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Abstract

Benjamin A. Aiken: SUSTAINABILITY ASSESSMENT OF THE BIOSAND FILTER
IN BONAO, DOMINICAN REPUBLIC
(Under the direction of Mark D. Sobsey)

Access to clean drinking water is not a reality for approximately 1.1 billion people
in the world, leading to approximately 1.6 million children dying each year due to
diarrheal diseases linked to unsafe drinking water. Household water treatment at the
point-of-use (POU) has proven effective in improving microbiological water quality and
reducing diarrheal disease among users in both laboratory and field studies. The Biosand
filter (BSF), an intermittently operated, slow sand filter, is a promising POU technology,
although little follow-up of the initial positive study and trial results has occurred to
assess BSF sustainability. The purpose of this study was to assess the sustainability of
previously implemented BSFs in and around Bonao, Dominican Republic (DR) through
two approaches: 1) cross-sectional analysis of continued use, performance effectiveness,
and sustained water quality improvement, and 2) longitudinal analysis of sustained health
impact, measured as diarrheal disease, and sustained water quality improvement. Over
90% of the BSFs were found still in use after an average of one year since installation.
Incidence rates of diarrheal disease were reduced by 61% for BSF intervention
households in comparison with non-BSF control households. Water quality improvement,
as measured by reduction of fecal indicator bacteria, was found to be low (84 to 88%) in
comparison to reductions seen in the laboratory but comparable to analogous rates seen
for the BSF in other field assessments. Together, the results suggest the BSF is a highly

sustainable POU water treatment technology.
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Chapter 1: Introduction

1.1 Introduction

Access to clean drinking water is not a reality for approximately 1.1 billion people
in the world (WHO/UNICEF, 2000). This lack of access places a significant health and
economic burden on these people in the form of diarrheal disease, time away from
productive enterprise, costs of medical treatment, and decrements in child development.
The burden disproportionately impacts children, with approximately 1.6 million children
dying each year due to diarrheal diseases linked to unsafe drinking water and many more
suffering from disease and developmental deficiencies (WHO, 2008).

Household water treatment at the point-of-use (POU) holds great potential in
providing clean, safe drinking water to those lacking it. It is particularly attractive in
locations where access to traditional large-scale water treatment systems and safe wells is
not realistic due to inadequacies of water sources, high costs of alternative safe drinking
water (e.g., safe bottled water), and lack of quality control in water treatment and
distribution. In both laboratory and field studies, POU technologies have proven effective
in improving microbiological water quality and reducing diarrheal disease among users.
Meta-analyses of multiple household-level interventions with POU technologies found
average reductions in diarrheal disease of 35 to 51% among users, and epidemiological,
microbial reduction, and other scientific evidence of the effectiveness of POU water
treatment technologies is growing as new studies are reported (Fewtrell et al., 2005;
Clasen et al., 2007; Sobsey, 2002).

Building on the growing evidence of the effectiveness of POU water treatment,

the parameters of sustainability, cost effectiveness, and scalability become critical as



researchers, policy-makers, and implementers move forward (Sobsey, 2002). Though
some measures of user compliance in performing POU treatment have been assessed
(Rose et al, 2006; Rainey & Harding, 2005; Ram et al, 2007; MacGregor-Skinner et al,
2004; Brown, 2003), little follow-up of the initial positive results seen in the randomized
controlled trials and other implementation studies has occurred. As a result, little robust
evidence exists of the sustainability of POU technology, as measured by continued use,
consistent water quality improvement, and sustained health impact. Of the existing
evidence, continued use and sustained impact based on improved water quality are shown
mostly to decrease over time, whether due to the difficulty of affecting human behavior
change, physical breakage of the treatment technology, or lack of physical or economic
access to resupply and replacement parts (MacGregor-Skinner et al, 2004; Brown,
Sobsey, & Proum 2007; Arnold & Colford 2007). Given that sustainability is one of the
primary performance criteria for recommended POU technologies, further assessment of
sustainability will be critical evidence of long-term POU effectiveness (Sobsey, 2002;
Sobsey et al., 2008).

The Biosand filter (BSF) is a promising POU technology with increasing
evidence of effectiveness in both laboratory and field studies (Palmateer et al., 1999; Lee,
2001; Elliot et al., 2006; Stauber, 2007; Liang, 2007). The BSF is an intermittently
operated, slow sand filter based on the design and operational principles of traditional
large-scale slow sand filtration. By developing and maintaining a biologically active
surface layer or schmutzdecke, the filter functions by biological predation, natural death,

adsorption, and mechanical trapping of potentially harmful pathogens.



Laboratory studies document the BSF reducing indicators of fecal contamination
by approximately 90-99% for bacteria, 90% for viruses, and >99.9% for protozoan
parasites (Stauber et al., 2006). Initial field studies also show effective reductions of
fecal bacteria in water and a positive health impact, measured as reduced burdens of
household diarrheal disease. BSFs in Nicaragua were found to reduce bacterial indicators
of fecal contamination by 99.1% (Manz & Buzunis, 1995). BSFs in six different
countries showed an average reduction of 93% of fecal indicator bacteria (Kaiser et al.,
2002). BSFs in the Dominican Republic were found to reduce diarrheal disease by 47%
in BSF households compared to control households in a randomized controlled trial
(Stauber, 2007).

Some evidence of BSF continued use has been documented, though few, if any,
rigorous field studies have been conducted to assess sustainability and longitudinal
effective use. Among 107 households in Haiti in which the BSF had been implemented
for more than two years, all households were found to still be using the filter and average
reduction of E. coli was determined to be 98.5% (Duke et al, 2006). Among 57
households in Ethiopia surveyed five years after BSF implementation, 70.2% were found
to still be using the filter, and average reduction of E. coli was determined to be 8§7.9%
(Earwaker, 2006).

The purpose of this study was to assess the overall sustainability of previously
implemented BSFs in and around Bonao, Dominican Republic (DR) through two
approaches:

1) Cross-sectional analysis of continued use, performance effectiveness, and

sustained water quality improvement



2) Longitudinal analysis of sustained health impact, measured as diarrheal

disease, and sustained water quality improvement.
The DR served as an appropriate and attractive location for conducting this sustainability
assessment for the following reasons: (1) over eight years of BSF implementation, (2)
relatively high reported background rates of diarrheal disease, with 14% and 20% two-
week point prevalence nationally and in the study province of Monsefior Noeul,
respectively, (3) availability of trained and experienced field staff, (4) detailed
background information on participating households of the previous BSF RCT, and (5)
sufficient infrastructure and local resources for a field study and needed laboratory

analysis of water quality (USAID, 2003).

1.2 Objectives

1. Determine the sustainability of the Biosand filter (BSF) after an average of one
year since installation in Bonao, Dominican Republic, as measured by continued
use and performance effectiveness in a cross-sectional assessment.

2. Determine the ability of the Biosand filter (BSF) to have a sustained health impact
on reduction of household diarrheal disease incidence rates for BSF intervention
households as compared to non-BSF control households in a prospective cohort
study in Bonao, Dominican Republic.

3. Determine the ability of the Biosand filter (BSF) to have sustained water quality
improvements by reducing concentrations of E. coli and total coliforms, as well as
turbidity, in both a cross-sectional assessment and a longitudinal prospective

cohort study in Bonao, Dominican Republic.



Chapter 2: Literature Review

2.1 The Global Burden of Diarrheal Disease

Approximately 1.1 billion people in the world lack access to improved sources of
drinking water, placing a significant burden on these people in the form of diarrheal
disease. Unfortunately, an improved source of drinking water (Table 2.1) does not
necessarily equate with safe drinking water. As a result, the global burden of diarrheal

disease is impacting possibly more people than estimated.

Table 2.1 — Improved and Unimproved Sources of Drinking Water

IMPROVED SOURCES OF DRINKING WATER UNIMPROVED SOURCES OF DRINKING WATER
- Plpeq water into dyvellmg, yard or plot _ Unprotected dug well
- Public taps/standpipe :
- Unprotected spring
- Tubewell/borehole - Vendor-provided water
- Protected dug well P

- Tanker truck water
- Surface water (river, stream, dam, lake, pond,
canal, irrigation channel)

- Protected spring
- Rainwater collection
- Bottled water

(WHO/UNICEEF, 2005)

Diarrheal disease is caused by infectious organisms, including bacteria, viruses,
protozoa, and helminthes, that are transmitted via the fecal-oral route. Six categories of
water-related diseases have been established to outline the various ways that water,
sanitation, and hygiene influence the incidence of diarrhea (Table 2.2). The health
impacts of diarrheal disease include dehydration, malabsorption of nutrients, and
intestinal damage, which range in severity from minor ailments to causing death. (Keusch

et al., 2006)




Table 2.2 — “Categories of water-, sanitation- and hygiene-related diseases”

CATEGORY DESCRIPTION

“Caused by the ingestion of water contaminated by human or animal

Waterborne ! . . : . ”
excreta or urine containing pathogenic bacteria or viruses.

“Caused by parasites found in intermediate organisms living in

Water-based ”
water.

“Caused by microorganisms with life cycles associated with insects

Water-related that live or breed in water.”

“Caused by direct or indirect contact with pathogens associated with

Excreta-related ..
excreta and/or vectors breeding in excreta.”

“Caused by contamination that occurs during or after collection,
often because of poorly designed, open containers and improper
hygiene and handling.”

Water collection
and storage

“Caused by toxic bacteria, such as cyanobacteria, which are linked

Toxin-related T .
to eutrophication of surface-water bodies.”

(Montgomery & Elimelech, 2007)

Although diarrheal disease impacts all ages and can be particularly threatening to
people aged 60 and over or immunocompromised individuals, the global burden,
estimated at 4 billion cases of diarrhea each year, disproportionately impacts children
under the age of five (WHO/UNICEF, 2000). Specifically, children less than five years
old experience over 90% of the deaths in the developing world attributable to diarrheal
disease, and diarrheal diseases are the third leading cause (17%) of death for these
children (WHO/UNICEF, 2005). These percentages result in an estimated 1.6 million
children dying each year from diarrheal diseases linked to unsafe drinking water (WHO,
2008).

Childhood diarrhea, particularly for those less than 2 years of age, is of great
concern due to its potential and increasingly studied role in physical and cognitive
development (Keusch et al., 2006). Though more research must be conducted to solidify

the long-term importance of diarrheal disease in children, results already highlight this




likelihood. A study in Brazil found a significant inverse relationship between diarrheal

disease and test scores measuring intellectual capacity and concentration (Keusch et al.,
2006), and childhood malnutrition, a direct result of poorly managed cases of diarrheal

disease, has been linked to lower levels of physical fitness and productive work among

adults (Dobbing, 1990).

Given the large number of people affected by the diarrheal disease burden and the
immediate and long-term impacts it can have, significant amounts of work must be done.
Despite these challenges, decreases in the global health burden, as measured by mortality,
suggest that substantial progress has been made. Estimated number of deaths from
diarrheal disease fell from 4.6 million per year before 1980 to 3.0 million per year
between 1980 and 1990 to 2.6 million per year between 1990 and 2000 (Keusch et al.,
2006). Further, the population with access to improved drinking water sources increased
from 77% coverage in 1990 to 83% coverage in 2002, with 42% of those with access
having access to a household or yard tap (WHO/UNICEF, 2005).

Estimates of the global burden of diarrheal disease based on morbidity, however,
do not suggest substantial improvement in the past two decades. Diarrheal disease
incidence was estimated at 3.2 episodes per child per year in 2003, down only from 3.5
episodes per child per year in 1993 (Keusch et al., 2006). Given the impact of diarrhea on
the growth and proper maturation of children, especially those less than 5 years of age,
this relatively stable incidence is of great concern (Kosek, Bern, & Geurrant, 2003).
Further, given the increasing population growth seen in the poorest regions of the world,
which are affected disproportionately by diarrheal disease, decreasing morbidity

associated with diarrheal disease becomes more difficult.



International entities and organizations have responded to the water challenge
with various incentives and directives, including the adoption of water as a human right
by the United Nations (UN) Committee on Economic, Social and Cultural Rights in
November 2002 (UN, 2003). Underlying all movements was the UN Millenium
Declaration in 2000, from which eight specific Millenium Development Goals (MDGs)
were developed. One aspect of the 7" MDG (to ensure environmental sustainability) is to
“reduce by half the proportion of people without sustainable access to safe drinking water
and basic sanitation” (UN, 2008). To further motivate progress toward this MDG, the UN
proclaimed 2005 to 2015 as the International Decade for Action Water for Life
(WHO/UNICEF, 2005).

Dedication to human dignity and equality serve as the central directives for the
MDGs and the associated movements supported by the major international development
players. It is important, however, to highlight the added economic incentives for focusing
on decreasing the number of people lacking access to safe drinking water. Investments of
USS$1 in water supply, sanitation, and drinking water quality are estimated to give a
regional dependent economic return of US$5 to US$60 (WHO, 2004). As a result, yearly
costs for achieving the MDG for water and sanitation (US$11.3 billion) are estimated to
provide a yearly economic return of US$84 billion. These savings, all due to decreases in
diarrheal diseases, result from reduction of health care costs for agencies and individuals,
gaining of productive days for the workforce population, higher attendance at school,

time savings, and averted deaths (Table 2.3). (WHO/UNICEF, 2005)



Table 2.3 — Economic Benefits of Investing in Drinking Water and Sanitation

TYPES OF ESTIMATED ECONOMIC BENEFITS

1. “Health care savings of US$7 billion a year for health agencies and US$340 million for individuals.”

2. “320 million productive days gained each year in the 15-59 year age group, an extra 272 million school
attendance days a year, and an added 1.5 billion healthy days for children under 5 years of age, together
representing productivity gains of US$9.9 billion a year.”

3. “Time savings resulting from more convenient drinking water and sanitation services totaling 20 billion
working days a year, giving a productivity payback of some US$63 billion a year.”

4. “Value of deaths averted, based on discounted future earnings, amounting to US$3.6 billion a year.”

(WHO/UNICEF, 2005; WHO, 2004)

2.2 Household Water Treatment

The traditional approaches to improving health and decreasing diarrheal disease
associated with water, sanitation, and hygiene focus on water supply, sanitation, and
hygiene. These approaches, with average estimated reductions of 25%, 32%, and 45%,
respectively, in diarrheal disease morbidity, remain important in making progress
(Fewtrell et al., 2005).

The traditional viewpoint associated with these approaches, however, held that
household level water treatment or point-of-use (POU) water treatment would not lead to
the same levels of reduction. Specifically, the median reduction in diarrheal disease
prevalence due to water quality interventions was estimated at 17%, which is lower than
each of the other options (Esrey et al., 1991). Further, the many causes of diarrhea led
researchers to suggest that minimal health impact would result from water quality
improvements when high levels of fecal contamination were present (Esrey et al., 1991).

Due to numerous recent studies of household water treatment at the point-of-use,
the formerly dominant paradigm has shifted. Meta-analyses of multiple household-level

interventions with POU technologies found average reductions in diarrheal disease of 35




to 51% among users, which are higher average levels of improvement than for water
supply or sanitation interventions and comparable to hygiene interventions (Fewtrell et
al., 2005; Clasen et al., 2007). In addition, epidemiological, microbial reduction, and
other scientific evidence of the effectiveness of POU water treatment technologies is
growing as new studies are reported (Sobsey, 2002).

Many POU technologies are already in use throughout the world, and several
more are in development. Robust scientific evidence of efficacy, however, as measured
by positive health impact, microbiological water quality improvement, and sustained use,

only exists for five principal POU technologies (Table 2.4) (Sobsey et al., 2008). Each of

Table 2.4 — Five principal POU technologies

TECHNOLOGY DESCRIPTION*

Chlorination with safe Application of dilute sodium hypochlorite to inactivate
storage (CDC Safe pathogens in water and storage of treated water in safe
Water System) container.

Combined coagulant-
chlorine disinfection
systems (Proctor &

Application of a chemical-coagulant to flocculate particles
and inactivate pathogens in water, followed by straining

Gamble PuR®) through cloth to remove coagulated particles.
SODIS (Solar Transparent plastic (PET or PETE) bottles are filled with
disinfection) water, shaken to aerate, and exposed to sun (UV/heat energy

inactivates pathogens) for 6 (sunny) to 48 hours (cloudy).

Water is passed through fired porous ceramic media (pot and
candle designs) that removes pathogens from water and
inactivates pathogens if impregnated with colloidal silver,
before collecting into base of filter module.

Ceramic filter

Water is passed through an intermittently operated, slow sand
Biosand filter filter based on large scale slow sand filtration, where
biologically active layer and sand media remove pathogens.

(Lantagne, Quick, & Mintz, 2007; Sobsey et al., 2008)
* Descriptions are intended to be basic and general and as a result, do not adequately describe the detail or
possible variations of each technology.

10




these technologies has shown positive results in the field for both water quality

improvements and health impact (Lantagne, Quick, & Mintz, 2007). As policy makers,

researchers, and implementers recognize these benefits and the potential drawbacks

(Table 2.5), the parameters of sustainability, cost effectiveness, and scalability become

critical as these parties move forward.

Table 2.5 — Benefits and drawbacks of five principal POU technologies

TECHNOLOGY

BENEFITS

DRAWBACKS

Chlorination with safe
storage (CDC Safe
Water System)

Reduction of bacteria/viruses,
residual protection, easy to use,
documented health impact,
scalable, low cost.

Low parasite reduction, less
effective in turbid water and
water with organic material, taste
and odor, potential disinfection
by-products (DBPs), low post-
implementation compliance.

Combined coagulant-
chlorine disinfection
systems (Proctor &
Gamble PuR®™)

Removal/inactivation of
bacteria/viruses/parasites/heavy
metals/pesticides, residual
protection, documented health
impact, visual improvement of
water, scalable, little DBP
concern.

Multi-step process, time
consuming, material and
resupply requirements, high
relative cost, low post-
implementation compliance.

SODIS (Solar
disinfection)

Reduction of bacteria/viruses/
protozoa, documented health
impact, easy to use, low cost,
minimal taste change, low
recontamination threat.

Needs low turbidity water, low
volume output, time consuming,
material requirements, low 