and Sawyer filter concerns
regarding the durability and the quality of the plastic buckets were mentioned.
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FIGURE 3.15: "How much do you like to use the filter?" Answers of
the 66 participating GDM, MCC and Sawyer households (N = 22 per

filter type).
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FIGURE 3.16: Negative aspects of the filter designs (N = 22) men-
tioned by the 66 users (multiple answers possible).
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Chapter 4

Discussion

The discussion is focused on our four main research questions, starting with the
performance of the three selected household water filters (section 4.1). In section
4.2 the performance in the field setting will be further discussed and key findings
on the user’s training and the handling of the water filters elucidated (section 4.3).
Then social and economical aspects are made subject of discussion to address the

last research question (section 4.4).

4.1 Performance of the assessed filter designs

In conformity with the classification of the WHO a water treatment product with
very high removal of bacteria reaches a 4 log reduction [81]. A high removal is
achieved when a product demonstrates a LRV of at least 3 log. In the lab setting
in Surkhet, Nepal, the median of the LRV for E. coli of all filter types were below 3
log. With a log removal of total coliforms above 4 log, the MCC and Sawyer filter
achieved a significantly higher removal than the GDM filter. This difference but also
the large variability among the performance values of the GDM filter, is a very strik-
ing result emerging from the data. First, it is crucial to note the difference between
the LRVs for E. coli and total coliforms among all three filter types. The concentra-
tions of E. coli in the raw water were substantially lower than the concentrations
of total coliforms which leads to lower maximum LRVs that can be achieved for E.
coli. Hence, the fact that the concentrations between E. coli and total coliforms in
the influent water partially differed 2-3 orders of magnitude, explains the observed
differences in the log removal of E. coli and total coliforms [54]. In addition to dif-
ferent bacterial concentrations in the raw water other factors may have influenced
LRVs. Firstly, in the relatively simple design of the GDM Filter, the raw water is
filtered through the CUBE Mini Module (FM 045) ultra filtration membrane and is
discharged through a pipe into the storage bucket. The water is filtered until a cer-
tain threshold of the transmembrane pressure is reached which in our case was at a
very low water level. This results in a risk of membrane damage induced by drying
out of the membrane surface [54]. Pursuant to the model assuming 30°C and 40 %
humidity by Peter-Varbanets [54] complete drying out is expected after three days
if the filter module is not protected by a cage. The drying process is expected to be
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considerably decelerated in the scenario of a raw water bucket with a lid as used in
this study. Additionally, the GDM modules used for this investigation, were differ-
ent than in the study of Peter-Varbanets [54]. However, as the manufacturer of CUBE
Mini Module (FM 045) cannot rule out the potential damage of the membrane due
to drying out, this aspect has to be considered and may have contributed to the large
diversification of LRVs among the GDM filters. Secondly, the observed variabilities
in the performance could result from quality differences from the membrane mod-
ules. For instance, due to leaking pipe connections within the membrane module
[84].

Employees of Helvetas and Geberit AG raised concerns regarding the quality
standard of locally produced ceramic filter candles due to a lack of quality assur-
ance [46]. It is proposed that some of the variability in LRVs of the MCC filters is
due to unstandardised production. In contrast with the estimations of Miiller and
Baggenstos [46] the evidence we found points to a significant correlation between
the AFR and the flow rates of the MCC candles. However, contrary to our expec-
tations, we did not find any correlation between the flow rate and the LRVs for E.
coli and total coliforms. This might be due to the added disinfection of colloidal sil-
ver. The variability in LRVs of the MCC filters could also be a consequence of the
silver application technique used by the manufacturer. The candles are dipped in
a colloidal silver solution which does not allow for a control of the applied amount
[67]. In fact, a study by Oyanedel-Craver and Smith [52] has revealed that not the
application technique but the applied quantity of silver per candle is important for
the efficiency.

The water quality data was collected in the early stage of the life cycle of the fil-
ters hence no statement can be made about the impact of the flow rate on the filter
performance in filters that had been used for an extended period of time. Neverthe-
less, assuming the disinfection capacity by the colloidal silver is reduced due to the
diffusion of the silver layer over time, differences in the filter performance, which
relate to the flow rate, potentially emerge. This hypothesis was confirmed by the
results of the brushing experiment in the field where an increase in the flow rates
and a decrease in the LRVs were reported. Whereas low flow did not enhance mi-
crobial disinfection, low flow rates led to dissatisfaction of the users. Consequently,
as observed in the field, this may impact the consistent use of the filter and there-
with result in the consumption of untreated water. Additionally, previous observa-
tions have revealed, that low flow rates of ceramic filter candles resulted in extensive
brushing of the candles [42]. Meierhofer et al. [42] suggested that this manipulation
of the filter candle leads to a loss in filter performance. According to our obser-
vations in Surkhet, the local MCC candles were substantially more robust than the
imported ceramic filter candles. However, the intense abrasion using a steel brush
caused both a significant increase in the flow rates (+ 62 %) and a significant decrease
in the LRVs of the tested candles. Notably, the abrasion caused in this experiment is
not comparable to any cleaning practice observed in the field. A significant decrease
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in LRVs was also observed during our follow-up experiment using three different
brush types compared to candles before they were brushed. Contrary to our ex-
pectation, no statistically significant differences in LRVs were observed between the
three distinctive brushing treatments. The apparent slight decrease in the LRVs after
the first brushing event points towards a link between this first cleaning practice and
the performance. We hypothesise that the removal of the outer silver layer leads to
this slight decrease which does not necessarily imply a bad performance of the fil-
ter. In fact, as the control and previous observations in the field lab showed similar
patterns after the operation start, we suggest that the brushing may accelerate the
abrasion of the outer layer but is not exclusively responsible for it. Clearly, consid-
ering the findings from the previous brushing experiment including the substantial
abrasion of the ceramic layer, the brush type and the intensity are suggested to have
an influence on the filter performance. With regard to the silver measurements, no
significant influence of the brush types on the silver concentration was observed.
We propose that other factors such as the water chemistry have a larger impact [43].
Furthermore, the variability in silver concentrations between the candles could be
influenced by the silver application technique. As mentioned above, dipping the
candles in a colloidal silvers solution does not allow for a control of the applied
amount of silver per candle [67]. With values reaching 87 ugL?, initial silver con-
centrations were below the 0.1 mgL! level which is tolerated for drinking water by
the World Health Organization (WHO) [83]. Yet, these concentrations were above
the level of 25 ugL! suggested for small children [43]. After the first two filtration
cycles the effluent silver concentrations were in the suggested range.

To conclude the first research question, clearly all filter types led to a significant
improvement of the water quality. Generally, the observed LRVs are in line with
previous performance tests of the GDM, MCC and Sawyer filters [56, 34, 27]. We
argue that slightly lower values for the Sawyer filter in the literature can be traced
back to variabilites in influent pathogen concentrations. Above all, the Sawyer filter
achieves the highest performance and highest consistency of LRVs.

4.2 Performance of the three filter designs in the field

The performance of all three filter designs was substantially lower in the field than
in the laboratory. However, this is the consequence of the above mentioned effect
of influent pathogen concentrations on the LRVs. The maximal LRV that could be
achieved with a concentration of 4.5 CFU/100 mL (Mdn E. coli) is 0.95 and 2.57 for
total coliforms (Mdn = 187.5). Despite the fact that these values are rather low, a 0.95
log is still equivalent to a removal of 99.7 %. The classification of the water qual-
ity according to the WHO emphasises the clear improvement of the drinking water.
Whereas 95 % of the raw water samples were categorised as a low, intermediate or
high risk, over 90 % of all samples directly after filtration were in conformity with
WHO guidelines. However, the conspicuous aspect to emerge from the performance
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data of the three filter designs is the lower log removal measured at the tap of the
storage of the GDM and MCC filter. Particularly, the LRVs of total coliforms from
the GDM filter were significantly lower. This decrease in the performance of E. coli
and total coliform removal implies reconamination or re-growth in the storage. Un-
fortunately, recontamination and re-growth in the storage of household filters is a
well-known issue [54, 20, 32, 43]. Whereas re-growth may play a role, the missing
correlation between the water quality of the filtrate and the recontamination sug-
gests that recontamination is the prevalent mechanism. In fact, there was signifi-
cantly more recontamination of total coliforms in the storage of the GDM than the
MCC filter. This lends support to previous research where total coliforms were sus-
ceptible to diffused silver [43]. A similar pattern was observed in a previous study
in Bolivia where GDM filters and ceramic filters with colloidal silver were assessed
[54]. As indicated by Meierhofer et al. [43] and Peter-Varbanets [54], the dissolution
of the colloidal silver provides a protection for the filtered water during storage. Our
experimental data indicating a significant correlation between the silver concentra-
tion and the removed CFU/100 mL, further substantiates these previous findings.
Yet, while a study by van der Laan et al. [72] points towards an efficient disinfec-
tion of E. coli , an efficient removal of viruses was not observed [72]. Hence, other
important pathogens might by less vulnerable to silver [72].

As demonstrated by Kunwar et al. [34] over the first six months the performance
of the ceramic filter candles with the colloidal silver decreased by two percent. Ad-
ditionally, we propose that the amount of silver leaching into storage is a function
of time [72, 58] hence recontamination could play a more important role after some
time of usage. An investigation on impregnated candle filters by Kallman et al. [30]
revealed a steady diffusion over the first few months and slightly lower diffusion
rates after then months of operation [30]. At this point in time this aspect of the
MCC filters is largely unknown.

The safe storage of drinking water at the household level is a critical and very
crucial aspect for HWTS systems. Regarding the Sawyer filter recontamination in
the storage technically does not pose a risk. However, in the event of additional
storage vessels, this risk is expected to be higher than for storage buckets included
in the filter design [76]. Contrary to our expectations, only two households claimed
to use an additional storage. Due to the fact that the households used large drinking
vessels (67 % steel jugs, 33 % plastic bottles) and that the Sawyer filter can provide
large volumes of water due to the high flow rate, it is plausible that households do
not use large storage containers. Regardless of the filter type and the storage, recon-
tamination may occur in the vessel used for the drinking water consumption. A field
study in Bolivia has revealed that in 35 % of the households there was recontamina-
tion of the drinking water in the cup [59]. As mentioned above, in Surkhet B most of
the participating households use steel jugs and plastic bottles, followed by a quarter
that uses cups for the consumption of drinking water. In three investigated steel jugs
both E. coli and total coliforms were present. This finding stresses the importance of
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reducing the risk of recontamination at the POU and directly before use. Due to
the interlinkages of different WASH aspects a comprehensive WASH intervention
including hygiene education could reduce such recontamination risks [4].

The results from the field provide an answer for our second research question.
Whereas the GDM, MCC and Sawyer filter significantly improved the water quality
at the POU, the lowest performance was achieved by the GDM filter. A major reason
constitutes the recontamination of the filtered water in the storage container.

4.3 Filter handling aspects

The handling is an integral part of a HWTS and is a critical point when it comes
to the successful treatment and storage of drinking water [43, 11]. Meierhofer et al.
[42] demonstrated that inadequate OM practices of ceramic filters are common in the
study area in Nepal and a short training has not resulted in significant improvements
of cleaning practices. Various handling aspects that positively or negatively affect
the LRV of the ceramic filter were identified [42]. Therefore, factors such as the use
of boiling water to clean the buckets of the filter or the cleaning of the candle with a
hard brush was incorporated in the training session of each household.

With a compliance rate of 67% for MCC households, OM instructions were put in
practise with a slightly higher rate than observed by Meierhofer et al. [42] at house-
holds with candle filters. Presumably, for users of candle filters, the slight adoption
of their fixed behavioural pattern posed a larger challenge than for households re-
ceiving totally new instructions. The overall compliance rate of 65 % lends support
to the fact that fixed behavioral patterns are difficult to change yet, they are neces-
sary for the adoption to HWTS and its success [45]. The compliance rates between
the households varied considerably. A reasonable explanation for this difference
are variabilities in the complexity and the necessary efforts of OM practices. For
instance, the backflushing using the syringe required by the Sawyer filter was only
carried out by approximately 40 % of the households and by 9 % every day as in-
structed. Presumably, OM practices with the necessity of such high frequencies are
difficult to implement particularly, when there is no obvious benefit for the user. Our
data revealed that highest OM compliance rates were achieved by those products
that required the least OM effort. Hence, these HWTS products require less effort
to obtain a behavior change towards adequate handling as mentioned by Mosler
and Kraemer [45]. For example, households were asked not to clean the GDM filter
module which involves no change in behaviour compared to the weekly cleaning of
the MCC candle with boiling water. These findings regarding the influence of the
simplicity of HWTS operation on the adherence are consistent with previous studies
[76, 85].

While all households asserted to use the distributed filter as their primary drink-
ing water source, three MCC households consumed additional tap water due to the
insufficient volume of safe drinking water. A long-term investigation Cambodia
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including ceramic filters, revealed that low flow rates were the main reason for a de-
crease in adherence (correct, consistent and sustained use) [7]. Regarding the Sawyer
filter, five households consumed boiled water or water from another candle filter.
Brown and Clasen [6] and Enger et al. [14] emphasise the importance of adherence
for the effectiveness of a HWTS intervention. Already a slight reduction in adher-
ence leads to a decline in health gains [6]. Furthermore, Enger et al. [14] suggest,
that the effectiveness of HWTS interventions is limited by adherence.

Previous studies [42, 38, 54, 56] have revealed that handling aspects have a large
influence on the performance of HWTS. Considering our investigations on OM prac-
tices in the GDM, MCC and Sawyer households and the findings of previous studies,
it seems likely that we observe a similar negative impact on the water quality. How-
ever, the results from the bivariate analyses and the regression models seem to imply
a positive influence of some handling aspects such as the presence of cleaning, the
cleaning frequency or cleaning of some filter parts. The observed effect of different
cleaning aspects is largely biased due to two reasons. Firstly, the MCC households
generally clean the filter more frequently than the GDM households and secondly,
the MCC filters are simultaneously characterised by both, significantly lower recon-
tamination rates and higher LRVs. Therefore, the findings suggest, that the impact
of different properties of the filter designs, lead to a larger variabilities in the wa-
ter quality than the impact of handling aspects. In general, the performance of the
MCC filter was higher in both the lab and the field conditions. Additionally, the
above mentioned diffusion of silver from the MCC candles and the associated disin-
fection in the safe water storage is a major reason for the lower recontamination and
higher LRVs. Yet, observations in the field (not representative) could explain some
of the recontamination. Raw water, hands and brushes which are potentially highly
contaminated [42] were used to clean the inside of the storage bucket.

These findings provide an answer for the research question, "Can design re-
duce recontamination that can be caused by inadequate handling?". The diffusion
of the colloidal silver into the storage, constitutes a design aspects which seems to
reduce the level of recontamination from handling aspects. The higher robustness
of MCC candles compared to candles imported from India additionally contributes
to a smaller negative impact of brushing events on the performance as previously
observed by Meierhofer et al. [42]. Moreover, manipulations or extensive brushing
as previously reported, were not carried out by the MCC users during the period of
this study [42].

Due to the lack of a storage container, the Sawyer filter design seems to prevent
any recontamination caused by inadequate handling. However, additional storage
containers pose a large risk for recontamination. Additionally, inadequate handling
(no backflushing) as observed in the majority of households, may lead to a rapid
decrease of the filter performance [48, 25]. Therefore, this filter design is proposed to
be rather vulnerable to inadequate handling practices. In fact, studies in Honduras
and South Sudan have shown that depending on the influent water quality and the
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operation membrane fouling may occur after a few months and may lead to an ir-
reversible damage of the fibers [47, 25]. Hence, in this case the backflushing using

clean water could be vital to guarantee a continuous performance of the filter.

4.4 Social and economical aspects

Besides the performance of a water filter, it is crucial to include social and economical
aspects into decision making. In general, the filter designs were accepted by the local
community. However, the lower adherence to MCC and Sawyer filters compared to
GDM filters could be a consequence of dissatisfaction with the filter design [84].
There are various reasons for the slightly lower acceptance of the MCC and Sawyer
filter. The decisive aspect in the case of the MCC filter is the flow rate, followed
by the storage volume. These aspects were mentioned as the main reason for the
consumption of additional tap water. The design of the Sawyer filter was unfamiliar
to all households as it differed from the commonly used ceramic filters. A wide
range of design and operational aspects of the Sawyer filter were not appreciated by
the respondents. However, contrary to our expectations, the five households with
the low adherence to the Sawyer filter claimed to like the filter design. Yet, they
additionally consumed water treated with a previously used HWTS method.

The procurement of the MCC filter and the Sawyer filter poses less challenges
as they are both available on the national market. Additionally, the necessary com-
ponents for the GDM filter installation were challenging to organise, even in Kath-
mandu. The price of the three filter designs poses an obstacle to the local commu-
nities. While the MCC filter costs around CHF 13.00 (excluding the transport to
Surkhet from Kathmandu), the GDM and Sawyer filter cost around four times more
than the MCC filter. This does not include the transport costs to Surkhet from Eu-
rope or Kathmandu, respectively. Due to the different technologies the filters have
varying lifespans which have to be taken into account when considering economic
aspects. According to producers, GDM filters have a relatively high life expectancy
ranging from 8-12 years [12]. A similar lifespan of ten years was advertised for the
Sawyer PointONE filter [47] but concerns regarding membrane fouling were men-
tioned above which could substantially reduce the life span of this filter product.
According to the manufacturer MCC filter candles should be replaced after one year.
Provided that the candles are regularly replaced, the replacement of the MCC can-
dles will result in higher maintenance costs than the running costs of the other filter
types. However, considering the market price of one candle (CHF 1.70) and a yearly
replacement, the total costs after 10 years will still be substantially lower than the
acquisition costs of the GDM and Sawyer filter.

The integration of the presented results provides an answer for the last research
question. Due to high the performance, the slightly reduced recontamination risks,
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the relatively high acceptance, the availability in the national market and the rea-
sonable price, the MCC constitutes the most favourable filter design for the current
local context.

4.5 Limitations

Finally, a number of weaknesses of this study have to be considered. The results
obtained in Nepal are representative for the study area Surkhet B and may not be
transferable to other regions. This research project was conducted in the winter time
hence the water quality tests may not be representative for other seasons. The in-
vestigations of the filter performance using the measure LRV for our indicator or-
ganisms, were limited by the large variability and relatively low concentrations of
pathogens in the influent water samples. The current study has only investigated the
status quo after approximately one month of filter usage. Therefore, no statement
can be made about the filter performance and the impact of handling aspects in the
longer term. Additionally, whereas in the laboratory repeated sampling procedures
and iterations of experiments were carried out, in the field households could be as-
sessed only once. Moreover, a larger sample size for our laboratory experiments
including the silver measurements and a study over a longer time period would be
advantageous.

All questionnaires were conducted by the same interviewer. However, an ob-
servational bias and preconceived responses due to an interviewer bias cannot be
excluded. Potentially, over-reporting of for instance, wealth indicators or cleaning
frequencies could be a problem. Additionally, a potential courtesy reporting bias
cannot be ruled out. For instance, due to the instructions on adequate filter handling,
households potentially knew the desired answer during the questionnaire on filter
handling practices. Finally, despite the fact that R? is low in our regression models,
a higher statistical power could potentially be achieved with a larger sample size.
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Chapter 5

Conclusions and Outlook

Over 800 million people lack basic drinking water services globally and more than
2 billion people consume water with faecal contamination. As a consequence, there
are over half a million associated deaths highlighting that the promotion of safe
drinking water remains a great challenge. HWTS and particularly household filtra-
tion systems are a promising approach to improve the water quality at the POU.
With the aim to assess the impact of different WASH interventions on health, water
tilters will be distributed within the scope of a health impact study in Western Nepal.
This research project had the key objective to determine the most suitable filter de-
sign for the current local context. Therefore, this study included the assessment of
the performance and the handling aspects of a GDM filter, a ceramic candle filter
with silver impregnation and a hollow-fiber filter both under laboratory conditions
and in a village in Western Nepal.

The findings from this study suggest a significant improvement of the microbial
drinking water quality for all assessed filter designs. While for E. coli the filters
achieved LRVs above 2 log (>99 % removal), LRVs for total coliforms above 4 log
(> 99.99% removal) were observed for the MCC and Sawyer filter. The GDM filter
design exhibited significantly lower values. The observed differences between the
removal of E. coli and total coliforms are result of different influent concentrations.

Our microbial analyses in the field, after one month of operation time, demon-
strated a significantly improved water quality in the samples from the filter dis-
charge pipe and the storage. Yet, as previously observed, recontamination in the
storage of the GDM and the MCC filter is a major concern considering the fact that
about 30 % of the samples were recontaminated. Significantly less contamination
of total coliforms was observed in MCC filters indicating that the diffusion of col-
loidal silver from the candles leads to a reduction in recontamination. This finding
was additionally verified by means of laboratory tests providing evidence for the
significant correlation between the number of removed CFU/100 mL (Enterococci)
and the concentration of colloidal silver. The majority of the households carried out
OM practices as instructed in the individual training session. Yet, some handling
aspects, namely, cleaning of the storage of the GDM and MCC filter using raw wa-
ter, the hands or a cloth and no or inadequate backflushing of the Sawyer filter were

observed in the households. These practices could provoke recontamination or a
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decrease in the filter performance. However, for the obtained data, the regression
models did not demonstrate a significant reduction in performance or an increase in
recontamination which can be associated with the observed handling practices. We
hypothesise that this is due to the additional disinfection in the storage of the MCC
filter, the generally high performance of the filters and also due to the low amount of
observed recontamination and inadequate handling practices. For instance, the pre-
viously observed extensive brushing of the ceramic filter candles was not recorded
during our visits. Additionally, only the excessive abrasion using a steel brush re-
sulted in an apparent performance reduction of the generally robust MCC candles.

All three filter designs were generally accepted among the participating house-
holds. However, some negative aspects were mentioned particularly for the MCC
and Sawyer filter design. As expected, a major concern was the flow rate of the MCC
candle. With regard to the financial and procurement aspect, the MCC filter is the
most favourable.

Aggregating the findings including the microbial performance, the handling and
recontamination aspects and the social and economic components of the respective
filter designs, the MCC filter from the national market is the most favourable filter
design for the current local context. With regard to the low flow rates, an improved
filter design with both more than one candle and a larger storage container (18L)
should be considered to increase the adherence. Additionally, the OM training in-
cluding manuals is an integral part and repeated monitoring and the assurance of
the replacement of the candle could be essential to ensure the improvement of the
water quality in the longer term. Considering our observations on recontamination
in the drinking vessels and the related literature, comprehensive WASH interven-
tions are fundamental to avoid any recontamination before the drinking water con-
sumption. Moreover, an improved quality management for MCC candles would be
crucial to ensure a consistent performance of the filter candles and a controlled dif-
fusion of colloidal silver. The silver diffusion of the MCC candles over a longer time
period and the disinfection efficiency of other microorganisms such as viruses are
important issues to resolve for future studies. In consideration of the high values of
silver diffusion directly after the commissioning of the MCC candles, we recommend
to avoid the consumption of the water from the first two filtration cycles. Moreover,
investigations are needed to determine the ecotoxicological impacts and pathways
of colloidal silver particles. Future studies should be carried out in a larger sample
size and target the long-term performance of the GDM, MCC and Sawyer filter in
our study area, as well as the influence of handling aspects on the performance and

recontamination after a longer operation period.



55

Bibliography

[1] Ahammed, M. M. and Davra, K. (2011). Performance evaluation of biosand filter
modified with iron oxide-coated sand for household treatment of drinking water.
Desalination, 276(1-3):287-293.

[2] Bassat Orellana, Q. (2018). Estimates of the global, regional, and national mor-
bidity, mortality, and aetiologies of diarrhoea in 195 countries: a systematic anal-
ysis for the Global Burden of Disease Study 2016. The Lancet Infectious Diseases,
18(11):1211-1228.

[3] Bennett, L., Dahal, D. R., and Govindasamy, P. (2008). Caste , Ethnic and Re-
gional Identity in Nepal. Further Analysis of the 2006 Nepal Demographic and Health
Survey, pages 1-36.

[4] Bern, C., Cabrera, L., Lescano, A. G., Gilman, R. H., Oswald, W. E., and Calderon,
M. M. (2007). Fecal Contamination of Drinking Water within Peri-Urban House-
holds, Lima, Peru. The American Journal of Tropical Medicine and Hygiene, 77(4):699—
704.

[5] Bielefeldt, A. R., Kowalski, K., and Summers, R. S. (2009). Bacterial treatment
effectiveness of point-of-use ceramic water filters. Water Research, 43(14):3559—
3565.

[6] Brown, J. and Clasen, T. (2012). High Adherence Is Necessary to Realize Health
Gains from Water Quality Interventions. PLoS ONE, 7(5):e36735.

[7] Brown, J., Proum, S., and Sobsey, M. D. (2009). Sustained use of a household-
scale water filtration device in rural Cambodia. Journal of Water and Health,
7(3):404-412.

[8] Cattell, R. B. (1966). The Scree Test For The Number Of Factors. Multivariate
Behavioral Research, 1(2):245-276.

[9] Clasen, T. and Boisson, S. (2006). Household-Based Ceramic Water Filters for
the Treatment of Drinking Water in Disaster Response: An Assessment of a Pilot
Programme in the Dominican Republic. Water Practice and Technology, 1(2).

[10] Clasen, T., Roberts, 1., Rabie, T., and Cairncross, S. (2015). Interventions to
improve water quality for preventing diarrhoea. Cochrane Database of Systematic
Reviews, (10).



56 BIBLIOGRAPHY

[11] Clasen, T., Schmidt, W.-P., Rabie, T., Roberts, 1., and Cairncross, S. (2007). In-
terventions to improve water quality for preventing diarrhoea: systematic review
and meta-analysis. BM], 334(7597):782.

[12] Dreyer, K., Mcfadden, N., Ouma, H., Wanyama, K., Etenu, C., and Meierhofer,
R. (2017). Evaluating novel gravity-driven membrane ( GDM ) water kiosks in
schools. Number 1, pages 1-7.

[13] Edberg, S., Rice, E., Karlin, R., and Allen, M. (2000). Escherichia coli: the best
biological drinking water indicator for public health protection. Journal of Applied
Microbiology, 88(51):1065-116S.

[14] Enger, K. S., Nelson, K. L., Rose, J. B., and Eisenberg, J. N. (2013). The joint
effects of efficacy and compliance: A study of household water treatment effec-
tiveness against childhood diarrhea. Water Research, 47(3):1181-1190.

[15] ExchangeRates.org.uk (2019). ExchangeRates.org.uk.
https:/ /www.exchangerates.org.uk /Swiss-Francs-to-Nepalese-Rupees-
currency-conversion-page.html. [Accessed on 6 June 2019].

[16] F Duke, W., Nordin, R. R., Baker, D., and Mazumder, A. (2006). The use and
performance of BioSand filters in the Artibonite Valley of Haiti: A field study of 107
households, volume 6.

[17] Field, A. (2009). Discovering Statistics Using SPSS. Sage publications.

[18] Field, A., Miles, J., and Field, Z. (2012). Discovering statistics using R. Sage
publications.

[19] Filmer, D. and Pritchett, L. H. (2001). Estimating Wealth Effects without Ex-
penditure Data-or Tears: An Application to Educational Enrollments in States of
India. Demography, 38(1):115.

[20] Fiore, M. M., Minnings, K., and Fiore, L. D. (2010). Assessment of biosand filter
performance in rural communities in southern coastal Nicaragua: an evaluation
of 199 households. Rural and remote health, 10(3):1483.

[21] Gera, T., Shah, D., and Sachdev, H. S. (2018). Impact of Water, Sanitation
and Hygiene Interventions on Growth, Non-diarrheal Morbidity and Mortality in
Children Residing in Low- and Middle-income Countries: A Systematic Review.
Indian Pediatrics, 55(5):381-393.

[22] Google Maps (2019). Households Surkhet B. https://www.google.com/maps.
[Accessed on 3 June 2019].

[23] Gupta, V. and Ali, I. (2013). Water Treatment by Membrane Filtration Tech-
niques. In Environmental Water, pages 135-154. Elsevier.



BIBLIOGRAPHY 57

[24] Hadrup, N. and Lam, H. R. (2014). Oral toxicity of silver ions, silver nanopar-
ticles and colloidal silver — A review. Regulatory Toxicology and Pharmacology,
68(1):1-7.

[25] Holding, S., Sadeghi, 1., White, T., Murray, A., Ray, J., Asatekin, A., and Lan-
tagne, D. (2019). Acceptability, effectiveness, and fouling of PointOne membrane
filters distributed in South Sudan. Journal of Water, Sanitation and Hygiene for De-
velopment, 9(2):247-257.

[26] Hunter, P. R. (2009). Household Water Treatment in Developing Countries:
Comparing Different Intervention Types Using Meta-Regression. Environmental
Science & Technology, 43(23):8991-8997.

[27] Hydreion Labs (2005). Microbiological Testing of the Sawyer 7 / 6B Filter. Tech-
nical report.

[28] Kaiser, H. F. (1960). The Application of Electronic Computers to Factor Analy-
sis. Educational and Psychological Measurement, 20(1):141-151.

[29] Kaiser, H. F. (1974). An index of factorial simplicity. Psychometrika, 39(1):31-36.

[30] Kallman, E. N., Oyanedel-Craver, V. A., and Smith, J. A. (2011). Ceramic Filters
Impregnated with Silver Nanoparticles for Point-of-Use Water Treatment in Rural
Guatemala. Journal of Environmental Engineering, 137(6):407—415.

[31] Kirby, M. A., Nagel, C. L., Rosa, G., Umupfasoni, M. M., Iyakaremye, L.,
Thomas, E. A., and Clasen, T. F. (2017). Use, microbiological effectiveness
and health impact of a household water filter intervention in rural Rwanda—A

matched cohort study. International Journal of Hygiene and Environmental Health,
220(6):1020-1029.

[32] Kohlitz, J., Hasan, T., Khatri, K., Sokota, A., Iddings, S., Bera, U., and Psutka,
R. (2013). Assessing reported use and microbiological performance of a point-of-
use household water filter in rural Fiji. Journal of Water Sanitation and Hygiene for
Development, 3(2):207-215.

[33] Krishnan, V. (2010). Constructing an Area-based Socioeconomic Index : A Prin-
cipal Components Analysis Approach. Faculty of Extension, University of Al-
berta, Edmonton, Alberta T5] 4P6, Canada.

[34] Kunwar, B. M., Bhatta, M. R., Shrestha, R., and Saladin, M. (2018). Life span
and performance test of ceramic filters. Technical report.

[35] Lantagne, D. and Clasen, T. (2012). Point-of-use water treatment in emergency
response. Waterlines, 31(1-2):30-52.



58 BIBLIOGRAPHY

[36] Lantagne, D., Meierhofer, R., Allgood, G., McGuigan, K. G., and Quick, R.
(2009). Comment on “Point of Use Household Drinking Water Filtration: A Prac-
tical, Effective Solution for Providing Sustained Access to Safe Drinking Water in
the Developing World”. Environmental Science & Technology, 43(3):968-969.

[37] Lifshin, L.S. (1989). Pediatric Fluid and Electrolyte Therapy. Journal of Pharmacy
Practice, 2(1):55-59.

[38] Lindquist, E. D., George, C. M., Perin, J., Neiswender de Calani, K. J., Nor-
man, W. R., Davis, T. P, and Perry, H. (2014). A Cluster Randomized Controlled
Trial to Reduce Childhood Diarrhea Using Hollow Fiber Water Filter and/or
Hygiene-Sanitation Educational Interventions. The American Journal of Tropical
Medicine and Hygiene, 91(1):190-197.

[39] Loomis, D., Sobsey, M. D., and Brown, J. (2008). Local Drinking Water Fil-
ters Reduce Diarrheal Disease in Cambodia: A Randomized, Controlled Trial of

the Ceramic Water Purifier. The American Journal of Tropical Medicine and Hygiene,
79(3):394-400.

[40] Luzi, S., Tobler, M., Suter, F.,, and Meierhofer, R. (2016). SODIS manual: guid-
ance on solar water disinfection. Technical report.

[41] Meierhofer, R. (2019). Evaluation of the impact of water quality and hygiene in-
terventions on the health status of children in the project area of Helvetas WARM-
P Project in Nepal.

[42] Meierhofer, R., Banziger, C., Deppeler, S., Kunwar, B., and Bhatta, M. (2018).
From Water Source to Tap of Ceramic Filters—Factors That Influence Water Qual-
ity Between Collection and Consumption in Rural Households in Nepal. Interna-
tional Journal of Environmental Research and Public Health, 15(11):2439.

[43] Meierhofer, R., Rubli, P., Oremo, J., and Odhiambo, A. (2019). Does Activated
Silver Reduce Recontamination Risks in the Reservoirs of Ceramic Water Filters?
Water, 11(5):1108.

[44] Minstry of Foreign Affairs (2019). Nepal Profile. https://mofa.gov.np/about-
nepal/nepal-profile/. [Accessed on 9 May 2019].

[45] Mosler, H.-]J. and Kraemer, S. (2012). Which psychological factors change when
habitual water treatment practices alter? Journal of Public Health, 20(1):71-79.

[46] Miiller, Y. and Baggenstos, D. (2018). Keramikfilter Qualitdtsicherung, Ein-
satzgebiet Surkhet und Kathmandu. Technical Report 11, Geberit AG.

[47] Murray, A., Goeb, M., Stewart, B., Hopper, C., Peck, J., Meub, C., Asatekin, A.,
and Lantagne, D. (2015). Fouling in hollow fiber membrane microfilters used for
household water treatment. Journal of Water, Sanitation and Hygiene for Develop-
ment, 5(2):220-228.



BIBLIOGRAPHY 59

[48] Murray, A. and Lantagne, D. S. (2017). Evaluation and Regulation of Household
Water Treatment Technologies in Developing Countries. PhD thesis, Tufts University.

[49] Nair, C. S. and Mophinkani, K. (2017). International Journal of Emerging Tech-
nology and Advanced Engineering Effectiveness of Locally Made Ceramic Water
Filters for Household Water Purification. UGC Approved List of Recommended Jour-
nal, 7(1).

[50] Navarro, E., Baun, A., Behra, R., Hartmann, N. B., Filser, J., Miao, A.-J., Quigg,
A., Santschi, P. H., and Sigg, L. (2008). Environmental behavior and ecotoxicity of
engineered nanoparticles to algae, plants, and fungi. Ecotoxicology, 17(5):372-386.

[51] OpenStreetMap contributors (2019). Surkhet District, Karnali Province, Nepal.
https:/ /www.openstreetmap.org. [Accessed on 5 June 2019].

[52] Oyanedel-Craver, V. A. and Smith, J. A. (2008). Sustainable Colloidal-Silver-
Impregnated Ceramic Filter for Point-of-Use Water Treatment. Environmental Sci-
ence & Technology, 42(3):927-933.

[53] Pérez-Vidal, A., Diaz-Gémez, J., Castellanos-Rozo, J., and Usaquen-Perilla,
O. L. (2016). Long-term evaluation of the performance of four point-of-use water
filters. Water Research, 98:176-182.

[54] Peter-Varbanets, M. (2015). Gravity-driven membrane disinfection for house-
hold water treatment Final report : GDMD project 2010-2014. Technical Report
March.

[55] Peter-Varbanets, M., Johnston, R., Meierhofer, R., and Pronk, W. (2011). GDM
Technology for Household Water Disinfection. Sandec News, 12:5.

[56] Peter-Varbanets, M., Zurbriigg, C., Swartz, C., and Pronk, W. (2009). Decentral-
ized systems for potable water and the potential of membrane technology. Water
Research, 43(2):245-265.

[57] Pooi, C. K. and Ng, H. Y. (2018). Review of low-cost point-of-use water treat-
ment systems for developing communities. npj Clean Water, 1(1):11.

[58] Rayner, J., Zhang, H., Schubert, J., Lennon, P., Lantagne, D., and Oyanedel-
Craver, V. (2013). Laboratory Investigation into the Effect of Silver Application
on the Bacterial Removal Efficacy of Filter Material for Use on Locally Produced
Ceramic Water Filters for Household Drinking Water Treatment. ACS Sustainable
Chemistry & Engineering, 1(7):737-745.

[59] Rufener, S., Mdusezahl, D., Mosler, H.-]., and Weingartner, R. (2010). Quality
of Drinking-water at Source and Point-of-consumption - Drinking Cup As a High
Potential Recontamination Risk: A Field Study in Bolivia. Journal of Health, Popu-
lation and Nutrition, 28(1):34-41.



60 BIBLIOGRAPHY

[60] Rutstein, S. (2008). The DHS Wealth Index: Approaches for rural and urban

areas.

[61] Sawyer Products Inc. (2019). Sawyer. https://sawyer.com. [Accessed on 14
May 2019].

[62] Schmidt, W.-P. and Cairncross, S. (2009). Household Water Treatment in Poor
Populations: Is There Enough Evidence for Scaling up Now? Environmental Sci-
ence & Technology, 43(4):986-992.

[63] Singh, R., Singh, R., and Moges, A. (2018). Analysis of Social Health Impact of
Caste System: A Case Study of Malangawa, Nepal. Journal of Education, Society
and Behavioural Science, 25(4):1-9.

[64] Sobsey, M. (2002). Managing Water in the Home: Accelerated Health Gains
from Improved Water Supply. Technical report, Water, Sanitation and Health. De-
partment of Protection of the Human Environment, World Health Organization,
Geneva.

[65] Sobsey, M. D., Stauber, C. E., Casanova, L. M., Brown, J. M., and Elliott, M. A.
(2008). Point of Use Household Drinking Water Filtration: A Practical, Effective

Solution for Providing Sustained Access to Safe Drinking Water in the Developing
World. Environmental Science & Technology, 42(12):4261-4267.

[66] Stubbé, S. M. L., Pelgrim-Adams, A., Szant6, G. L., and van Halem, D. (2016).
Household water treatment and safe storage — effectiveness and economics.
Drinking Water Engineering and Science, 9(1):9-18.

[67] The Ceramics Manufacturing Working Group (2011). Best Practice Recom-
mendations for Local Manufacturing of Ceramic Pot Filters for Household Water

Treatment. Technical Report June, Atlanta.

[68] United Nations Children’s Fund; and National Planning Commission (2015).
Monitoring the situation of children and women Nepal: Multiple Indicator Clus-
ter Survey Final Report 2014. Technical report.

[69] United Nations Development Programme (2018). Human Development Indices
and Indicators: 2018 Statistical Update. Technical report.

[70] United States Agency for International Development (USAID) (2006). Percep-
tions and Practice of Household Bringing the Consumer To the Table: Perception
and practice of household water treatment methods in Nepal. (April):1-8.

[71] van der Laan, H., van Halem, D., Smeets, P, Soppe, A., Kroesbergen, J.,
Wubbels, G., Nederstigt, J., Gensburger, 1., and Heijman, S. (2014a). Bacteria and
virus removal effectiveness of ceramic pot filters with different silver applications
in a long term experiment. Water Research, 51:47-54.



BIBLIOGRAPHY 61

[72] van der Laan, H., van Halem, D., Smeets, P, Soppe, A., Kroesbergen, ]J.,
Wubbels, G., Nederstigt, J., Gensburger, 1., and Heijman, S. (2014b). Bacteria and
virus removal effectiveness of ceramic pot filters with different silver applications
in a long term experiment. Water Research, 51:47-54.

[73] Vyas, S. and Kumaranayake, L. (2006). Constructing socio-economic status
indices: how to use principal components analysis. Health Policy and Planning,
21(6):459-468.

[74] WHO, W. H. O. (2014). Preventing diarrhoea through better water, sanitation
and hygiene. World Health Organization, pages 1-48.

[75] Wikimedia Commons distributors (2015). Provinces of Nepal 2015.
https:/ /commons.wikimedia.org/wiki/File:ProvincesofNepal2015.png. [Ac-
cessed on 5 July 2019].

[76] Wolf, ]., Hunter, P. R., Freeman, M. C., Cumming, O., Clasen, T., Bartram, J.,
Higgins, J. P. T., Johnston, R., Medlicott, K., Boisson, S., and Priiss-Ustiin, A.
(2018). Impact of drinking water, sanitation and handwashing with soap on child-

hood diarrhoeal disease: updated meta-analysis and meta-regression. Tropical
Medicine & International Health, 23(5):508-525.

[77] World Bank Group (2018).  Rural population (% of total population).
https:/ /data.worldbank.org/indicator /SP.RUR.TOTL.ZS. [Accessed on 3 May
2019].

[78] World  Bank  Group  (2019). Country  Profile = Nepal.
https:/ /data.worldbank.org/country/nepal. [Accessed on 3 May 2019].

[79] World Health Organization; International Network to Promote Household Wa-
ter Treatment and Safe Storage (2007). Combating waterborne disease at the
household level / International Network to Promote Household Water Treatment
and Safe Storage, World Health Organization. Technical report.

[80] World Health Organization (WHO) (1997). Guidelines for drinking-water qual-
ity, 2nd edition: Volume 3 - Surveillance and control of community supplies. Tech-
nical report.

[81] World Health Organization (WHO) (2016). Results of Round I of the WHO In-
ternational Scheme to Evaluate Household Water Treatment Technologies. Tech-

nical report, Geneva.

[82] World Health Organization (WHO) (2017). Guidelines for drinking-water qual-
ity: fourth edition incorporating the first addendum. Technical report, Geneva:.

[83] World Health Organization (WHO) (2018). Alternative drinking-water disin-
fectants: bromine, iodine and silver. Technical report, Geneva.



62 BIBLIOGRAPHY

[84] World Health Organization (WHO) (2019). Results of Round II of the WHO In-
ternational Scheme to Evaluate Household Water Treatment Technologies. Tech-
nical report, Geneva.

[85] World Health Organization (WHO); the United Nations Children’s Fund
(UNICEEF) (2012). A toolkit for monitoring And evaluating household water treat-
ment And safe storage programmes. Technical report, Geneva.

[86] World Health Organization (WHO); the United Nations Children’s Fund
(UNICEEF) (2015). 2015 Update and MDG Assessment. Technical report, Geneva.

[87] World Health Organization (WHO); the United Nations Children’s Fund
(UNICEF) (2017). Progress on drinking water, sanitation and hygiene: 2017 up-
date and SDG baselines. Technical report, Geneva.

[88] World Health Organization (WHO); the United Nations Children’s Fund
(UNICEF) (2019). Progress on household drinking water, sanitation and hygiene
2000-2017. Special focus on inequalities. Technical report, New York.

[89] Yakub, I. and Soboyejo, W. O. (2012). Adhesion of E. coli to silver- or copper-
coated porous clay ceramic surfaces. Journal of Applied Physics, 111(12):124324.



Appendix A

Methods

A.1 Household Questionnaire

The entire questionnaire is attached to this document.

A.2 Informed consent form

The informed consent form is attached to this document.

A.3 OM filter manuals in English and Nepalese

GDM Filter: Operation Manual

Fill bucket with water

Fill max. 25 L of water in
the upper bucket and
close the lid again. Only
remove the lid to fill
water.

Please do not clean or touch
the membranes of the filter.
They will break.

Lift the handle of the tap to fill a
cup or a drinking water container

Please keep the buckets on top of each other.

If they have to be separated ensure again that the rubber seal and
the metal tube are placed where there is the hole in the lid of the
second bucket.

Contact Lekhparsa Drinking Water Supply and Sanitation User’s Institution
Lekhbesi Municipality-01

FIGURE A.1: OM manual for the GDM filter (English)
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FIGURE A.2: OM manual for the GDM filter (Nepalese)

MCC filter: Operation Manual

Lift handle on tap to fill a
cup or a drinking water

| Fill container with water
container

and close the lid

When the candle is blocked
only clean it with a soft

brush or a tooth brush 1x year:
: replace the
p “ 1x week: add candle by
| boiling water detaching it
to clean the from the upper
Maintenance | candle container
Contact Lekhparsa Drinking Water Supply and Sanitation User's Institution

Lekhbesi Municipality-01

FIGURE A.3: OM manual for the MCC filter (English)
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FIGURE A.4: OM manual for the MCC filter (Nepalese)

Sawyer Filter: Operation Manual

Fill bucket with water

Remove the lit

Bucket when
not in use

Attach the
filter on top
of the bucket

Fill the filtered
water into a cup
or drinking water
container

To filter the water
the Sawyer filter
has to be kept
below the level of
the bucket

Contact

Lekhparsa Drinking Water Supply and Sanitation User’s Institution

Lekhbesi Municipality-01

FIGURE A.5: OM manual for the Sawyer filter (English)
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Sawyer Filter: Cleaning Instructions (apply A or B)

7\ o 04%4
AR

Disconnect the  Fill the cleaning Remove the white  Forefully Fill the cleaning
Fill a cup with filter from the hose plunger with clean push pull cap and  backwash the filter plunger and push
clean water water place the cleaning a couple times water forwards
plunger on the with clean water through the filter
output end of the to loosen up any
filter dirt
= Repeat
)
o o
1 =)
Find a clean Fill the bottle with Remove the push  Screw the filter Squeeze forcefully
plastic bottle that clean, filtered pull cap and screw  with the attached and repeat
will thread onto the  water the coupling onto coupling onto the
cleaning coupling the filter threads plastic bottle

FIGURE A.6: OM manual for the Sawyer filter (Backflushing) (En-
glish)

JHH GG @I 9T ARERTE FTHTHT FeT
TgerdT AR -09q

FIGURE A.7: OM manual for the Sawyer filter (Nepalese)
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FIGURE A.8: OM manual for the Sawyer filter (Backflushing)

(Nepalese)
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Appendix B

Results

B.1 Variables included in the wealth, handwashing and toi-

let index

TABLE B.1: Variables included in the handwashing index (N = 66).

Variable (N = 66) N % Coding for PCA
<3 25 379 0
) ) >3<6 28 424 1
Handwashing with soap
>6<9 6 91 2
>9 7 106 3
None 7 106
Kind of handwashing facilit
e ot handwashing factity Water from a bucket 42  63.6
A drum with a tap 16 242 2
Clean handwashing facility 37 56.1 0=notclean, 1= clean
Handwashing facility with soap 58 879 0=absent, 1 =present
Handwashing facility with water 59 894 0=absent, 1=present
Excluded?!
<3 1 15 0
Handwashi terd >3<6 26 394 1
andwashing yesterday ~6<9 10 152 9
>9 9 136 3

1 Excluded due to values below 0.5 in the anti-image correlation matrix.
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TABLE B.2: Variables included in the wealth index (N = 66).

Variable (N = 66) N % Coding for PCA
None/ Don’t know 10 152 0
Informal education 4 6.1 1
Education of respondent Primary 18 273 2
Secondary 28 424 3
College and higher 6 9.1 4
vV 31 47.0 0=absent, 1=present
Sol 1 19 28.8 O0=absent, 1= t
Items owned by the household omar pa.ne avsen presett
Motorbike 9 13.6 0=absent, 1=present
Watch 9 13.6 0=absent, 1 =present
Electricity 57 864 0=absent, 1= present
Wood 64 97.0 1
Fuel used for cooking Gas 38 538 4
Electricity 5 76 5
<3 16 242 1
Number of rooms 3-5 41 62.1 2
>5 9 136 3
<=10 44 66.7 1
Land ownership [kattha?] >10 <20 20 303 2
>20 < 30 2 3.0 3
Made from mud 0 0.0 1
Straw 4 6.1 2
Building material of the roof =~ Roof tiles/ Stone slates 17  25.8 3
CGI Sheet 32 485 4
RCC 13 197 5
Earth 47 712 1
Building material of the floor Cement 19 288 2
Floor tiles 0 0.0 3
Excluded?!
Solar power 6 91 0=absent, 1=present
Rent house 3 45 1
Own house
Own house 63 95.5 2
Radio 14 212 0=absent, 1 =present
Mobile phone 55 83.3 0=absent, 1= present
Items owned by the household  Bicycle 3 45 0=absent, 1 =present
Car 1 1.5 0=absent, 1 = present
Fridge 5 7.6 0=absent, 1=present

1 Excluded due to values below 0.5 in the anti-image correlation matrix.

2 kattha = 338.63 m?



B.1. Variables included in the wealth, handwashing and toilet index 71

TABLE B.3: Variables included in the toilet index (N = 66).

Variable (N = 66) N % Coding for PCA
They use the bushes 1 15 0
. . A shared simple pit latrine 11 167 1
Kind of toilet A shared water sealed toilet 9 136 2
Household’s own simple pit latrine 45  68.2 3
Condition toilet 33 50.0 O0=notclean,1 = clean
Sandals/slippers 8 121 0 =absent, 1 =present
Availability of materials ~Drum with water 59 894 0=absent, 1 =present
Brush 36 545 0=absent, 1= present
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B.2 Demographics, wealth and drinking water

TABLE B.4: Variables related to drinking water from the households

(N = 66).

Drinking water variable (N = 66) Number %
Piped water in the house or yard 59 89.4

Piped water in the village 1 15

Unmanaged piped system 3 4.5

River, Stream or Canal 0 0.0

Main drinking water source Lake 0 0.0
Bottled Water 3 45

Very safe 2 3.0

Quite safe 16 24.2

Safety of drinking water Neither safe nor risky 10 15.2

A bit risky 17 25.8

Very risky 21 31.8

Boiling 64 97.0

Filtration with a cloth 20 30.3

Flocculation and sedimentation 0 0.0

Known water treatment methods 1 Chlorination 7 10.6
Sodis 7 10.6

Use of Filter 62 93.9

Other 5 7.6

Boiling 62 93.9

Filtration with a cloth 18 27.3

Chlorination 5 7.6

Used water treatment methods ! .

Sodis 6 9.1

Use of Filter 64 97.0

Wife 47 71.2

Husband 3 45

Responsible person for water treatment !  Daughter 14 21.2
Son 3 45

Other 3 45
. . Ceramic candle filter 13 19.7

Previous filter .

Sand filter 1 1.5
Financial reasons 9 20.0
Lack of knowledge 27 60.0

Previously no filter: reason ! Logistical reasons 4 8.9
Missing trend 3 6.7

Other treatment method 2 44

1 Question with multiple possible answers.



B.2. Demographics, wealth and drinking water

TABLE B.5: Socio-demographic characteristics of the households in-
cluded in this study (N = 66)

Socio-demographic variable (N = 66) Number %
. Female 56 84.8
Gender of participant Male 10 150
16-25 15 22.7
26-35 26 394
Age group 36-45 12 18.2
46-55 7 10.6

56-65 5 7.6

>65 1 1.5

2 3 4.5

3 45
4 20 30.3
. 5 21 31.8
Number of people in the household 6 9 136
7 4 6.1

8 4 6.1

>8 2 3.0
0 31 47.0
1 17 25.8
Number of children in the household 2 14 21.2
3 45

4 1 1.5
Dalit 23 34.8
Ethnicity Janajati 33 50.0
Brahmin, Chhetri, Thakuri 10 15.2
Literacy Can neither read or write 13 19.7
Can both read or write 53 80.3

Informal education 4 6.1
Primary 18 27.3
Education of respondent Secondary 28 424
College and higher 6 9.1
None/ Don’t know 10 15.2
Agriculture 17 25.8
Small business 9 13.6

Other independent work 3 4.5
Daily laborer 7 10.6

Employment of head of household Employed 1 15
Government service 3 45

Retired with pension 1 15
Foreign employment 16 24.2
None 9 13.6

Agriculture 1 15

Small business 2 3.1

Other independent work 3 4.6

Daily laborer 4 6.2

Employment of spouse Employed 2 3.1
Government service 6 9.2

Foreign employment 5 7.7

None 42 64.6
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TABLE B.6: Socio-economic characteristics of the households in-
cluded in this study (N = 66)

Socio-economic variable (N = 66) Number %
<10000 19 29.2
. 10000-19999 33 50.8
Expenditure per month

20000-29999 8 12.3

30000-40000 5 7.7
Radio 14 21.2
vV 31 47.0
Solar panel 19 28.8
Mobile phone 55 83.3

Bicycl 3 4.5

Items owned by the household ! weyee .

Motorbike 9 13.6

Car 1 1.5

Fridge 5 7.6
Watch 9 13.6

None of this 6 9.1
Electricity 57 86.4
Solar power 6 9.1
Wood 64 97.0
Fuel used for cooking ! Gas 38 5.8
Electricity 5 7.6
<3 16 242
Number of rooms 3-5 41 62.1
>5 9 13.6
<10 44 66.7
Land ownership [kattha?] >10 <20 20 30.3
>20 <30 2 3.0
Stone with mud 41 62.1
St ith t 12 18.2
Building material of the walls (.)ne w.1 cemen

Brick with cement 13 19.7

Cement 0 0.0

Made from mud 0 0.0

Straw 4 6.1
Building material of the roof Roof tiles/ Stone slates 17 25.8
CGI Sheet 32 48.5
Roller-compacted concrete 13 19.7
Earth 47 712
Building material of the floor Cement 19 28.8
Floor tiles 0 0.0

1 Question with multiple possible answers.

2 kattha = 338.63 m?2
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B.3 Brushing experiment I and II

(B)

FIGURE B.1: MCC candle before (A) and after (B) the treatment using
a steel brush.

(4) (B) (©) (D)

FIGURE B.2: Dimension of abrasion after three brushing events using
a soft (A), mid (B) and hard (C) brush. D is the control.

B.4 Handling of water filters

TABLE B.7: Observations regarding handling practices of households
with recontaminated samples. The variables A E. coli (EC), A total
coliforms, whether HH cleaned the filter, the outside of the storage
bucket, the inside of the storage bucket, the materials used for the
cleaning and uncovering the storage bucket are indicated.

HHID AEC ATC Clean Cleanout Clean storage Clean mat. storage Storage lid
GDM_03 3 19
GDM_09 35 50 X
GDM_10 2 18
GDM_13 1 36 X X
GDM_14 12 59
GDM_15 2 53 X X
GDM_17 4 31 X X
GDM_19 12 2
GDM_22 3 0 X X X Raw water, hands
MCC_03 1 0 X X X Hands
MCC_10 1 0 X X X Raw water, hands, brush
MCC_11 114 1 X X X Hands, Brush
MCC_14 12 2 X X X Hands, Brush
MCC_17 1 57 X X X Raw water, hands, brush




Household Questionnaire

Name of the head of the household

All the information you provide is confidential and your name will not be disclosed anywhere. The results will be treated

anonymously. Participation in this study is voluntary. You don't have to take part if you don't want to. You don't have to
answer any question you don't want to, and you can stop the interview at any time. If you decide not to participate there

wil not be any negative consequences. Have you been part of the Baseline Study?
Do you have any questions? Do you agree to participate in this study? O ves
If you have any further questions you can contact Madan Bhatta from Helvetas. The phone number of the Helvetas office
in Surkhet is: 083521092 / 083521093 O o
Administer informed consent. If subject agrees to participate, proceed to questionnaire What is the gender of the respondent?
0 Please indicate without notifying the respondent
Yes

O wmake
QO Female

beginning What is the age of the respondent?
Enter number / if unknown: approximate the age: ."60-70"

O o

Name of interviewer

(O NeerimaThapa

(O Akina shrestha What is your mobile phone number?

Enter mobile phone number / Enter 999 if no mobile phone
Enter the household ID (HHID)

Copy that Household ID in your notebook in case you need to take notes

How many people in TOTAL, including you, live in your household?

Including respondent
Type of filter received

O mccFitter .
O GDM_Filter

How many children are 0 to 10 years in this household?
Sawyer_Filter Enter number

Other (specify)

O
(O Filter Market Surkhet g
©)

A - Household Information

A-Household information

Name of person interviewed Are you able to read or write?
O canneither read or write

QO canreadonly

(O canboth read or write




What is the highest education level you have completed?
Do not read out - select one answer given by respondent

(O informal education
QO rrimary

QO secondary

(O college and higher
O None/ Don't know

What is the occupation of the head of the household?
Do not read out - select one answer (main occupation)

QO Agricuiture

(O small business

(O other independent work
(O nDailylaborer

QO employed

(O Government service
(O Retired with pension

(O Foreign employment

O None

What is the occupation of the spouse of the household head?
Do not read out - select one answer (main occupation)

QO Agricuiture

(O smallbusiness

(O other independent work
(O Dallylaborer

O Eemployed

(O Government service
(O Retired with pension
(O Foreign employment

O None

(O No spouse (=single or widow)

What is the ethnicity of this household?
Do not read out - select one answer given by respondent

QO noait
QO Janajati

(O Bramihin, chhetr, Thakuri
O other

Specify other ethnicity

B - Wealth index
B - Wealth index

About how much does your household spend PER MONTH on regular expenses (regular expenses = food, transport,
clothing, and school fees) ?
Insert number in NPR per month

Does anyone from your household own/ have any of these items?
Read out all options

[ Radio
Ow

[] solar panel
[] Mobile phone
[ sicycle

[] motorbike
[ car

[ Fridge

[ waten

[ None of this

Does the household have an electricity connection?
Connection to an electrical grid

QO ves
O e




Does the household have solar panels?

What kind of fuel do you use mainly for cooking?
Do not read out - select one answer (main fuel used)

[ wood
[ charcoal
[] Kerosene
[ cas
[ etectricity

Are you the owner of your house?

(O ownhouse
(O Renthouse

How many rooms does your house have?

How much land does your family own?

Enter area owned by the household in Ropanis
If no area is owned enter "0"
If don't know enter "999"

C - Water handling and hygiene
C-Water handling and hygiene

Which water source do you currently use as MAIN drinking water source?
Do not read out

O

O000O000O0

Piped water in the house or yard
Piped water in the village

Rainwater harvesting

Open source (dug well, pond, spring)
Protected source (well, spring)
Unmanaged piped system

River, Stream or Canal

Lake

Bottled Water

Do you currently also use other water sources for drinking?

Pipe

Rainw

source (well, spring

Canal




How safe do you think your main drinking water source is for drinking?
Do not read out

QO Verysafe
O Quite safe
(O  Neither safe nor risky
O Abitrisky
QO Veryrisky

Which methods for water treatment do you know?
Do not read out

[] soiling

[ Fitration with a cloth

[] Floceulation and sedimentation
[] chiorination

[ sodis

[ useoFitter

[ other (specifyy

[] oo notknow any

Please specify other:

Which of these methods for water treatment do you use?
[T soiting
[ Fitration with a cloth
[] Fioceutation and sedimentation
[] chiorination
[T sodis
[ use ofFitter
[] other (specify)

] vontuse any

Who in your family is mainly responsible for water treatment?

O

Wife
Husband
Daughter
Son
Other

O
a
|
O

Have you been using any water filtration system in your household before?

QO ves
O e

What kind of water filter have you been using?

Why have you previously not been using a water filter?

Do you fill your water filter every day?
O Yes
O o

How often do you fill your water filter per day?

How often do you fill your water filter?

y second day

Abou

once per week

Besides the storage vessel provided by the filter - do you use an extra storage for the filtered water?

QO Dpirectuse
QO storage




Did anyone remove the upper bucket of the filter?

Do you clean your water filter?
QO ves
O wo

How often do you backflush the membrane filter?
O everyday
(O Every second day
O onceperw
QO every tw
(O once per month

(O Less than once per month

ek

weeks

Which water did you use for the backflushing?
O Filtered v
(O unfiltered water

ater










What kind of materials do you use to clean the membrane filter?
raw wate

boiled water

hands

Once per month

ess than once per month

What kind of materials do you use to clean the tap of the filter?

aw wate

ash

YESTERDAY, can you tell me how many times you washed your hands?

Enter the number of times the respondent washed hands yesterday.
if zero, enter "0"
if don't know, enter "999"

When you washed your hands yesterday, how often did you use soap or ash?

Where do members of your family usually go for defaecation?
Do not read out, if answer unclear give options

(O They use the bushes

(O Ashared simple pit latrine

(O Ashared water sealed toilet

(O Household's own simple pit latrine

(O Household's own water sealed toilet

Do you keep the animal safe inside your house over night ?

O ves
O no

D - Filter Design
D - Filter Design

How much do you like to use this filter?
QO tiike itvery much
QO tiikeitanbit
QO 1donotlikeit

What do you like about this filter?

What do you not like about this filter?

E - Observation through the interviewer ( your own observation )




E - Observation through the interviewer ( your own observation )

What type of walls does the main house have?
(O Wwood planks

Corrugated iron

Stone with mud

Stone with cement

Brick with cement

00000

Cement

What type of roof does the main house have?
Made from mud

Straw

Roof tiles/ Stone slates

CGl Sheet

RCC

00000

What type of floor does the main house have?
QO eartn
O cement
QO Floortiles

» Condition of water transport container

In which condition is the container used for water transport?

Is the water transport container clean?
O ves
O e
Does the water transport container have a lid?
QO ves
O e

Is the water transport container broken?
O Yes
O v

» Condition of water filter

In which condition is the water filter?

Is the water filter clean?
O ves
O o
Is the water filter broken?
O ves
O e

What kind of damages does the water filter have?

What kind of toilet does the HH have on the compound?

O Nolatrine
QO ritlatrine

(O ventilated improved latrine

(O water-sealed latrine

» Condition of the toilet

In which condition is the toilet?

Is the toilet clean?
There are no visible traces of faeces and dirt in the toilet

O ves
O e




Are these material available?
[] sandalsssiippers
[ orum with water

[ Brush

7 None of these

What kind of handwashing facilities does the HH have?

O none

(O They pour out water from a bucket

O Adrumuithatap

» Condition of handwashing facilities

In which conditions are the hand washing facilities?

Are the ing facilities in good ition?

Handwashing station is operational and not broken

O ves
O o

Are the handwashing facilities clean?
Handwashing station has shows no signs of dirt

QO ves
O N

Is soap available?
O ves
O no

Is water available?
O Yes
O o

Is animal dung laying around the house?
O Yes
O no

Is there dry rack to dry your utensils and dishes after washing?
O Yes
O

Is there a significant number of flies in the kitchen (more than 10)?
ifmore than 10, type yes

O ves
O e

**Please record any additional information here or in your notebook

**Take GPS point of household location

Go outside of the house, turn on the GPS button on the tablet and do not forget to switch it off afterward;

Breite (x.y °)

Lange (xy )

Héhe (m)

Prazision (m)

Thank you for answering these questions!
This is the end of the interview.
Ask how far it is
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Informed consent form

e weafa wra

Introduction

Liciy

Hello, my name is and | am working Helvetas Swiss Intercooperation and for the Eawag, the
Swiss Federal Institute of Aquatic Science and Technology.

TAFES, AR ATH @ | F Eawag, the Swiss Federal Institute of Aquatic Science and Technology
FIA Helvetas Swiss Intercooperation T 1 A

Background information

TEH R

We are conducting a research study to evaluate to efficiency and use of different water filters.

el faffies urelt Recteea TR Fediae I JeEeuT Fsdred aget|

The water flters are being used to treat drinking water at household level

TTefeRt e BRen FRaT fa3a qriieht 3T a1 T s

Your participation in this study will help us to improve the drinking water quality in your community.

T HCTGAHT ISR FEHNAT ETHCTS TS FHTIHT 3 Tefrepr JOTER FUR et Fegra e

What the participant would be asked to do
&1t MK AT
You have the opportunity to purchase a high quality water filter for a reduced price.
RN 1 ! 5o TURAH el TG o I et oA |
We will provide you a training on how to operate and maintain the filter.
Y TSRS TSR T3 Tl fheet FE FaTeIsT T STelet 311 a1 ATRIETOT SeteT ot |
After some weeks we would like to visit you again to take some water samples from the filter to test its
performance.

T gear ufds gTelY fiee are R el FogeiTes TATOT 7ot Ga7: sra7or e arefsf|

In addition, we would like to make an interview with you on general household information, water handling in the
household and hygiene.

TR, ETHY TITEIIT HTHT TP SAARRY, TTTSAT T Tl FFa e AR gHT Uk Jeciaiall 9fey o7
il

The interview will take approximately half an hour of your time.

AuEEr e "er Sl w oo

Risks and benefits of being in the study

mﬁmﬁw:m

There are no known risks to participating in this study. I JEIRITAT FEHIN §of Tt AT SN TEHEE Satet |
You will have to opportunity to purchase a high quality water filter at reduced cost.

TS 7 TN A Ve S JUReETel Tlefien fiheel Tie e e 9o 1], Eﬁm

Confidentiality Teaar
All the information you provide is confidential and your name will not be disclosed anywhere. The results will be
treated anonymously.

squatie research B oo

TS FETeT TTHTHT H SAHY MNIAT gAT T AIERT A FE i gerar §ﬁﬂ—sn IROTHEE IHATH
woaAT US|

Voluntariness ¥dfoaaar

Participation in this study is voluntary. I JTTFAT HgHT I T Row o |
You don't have to take part if you don't want to.
uﬁawéaﬁ@gﬂaﬁmﬁqwﬁém

You don’t have to answer any question you don’t want to, and you can stop the interview at any time.

TGOS oot GTex SRR ST T et T 37e) U Tk Al FHA ol lelt el Herefges |
If you decide not to participate there will not be any negative consequences.

e TS FERHTN g TeTgge=t 971 AIETS gl Gt AN APRICH AcHSNE® g S|

Feedback/Dissemination Sfaf¥ar / s

Do you have any questions? Do you agree to participate in this study?

TR ot SRAGE B2 & S A HEAAAHT FEHII Feelgr?

You have been informed about this study’s purpose, procedures, possible benefits and risks. TATEETS TH

HEATAR I, IHATEE, FEac hrger T S fEHewan araT gfaa AR o

By signing this consent form, you are agreeing to participate in the interview. I gl BRHAAT FEATER IRT

AR T HCALAHAT $19T oIt Gl T
If you desire a copy of this consent form, you may request one and we will provide it.

[T TS 7 FE AT GRS A AeTefgeo . gl et ared FFot

You have been given the opportunity to ask questions before you sign, and you have been told that you can ask
other questions at any time.

TR ST 1] 31T W) TS T B FAT RFTH & T AMETS TR o s s etafer wraam
I R WA TGS |

You voluntarily agree to participate in this study.

I FATTH TIAT 2 HEAAFHAT 19T T g Gefgeo|

Contact and Questions TFTH T SRATE

The researcher(s) conducting this study are mentioned below. I &I H>aTelel 3T+ AMUHAEE el FooE
TRTH |

You may ask any questions you have now. TATSHIT et TREAEE S 37T Wﬂﬂgﬁsl

If you have any questions later, you may contact them at: 2fe; TSI ot SRAGE Bl 3, ATES TF=TEEATS
T T g

Name of phone nr.

aeraTR A BT AFR

of consent Tqayor
I have read the above information or had the above information read to me. 3 FITI! STTehIY T&hT G aT
FTYHY AT HATS TR Gz 2|
I have received answers to the questions | have asked. e HY SReg®eh! STt el AT G|

2



I consent to participate in this research.

A HTHAIAAT 19T oIt el |

1am at least ...... years of age.

HFFAAT .. aH T

Name of

squatie research B ooe

HEHTMH! A1

Signature or of
TR gEeR ar 3ifor o1T:

oL
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