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The intent of this report is to provide a brief description of water quality issues in Nicaragua, Uganda and 

Bangladesh, and the technologies available to address these issues.  The water quality parameters 

considered include: bacterial contamination, heavy metals and arsenic, pesticides and industrious 

chemicals, turbidity, radiological characteristics, and taste and odor.  Next, a handful of commonly used 

water treatment technologies in developing communities were evaluated based on their water treatment 

performance and appropriateness in developing communities.  These technologies and methods include: 

boiling, chlorination, the LifeStraw by Vestergaard, the SolarBag by Puralytics, and the BioSand Filter by 

David Manz.   

A BioSand Filter, based on the Manz design, was fabricated in a lab at Oregon State University and 

testing procedures were created for comparing the original design to a novel design.  The intent of the 

novel design is to allow for a more efficient and thorough filter cleaning process.  While the tests do not 

initially validate the novel design, continued experimental tests could confirm the design by suggesting an 

optimal setup.   

Additionally, field research in Eastern Uganda is presented.  A qualitative study was conducted regarding 

drinking water treatment and usage in the region.  The ultimate goal was to understand the water 

treatment needs, particularly of those residing in rural communities.  This understanding was then used in 

the development of a business model for the construction, distribution, and maintenance of BioSand 

Filters in the region.  Interviews with local families, government organizations, engineers, NGO 

employees, and more contributed to the observations. 
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1  INTRODUCTION 

Chapter 1 provides an introduction to the current impact of safe drinking water, characterizes the term 

“developing world”, and introduces a brief history of water treatment processes.  

 Global Impact 1.1 

In September 2000, after a decade of United Nations (UN) conferences and summits, world leaders 

adopted the United Nations Millennium Declaration.  This declaration created a global partnership 

between nations with the goal of reducing and alleviating extreme poverty.  The Millennium Development 

Goals (MDGs) were established with a target deadline of 2015 [1].  Goal number 7, “ensure 

environmental sustainability”, involved a target to “reduce by half the proportion of people without 

sustainable access to safe drinking water and basic sanitation” [1].  Fifteen years since, there has been 

significant progress made to improve access to safe, reliable water around the world.  To measure this, the 

UNDP declared that an “improved” water supply included springs, protected wells, boreholes with a 

pump, public taps, piped water, or rain water [2].  According to the UNDP merits, 89% of the world 

population relied on an improved drinking-water source in 2011, 1% higher than the MDG 2015 target 

[3].  Although much of the world meets this standard, unfortunately it does not directly translate to safe, 

consumable water.  These “improved” sources are not necessarily treated and can often be easily 

contaminated by human, animal, and environment factors [3].  The UN’s 2014 Global Analysis and 

Assessment of Sanitation and Drinking Water (GLAAS) estimated that 748 million people lack an 

improved source of drinking water while billions still lacked access to safe water that is readily available 

[4].  

 Characterizing the Developing World 1.2 

There are many terms to characterize the developing world.  Phrases such as “third world”, “lesser 

developed nations”, and “developing countries” all come to mind when discussing global development. 

For the purpose of this report, the term “developing world” and “developing community” are used to 

encompass any community, in any country, suffering from a lack of resources satisfying basic human 

needs, especially potable water.  The following are a variety of factors that characterize a developing 

community: 

1. Per capita incomes are low. Low incomes lead to lower levels of education completion, shorter 

life expectancies, and higher infant mortality rates [5].    

2. Local economy typically relies on agriculture. Exports are mainly from the primary sector, i.e 

farming or mining.  This leads to lower incomes and reliance on the importing of goods and 

products to support some basic needs [5]. 

3. A tendency towards high population growth rates.  This is due partly to the lower levels of 

education, low income, and agricultural work [5].  

4. A tendency to be a former colony in their modern history.  A majority of the developing 

communities around the world were recently colonies of counties such as Britain, France, Spain, 

Belgium, Germany, Portugal, the Netherlands, or the Ottoman Empire [5].  

5. A tendency to reside in rural areas; specifically indigenous communities [6].  

 A Brief History of Water Treatment 1.3 

The early Romans are credited with being the first society to effectively engineer water systems.  Julius 

Sextus Frontinus, the Water Commissioner of Rome, is recognized as the inventor of the aquaduct, a 
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bridge used to transport water from its source to villages and towns [7]. Generations later, in 1804, the 

world’s first documented use of filtration to treat water occurred in Paisley, Scotland at a bleachery.  In 

1829, the city of London adopted slow sand filtration for public supply [8].  In 1855 and after, the work 

by John Snow, Louis Pasteur, Robert Koch, Theodor Escherich, and others verified that many bacteria 

and diseases were transferred by water [7], [8].  During this time, chlorine was also introduced as a means 

to create safe water and, by the 1900s, the use of chlorine spread across the globe and became the most 

used mechanism to reduce waterborne disease [7].  Since the 1970s and 1980s the development of reverse 

osmosis filtration, ionization, membrane filtration, and nanotechnology have all contributed to the array 

of water treatment technologies that exist today. 
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Table 1: Diseases related to various water supply 

environments[12] 

 
Disease-promoting 

environment 

Diseases 

Water as a passive carrier 

for pathogens 

Cholera 

Typhoid 

Bacillary dysentery 

Infectious hepatitis 

Leptospirosis 

Giardiasis 

Gastroenteriris 

Contaminated water that 

acts as a breeding place for 

disease carrying insects 

Yellow fever 

Dengue fever 

Encephalitis 

Malaria 

Filariasis  

Sleeping sickness  

Onchocerciasis  

Water as a source of 

nourishment for infecting 

agents (such as animals) 

Schistosomiasis 

Dracunculosis 

Bilharziosis 

Philariosis 

Oncholersosis 

Treadworm  

Helminths 

Inadequate quantity of 

water to maintain proper 

hygiene 

Scabies 

Trachoma  

Leprosy 

Conjuctivitis 

Salmonellosis 

Ascariasis 

Trichuriasis 

Hookworm 

Amoebic dysentery 

Paratyphoid fever 

 

2  LITERATURE REVIEW 

Chapter 2 provides a literature review regarding key water quality parameters, brief analysis of three 

countries with water quality issues, Nicaragua, Uganda, and Bangladesh, and an overview of several 

commonly used water treatment technologies in developing communities.  

 Water Quality Parameters of Greatest Interest 2.1 

Section 2.1 presents several important water quality parameters and their health effects on humans. 

2.1.1  Bacterial contamination 

The coliform group of microorganisms is a widely used indicator for fecal contamination because many 

inhabit human and animal intestinal tracts.  The negative health effects of coliforms and bacteria in 

drinking water are astounding.  Bacteria in drinking water are the leading cause of diarrheal diseases in 

the world [9].   

Water sources have the capacity to allow for the 

spreading of diseases in a variety of ways.  The four 

groups of disease-promoting environments include: 

water as a passive carrier for pathogens, contaminated 

water that acts as a breeding place for disease carrying 

insects, water as a source of nourishment for infecting 

agents (such as animals), and inadequate quantity of 

water to maintain proper hygiene. Table 1 presents 

relationships between problems with water supplies 

and the diseases they breed.   

Dehydration poses the greatest threat to those 

suffering from diarrheal diseases as it causes the 

affected to lose water and electrolytes (chloride, 

sodium, potassium, and bicarbonate); resulting in a 

variety of troublesome symptoms.  Diarrhea also 

causes and worsens malnutrition, especially in 

children, making diarrheal diseases the number one 

cause of malnutrition in children under the age of five 

[10].  Killing an estimated 1.5 million children every 

year, diarrheal diseases are the second leading cause of 

death in children under the age of five years old [11].   

Aside from malnutrition and dehydration, the presence 

of bacteria in drinking water can cause a variety of 

diseases. Typhoid fever, Gastroenteritis (stomach flu), 

and meningitis are just a few examples of waterborne 

diseases [12].  Appendix A provides a detailed table of 

waterborne pathogens of concern in developing 

regions; illustrating the relationship between types of 

bacteria, major diseases, and their sources in 

developing communities.   
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Coliform-counting culture methods, allowing 

for the quality control of water sources, were 

developed in the early 20
th
 century [9].  

Alongside the development of water testing 

methods, processes to combat coliform 

contamination in water were implemented in 

towns and cities around the world.  The most 

widely implemented water purification 

processes were sand filtration and 

chlorination.  Communities that implemented 

these forms of technologies quickly saw a 

decline in cases of waterborne disease.  

Provided by [9], Figure 1 illustrates the effect 

that filtration and chlorination had on the 

number of typhoid fever cases in Philadelphia, 

Pennsylvania between 1880 and 1945.  This 

figure clearly shows the dramatic reduction of 

the number of cases of typhoid fever after the 

implementation water treatment.  

2.1.2  Heavy metals, arsenic, and naturally occurring chemicals 

When water comes in close contact with rocks and minerals containing heavy metals or arsenic, it can 

become contaminated and unsafe for human consumption.  Arsenic, a metalloid that occurs naturally on 

earth, is found in over 245 minerals such as uranium, copper, gold, and lead [13].  Water containing high 

levels of arsenic generally comes from volcanic deposits, mining and landfill wastes, geothermal sources, 

and other geochemical environments.   

The World Health Organization guideline is 10 micrograms of arsenic per liter of drinking water [14].  

The groundwater from a variety of regions around the world does not meet this requirement.  Provided by 

[13], Appendix B presents the concentrations of arsenic in groundwater of countries with high levels of 

arsenic.  Countries experiencing high levels of arsenic are located all around the world. 

Long-term exposure to even low levels of heavy metals or arsenic in drinking water can lead to a variety 

of adverse medical conditions.  Arsenic is considered a human carcinogen as it increases risk for skin, 

lung, bladder, liver, and kidney cancers.  The chronic poisoning of arsenic that leads to these conditions is 

called arsenicosis.  There are four stages of arsenicosis, described in Table 2. 

 

Table 2:  Stages of arsenicosis [15] 

Stage Symptoms 

Preclinical none but arsenic levels detected in urine 

Clinical darkening of skin; presence of dark spots; swelling hands and feet 

Complications more pronounced skin conditions; enlargement of liver, kidneys, and 

spleen; pinkeye 

Malignancy  tumors; cancers (internal or skin); gangrene 

 

Figure 1: The effect of water treatment technologies on 

the occurrence of waterborne disease in Philadelphia, 

Pennsylvania.[9] 
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2.1.3  Pesticides and industrious chemicals 

Although the dangers presented by pesticides are well documented, the use of pesticides continues to 

increase worldwide [16].  Injury due to pesticide exposure depends on the toxicity level and the exposure.  

There are four exposure routes: skin, lungs, mouth, and eyes.  Chronic effects of lower concentrations of 

pesticides include reproductive maladies, genetic changes, tumors, blood and/or nerve disorders, and 

hormone disruption [17].  Not only are pesticides a concern for human health directly, they encourage the 

resistant strains of pests to multiply and lead to the spread of pathogens such as malaria [16]. 

Pollution poses a serious threat to the quality of human life.  Rivers and bodies of water bear much of the 

responsibility of holding waste due to the world’s industrial surge in the last two centuries [18].  Large 

corporations easily get away with the dumping of wastes, such as chemicals and metals, in rivers in 

regions lacking environmental regulation or proper enforcement of such laws [16].  In India, the Centre 

for Science and Environment in Delhi released a report that verified the presence of pesticide content in 

Coca Cola and Pepsi soft drinks due to the lack of quality control in the region [16]. 

2.1.4  Turbidity  

Turbidity is best known as an aesthetic measure of 

water quality.  Turbidity measures the cloudiness of 

water by quantifying the ability of suspended 

particles to scatter passing light.  The more light 

scattered, the more suspended particles present in 

the water, and thus a higher turbidity rating.  

Turbidity is commonly measured in Nephelometric 

Turbidity Units (NTU) [19].  Figure 2 displays three 

water samples with various levels of turbidity.  High 

levels of turbidity can scare away consumers and 

potentially cause them to drink from more 

contaminated sources.  The World Health 

Organization recommends turbidity less than 5 NTU 

in drinking water.  This level is low enough to be 

unnoticeable by the human eye [20].  In addition to 

the aesthetic qualities, turbid water can provide food 

and shelter for bacteria and  pathogens [19].  While 

there is a clear association between the presence of bacteria and the turbidity level, it is not a definite 

relationship.  A study by the American Water Works Service Company of 31 water systems in North 

America [21], showed a clear association between the numbers of total coliforms and the turbidity level.  

The study also found that high turbidity levels accelerated chlorine residual depletion, causing bacterial 

growth.  In a study by the University of Pretoria [22], turbidity was used as an indicator of microbial 

growth.     

2.1.5  Radiological characteristics 

Radiological characteristics of drinking water pose great health risks if gross alpha and beta radiation 

activity is too high.  The WHO recognizes that radiological risks are substantially less than other 

contaminants but still claim they raise a concern in various parts of the world [20].  Everyday humans are 

exposed to small amounts of radiation from soils, water, air, cosmic activity, and medical procedures.  The 

greatest human concern regarding radiation is increased cancer risk.  However, evidence shows that 

humans are only susceptible to cancer risks at doses above 100 mSv, a large amount compared to the 

average human exposure of 3.0 mSv per year [20], [23].  

Figure 2: Water samples with turbidity levels: 2 NTU, 

57 NTU, and 52I NTU; respectively from left to right 
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2.1.6  Taste and odor  

There are a wide variety of organisms that pose no significant health risk when present in water, yet 

produce undesirable taste and odor.  This form of contamination affects the acceptability of water and has 

potential to mislead people to drink unsafe water [20].  The World Health Organization specifically 

identifies the following organisms as distasteful: 

- Actinomycetes and fungi 

- Cyanobacteria and algae 

- Invertebrate animal life 

 Countries of Consideration 2.2 

To analyze the needs of developing communities, three countries were selected.  The selection was based 

on regional areas of interest to current projects at Oregon State University and countries were selected in 

three different regions of the world.  The following section presents background and information 

regarding water issues in Nicaragua, Uganda, and Bangladesh, particularly related to vulnerable and 

marginalized populations. 

2.2.1  Nicaragua 

Located in Central America, Nicaragua 

(Figure 3) is a small-sized country bordered 

by the Pacific Ocean, Caribbean Sea, 

Honduras, and Costa Rica. With a 

population just under six million [24], 

Nicaragua has one of the highest poverty 

rates in the world at about 46% [25].  The 

combination of high population and poverty 

rates mixed with its small geographical area 

leaves the country with a variety of 

development issues and areas for 

improvement.  According to [24], a n 

estimated 41% of the country’s rural 

population and 9% of urban population lack 

access to an improved drinking water 

source while 28% of rural population and 

5% of urban population lack access to 

improved sanitation facilities.   

The preceding statistics shed light on the 

inequities between urban and rural 

populations in the country.  This is 

especially apparent in the North Atlantic 

Autonomous Region (RAAN) where 

diarrhea accounts for 7.3% of deaths while 

only 1-2% in other regions in the country 

[26].  The RAAN consists of culturally 

diverse indigenous groups who are considerably marginalized and vulnerable to environmental changes 

and disasters.  This became evident in 2007 when the aftermath of Hurricane Felix increased the spread of 

diseases in the region [26].  According to a study conducted by the Department of Epidemiology at the 

University of North Carolina, Chapel Hill, 41% of participating households in the Sahsa region of RAAN 

Figure 3: Map of Nicaragua, provided by Google Maps; the 

region outlined in red indicates the North Atlantic Autonomous 

Region (RAAN) [62] 
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experienced at least one episode of diarrhea in the past two weeks of the survey.  In addition, the study 

found that 57% of participants used no method of water purification, 22% lacked access to latrines, and of 

those who used latrines, 37% experienced overflow in just the previous year [26].  These figures lead to 

the conclusion that investment in latrine overflow prevention and water purification technologies could 

lead to significant reduction in diarrheal diseases in the region.  

The common water treatment technologies in Nicaragua are chlorination and sand filtration.  PVC piping 

is commonly used in rural villages and towns to transport water from a source (e.g. pond, river, etc.) to a 

closed point capture (e. g. plastic or concrete tank) where either filtration or chlorination occurs.  

According to the Nicaragua Health Ministry, over 5,400 of these piping systems are in place across the 

country.  Although these systems occur readily across Nicaragua, a 2010 WHO study publicized that up to 

90% water sources used by towns and cities were at high risk of fecal contamination [3]. 

Known as the “land of lakes and volcanoes”[3], Nicaragua is home to abundant freshwater resources, 

including the largest lake in Central America, Lake Nicaragua [27].  A recent environmental concern in 

Nicaragua is the $50 billion plan to construct a 173 mile long canal, connecting the Pacific and Atlantic 

Oceans.  Headed by Chinese businessman Wang Jing and backed by full support of the Nicaraguan 

government, this plan poses a great risk to fresh water resources in the country.  The canal is projected to 

pass through Lake Nicaragua, introducing invasive species, salt water, and contaminants such as arsenic 

and heavy metals due to the required dredging [27].  In addition to the obvious ethical and environmental 

concerns, the construction of the canal will force many people to find new water sources and implement 

water treatment technologies. 

2.2.2  Uganda  

Located in Eastern Africa, Uganda (Figure 4) 

is a landlocked country bordered by Kenya, 

Tanzania, Democratic Republic of the Congo, 

and South Sudan. With a population just over 

37 million, Uganda has the 5th highest 

population growth rate in the world and is one 

of the youngest countries with a median age of 

15 years old [28].  An estimated 21% of the 

population lacks access to an improved 

drinking water source while 81% lack access to 

improved sanitation facilities.  Although the 

statistics state that almost 80% of the country 

retrieves drinking water from an improved 

source [28], a staggering portion of the 

population currently boils their water to ensure 

its safety. 

Piped water systems in Uganda date back to 

the 1920s when the country was under colonial 

British rule.  The water supply system for the 

country’s capital, Kampala, was originally 

designed to provide 180 liters/day for 

European and Asian residents but only 90 

liters/day for African residents [29].  This 

discrepancy is still witnessed throughout the 

country with vastly differing levels of water supply and quality between wealthy and poor communities. 

In conjunction, in 2005, 62% of urban occupants in sub-Saharan Africa lived in slum conditions [2].  

Deficient living conditions introduce challenges related to water supply and increase the probability of 

Figure 4: Map of Uganda, provided by the CIA World 

Factbook [28] 



8 

 

contamination due largely to lack of adequate sanitation facilities.   

The National Water and Sewage Corporation (NWSC) is responsible for the treatment and distribution of 

water to cities and towns in Uganda.  During the late 1990s and early 2000s, the Republic of Uganda 

heavily invested in the NWSC to provide improved water supply to the county’s urban communities.  

From 1998 to 2007, the number of towns served by the NWSC increased from 11 to 22, resulting in a 

41.9% increase in the number of Ugandans served [2].  Although the NWSC’s service dramatically 

increased, there is still a large need across urban communities nationwide for proper distribution 

infrastructure. For example, in 2003, the water treatment facility in Lira, a city in the northern region, was 

found to be supplying only 56% of the city’s water needs while operating at only 19% of the plant’s 

capacity [2]. In another city, Mbale, located in the eastern region, a vast majority of the town boils the 

water supplied from the treatment plants because they do not trust the piping system. An interview in 

2015 with engineers from the NWSC in Mbale revealed that population increase is the greatest challenge 

to water provision.  The original water supply was designed for a population of 50,000 yet in 2015 the 

estimated population was 96,000. 

Rural communities in Uganda substantially lack water treatment and distribution infrastructure.  Water is 

largely collected from springs, boreholes, and rainwater catch units.  In many rural villages men make an 

occupation by fetching water on bikes and selling to villagers.  In Lugazi, a small town east of Kampala, 

vended water makes up to 41% of households’ primary water source [30].  Because water collected in 

such a manner is unregulated and untreated, villagers generally boil or use chlorine tablets.  However, in 

many cases, villagers cannot afford the tablets or additional wood for boiling thus consuming potentially 

unsafe water.  Chapter 5 provides further observations and anecdotes regarding water treatment issues in 

rural Uganda. 

An additional water quality and supply issue in Uganda is the presence of the water hyacinth (Eichhornia 

crassipes).  As the most invasive aquatic weed, the water hyacinth can result in negative socioeconomic 

and ecological effects on a body of water and its surroundings.  Although indigenous to South America, 

the weed was reported on the Ugandan shores of Lake Victoria, Africa’s largest freshwater lake, in May 

1988 [31].  The plant has an incredible growth rate of up to 15% per day and by 1995 the water hyacinth 

covered roughly 80% of the lake’s 3,440 km (2,140 mi) shoreline [32], [33].  Among a variety of effects, 

the water hyacinth can dramatically reduce water flow, clog screens, choke pumps, and limit shoreline 

access to bodies of water.  In Entebbe, a town off the northern coast of the lake, The NWSC redesigned 

the water treatment plant to offset the taste, color, and turbidity increase due to the water hyacinth’s 

presence [34].  An El Niño weather event during 1997 and 1998 caused the lake to rise 1.7 m over a 7 

month period resulting in a dramatic decline of the water hyacinth in Lake Victoria.  Although the 

presence of the weed has been insignificant since the 1990s, the possibility of another infestation is 

unknown and largely unpredictable [31], [32]. 

2.2.3  Bangladesh 

Located in Southeast Asia, Bangladesh (Figure 5) is bordered by India, Myanmar, and the Bay of Bengal.  

Bangladesh is roughly the size of the state of Iowa yet it boasts a population just under 170 million 

people, making it the most densely populated country in the world [28].  With a poverty headcount ratio 

around 43.3% [35], Bangladesh has a variety of development setbacks and challenges.  The World Health 

Organization estimates that anywhere from 30-60% of the country’s population is at risk of drinking 

contaminated water and, according to the CIA World Factbook, 40% lack access to improved sanitation 

facilities.  
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During the second half of the 20
th
 century, 

Bangladeshi citizens turned from surface water 

sources to ground water due to the presence of 

microbial contamination.  The United Nations 

Children’s Fund (UNICEF) and the Department 

of Public Health Engineering worked for years 

installing tube-wells to provide seemingly 

clean drinking water.  In 1997, UNICEF 

reported that 80% of Bangladeshis had access 

to safe water in the form of tube-wells, ring-

wells, and taps [36].  However, neither the 

implementation agencies nor the Bangladeshi 

government performed water tests for detection 

of heavy metals or arsenic.  Unknowingly, 

millions of people became exposed to unsafe 

levels of arsenic in their drinking water.  This is 

the largest known arsenic mass poisoning in the 

history of the world.  It is estimated that 

between 35-77 million Bangladeshis are at risk 

of drinking contaminated water; representing 

28%-62% of the country’s population [37].  A 

study by the British Geological Survey 

reported that approximately 21 million people 

were drinking water with arsenic levels greater 

than the WHO maximum limit of 50 

micrograms of arsenic per liter [38].  Additionally, out of a study of 17,896 residents in arsenic-affected 

districts, 20.6% were suffering from arsenicosis [13].  In yet another study, out of 11,180 people, 24.47% 

were suffering from arsenical skin lesions [38].  

Aside from the natural water contaminants affecting Bangladeshi water, pollution and industrial waste 

pose a serious health risk to citizens.  Industrial firms are required to have Effluent Treatment Plants 

(ETPs) to evaluate and treat any waste they generate.  However, enforcement is low and few firms 

regularly use their ETP or have yet to install one entirely [18].  Bangladesh is well known as a “land of 

rivers” as much of the land is a part of a delta into the Bay of Bengal [18].  However, over the years many 

of the county’s rivers have become polluted due to industrious wastes and chemicals, causing local 

populations to resort to the installation of tube wells. In Ghughudia, a village along the 

Dhaleshwari River, there were only 2-3 tube wells in the 1980s and most drinking water was sourced 

from the river.  A recent study, published in 2015, found that 90% of households in Ghughudia have their 

own tube well to account for the increased pollution in the river.  The installation of these tube wells is 

gradually lowering the levels of ground water in an unsustainable matter [39]. A 2014 study of water 

quality around Dhaka, the country’s largest city, found that the water surrounding the Dhaka Export 

Processing Zone is highly polluted with various heavy metals exceeding permissible limits. Exposure to 

these high levels of heavy metals introduces a health risk to employees and residents in the area.  This 

study found the following to be the leading causes of pollution: cap/accessories/garments, textile/knitting, 

plastic goods, footwear/leather goods, metal products, electronics, paper production, chemicals, and 

fertilizers [18].  

 Commonly-Used Water Treatment Technologies 2.3 

While there are hundreds of technologies in use around the world, Section 2.3 introduces a few commonly 

used water treatment technologies for use in situations without reliable access to safe drinking water.  

Figure 5: Map of Bangladesh, provided by the CIA World 

Factbook [28] 
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Figure 6: Water boiling over a three-stone fire in Mbale, Uganda 

(photo by Matt Rogers) 

Common situations include: communities lacking reliable water treatment infrastructure, communities 

who may only have access to potentially contaminated surface water, or communities where piped water 

supply from a treatment plant is impractical (e.g. semi-nomadic communities, mountainous locations, 

etc.).   

2.3.1  Boiling 

According to [40], hundreds of millions of people around the world boil their drinking water as the means 

to disinfect it, making boiling the most common way families treat their water.  The World Health 

Organization identifies boiling as “the simplest and most effective way to kill all disease-causing 

pathogens” [20].  Boiling water allows for the pasteurization of microorganisms to occur, leading to the 

reduction of the overall microbial 

load in the water sample [9].  The 

World Health Organization 

Guidelines for Drinking Water 

Quality recommend achieving a 

rolling boil as an indication the 

temperature has raised enough to 

disinfect [20].  Most commonly, 

households boil their drinking water 

over a three-stone fire.  Depending 

on the size and needs of a household, 

boiling water can take up to a couple 

hours of the day.  Burning firewood 

for extended periods of time leads to 

deforestation, increased emissions 

into the atmosphere and poses health 

risks for the household.  Table 3 

describes the common advantages 

and disadvantages to the water 

treatment method of boiling. 

 

Table 3: Advantages and disadvantages of boiling as a method of water disinfection 

Boiling Advantages Boiling Disadvantages 

Proven to reduce the microbial count [9] Potentially expensive for households [40] 

Materials required are generally very accessible [41] Requires the procurement of biomass fuels, representing 

a substantial amount of time and energy [40] 

Simple technology; low-level skills required [41] Introduces health hazards such as respiratory infections 

and burns [40] 

Proven effective against microbial contamination Potentially environmentally unsustainable, depending on 

the fuel used [40] 

 Water is vulnerable to recontamination once it is cooled 

[40] 

 Requires that the water be cooled after reaching high 

temperatures [20] 
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Table 4: The advantages and disadvantages of utilizing 

chlorine as a water treatment mechanism 

Chlorine  

Advantages 

Chlorine 

Disadvantages 

Proven to reduce the 

microbial count [42] 

Expensive for 

households; continuous 

need of supply 

Materials are generally 

very accessible [42] 

Not effective against 

parasites [43] 

Simple technology; low-

level skills required [42] 

Not effective at 

reducing turbidity [43] 

Continues treating water 

in its residual form [3] 

Disagreeable odor 

and/or taste [43] 

 

2.3.2  Chlorination 

Chlorine has been used as a water treatment method for since the mid-1800s [7]. Chlorine acts as a 

disinfectant when mixed with water; removing or deactivating harmful biological agents [42].  Household 

chlorine is commonly available around the world in the form of either sodium hypochlorite or calcium 

hypochlorite. Both forms of chlorine are relatively inexpensive, easy to use and distribute, and effective 

against waterborne bacteria and pathogens [43].  Chlorine comes with a range of advantages and 

disadvantages, presented in Table 4.  

In 2007, the School of Public Health at the 

University of California performed a systematic 

review of the impact of point-of-use chlorine water 

treatment on diarrheal diseases among children in 

developing countries.  All qualifying studies 

verified that point-of-use chlorine treatment 

improved water quality by all measures of 

indicator bacteria (e.g. E. coli, fecal coliforms, 

etc.) with an average of an 80% reduction of stored 

water samples with detectable E. coli [43].  This 

method of water treatment also showed a reduction 

in childhood diarrhea by 29% [43]. 

In many cases around the globe, chlorine 

decontamination has proven to be a great 

additional precaution when using simple filtration, 

such as a slow sand filter, as it removes the disease 

carrying pathogens effectively, especially when the 

turbidity has been reduced [42].   

There are some limitations to the use of chlorine in water treatment.  Chlorine is not effective against 

parasites or the reduction of turbidity.  In addition, chlorine can leave a strong odor and/or a disagreeable 

taste for consumers [43], potentially causing people to neglect using the treatment. 

The electric dosing pump is a common chlorination technology around the world.  This technology 

releases a specific dosage of liquid chlorine into community water distribution systems.  Although 

effective in wealthy communities, technologies relying on power sources and complex designs are prone 

to failure in rural and poorer communities due to unreliable electricity and lack of infrastructure.  A single 

device can cost up to $1,200 [3].  

Chlorine is also commonly distributed in tablets that dissolve in large cans or pipes.  A typical water 

distribution system in Nicaragua involves groups of gravity fed PVC pipes from a spring reservoir. These 

systems supply rural communities with up to 200 residents and are controlled and maintained internally 

[42].  Compatible Technology International (CTI), a U.S NGO that designs and distributes tools in 

developing communities, designed a mechanism that attaches in the line of PVC and dispenses proper 

amounts of chlorine into the water flow. A schematic, provided by CTI is illustrated in Figure 7.  The 

device is constructed with 3- and 4-inch PVC pipes and fittings.  The vertical tube holds a stack of 

chlorine tablets that are partially submerged in the passing water.  This stack lowers over time as the 

chlorine dissolves when water flows across. Materials for the chlorinator are inexpensive, readily 

available around the world, and simple to implement, making this a logical option for community usage 

and maintenance. [42].  
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Figure 7: The Compatible Technology 

International 8 low-cost water chlorination 

system schematic  [42] 

 
 

2.3.3  The LifeStraw® by Vestargaard-Frandsen 

The LifeStraw is a portable water filter designed by 

Vestergaard-Frandsen, an international humanitarian technology 

company based in Switzerland.  There are multiple models, the 

personal LifeStraw and the LifeStraw family are pictured in 

Figure 99.  These units are easy to use, adaptable to a variety of 

environments, and require no electricity or moving parts [44]. 

According Vestergaard-Frandsen’s test results, the personal 

LifeStraw removes 99.9999% of waterborne bacteria and 

99.9% of parasites while the LifeStraw family unit additionally 

removes 99.999% of viruses [45].  A study conducted in at the 

University of Arizona in 2011 proved that the LifeStraw family 

unit exceeds the World Health Organization criteria for “highly 

protective” microbial water purifiers [46]. 

Water flows through the cylindrical filter due to a pressure 

difference powered by suction; just like a drinking straw.  Water 

passes through various chambers in the 9 inch long LifeStraw.  

First, the water travels through layers of mesh with spaces in 

the micrometers, trapping a majority of microorganisms and 

turbidity factors.  After the mesh, the water enters a chamber 

containing iodine-coated beads that eliminate leftover bacteria.  

Finally, the water passes through a chamber with active carbon 

to remove the taste of iodine [47]. 

Advanced technologies such as the LifeStraw have a variety of advantages and disadvantages, specifically 

associated with their appropriateness as a solution to clean water in a lacking region. These advantages 

and disadvantages are specified in Table 5. 

Figure 8: Installation of a CTI 8 chlorinator in rural 

Guatemala, photo provided by CTI [42] 

                                                (b) 

           (a)                          

Figure 9: (a) The LifeStraw Family unit 

and (b) LifeStraw personal filter [44], [63] 
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Table 5: Advantages and Disadvantages of the LifeStraw as a water treatment mechanism 

LifeStraw® Advantages LifeStraw® Disadvantages 

Effective filter in all aspects of water quality  Short lifetime; only up to three years [44] 

User-friendly with minimal to no maintenance required 

[44]  

Outsourced technology manufactured from locally 

unavailable materials in underdeveloped communities  

Effective in almost any geographical or weather 

condition [44] 

Low capacity 

Minimal time of filtration  

 

2.3.4  The SolarBag® by Puralytics  

Water disinfection using solar energy has been well documented, 

implemented, and studied.  In its simplest form, water is placed in 

transparent containers and placed directly in the sunlight for a few 

hours.  During this time, the temperature of the water can reach 

up to 55⁰ C, killing various bacteria and pathogens.  In addition, 

sunlight within the wavelength region 320 – 450 nm is absorbed 

by molecules that act as photosensitizers, reacting with oxygen 

and killing additional organisms.  A study in Kenya resulted in a 

10% reduction in the instance of diarrhea and a 24% reduction in 

severe diarrhea among children after implementing solar 

disinfection to their drinking water [48].  Although this form of 

disinfection is simple and largely effective, it has some setbacks. 

Most notably, the process does not affect the presence of chemical 

contaminants. Additionally, turbid water causes the scattering of 

sunlight and can prohibit any disinfection from occurring deeper 

than a few millimeters [48].  

Founded by Oregon State University alumnus Mark Owen, 

Puralytics is a water purification equipment company based in 

Beaverton, Oregon.  Many of their products utilize 

nanotechnology activated by light energy, a patented 

photochemical purification process [49].  One of their most popular products is the SolarBag.  The 

SolarBag, Figure 10, carries and purifies 3.5 L of water when set out in the sun and includes an indicator 

that informs the user when the water is safe for consumption. On a sunny day, the filter will take 2-3 

hours to complete purification while on a cloudy day, 4-6 hours are required.   

The inside of the SolarBag contains a nanotechnology coated mesh that activates upon contact with UV 

rays from the sun. This initiates five separate photocatalytic reactions in the water [50]:  

1. Photocatalytic oxidation: an oxidation process using hydroxyl radicals produced by light-activated 

molecules. 

2. Photolysis: light with specific wavelengths breaks molecular bonds of many chemical compounds.  

3. Photocatalytic reduction: a photocatalyst reduces a contaminant to a less toxic state. 

4. Photoadsorption:  the absorption of contaminants, such as heavy metals, to a surface due to light. 

5. Photodisinfection: disinfecting water by disrupting DNA molecules using multiple bands of light. 

 

Figure 10: The SolarBag by 

Puralytics with dimensions [51] 
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The SolarBag has proven in multiple tests to be effective in the decontamination of drinking water.  A 

study at Istanbul Technical University found a 99.875% reduction in E. coli and 99.99% reduction of 

protozoa while a study at Cascade Designs Inc. in Seattle, Washington demonstrated a reduction in 

chemical contaminants by over 90% [51].  This technology comes with a variety of advantages and 

disadvantages, illustrated in Table 6. 

 

Table 6: Advantages and Disadvantages of the SolarBag as a water treatment mechanism 

SolarBag® Advantages SolarBag® Disadvantages 

Effective filter in a vast majority of aspects of water 

quality  

Relatively short life span, up to 1000 times [51] 

Reusable up to 1000 times [51] Outsourced technology manufactured from locally 

unavailable materials in underdeveloped communities  

Portable; both by the user and for shipping and 

distribution purposes [49] 

 

Requires sunlight and would not be effective at night 

[50] 

Expensive technology, retail value around $100.00 [49] 

Minimal to no maintenance required  Only disinfects up to 3.5 L at a time [50] 

 

2.3.5  The BioSand Filter by David Manz 

Slow sand filtration has been used as a water treatment 

method for hundreds of years.  This method can be very 

effective in removing particles, bacteria, pathogens, and 

unwanted substances.  Typically, slow sand filtration is 

used for large-scale water treatment systems.  In 1990 

David Manz, a Canadian engineer, began developing a 

household-sized filter called the BioSand Filter (BSF).  

The BSF, Figure 11, was designed for households in 

communities that lacked adequate water treatment and 

distribution systems.  Construction, operation, and 

maintenance manuals are freely available on David Manz’s 

website [52] and described in Section 4.1.  Manz estimates 

over 1,000,000 BioSand Filters are currently in use around 

the world.  BSFs remove contaminants through the 

following mechanisms: 

Mechanical trapping: Small particles, such as 

microorganism and silt, are trapped within the spaces 

of the sand grains. 

Absorption: Suspended substances in the water attach 

to the surfaces of the sand particles due to molecular 

forces.  

Biologically active layer: Referred to as the biolayer, 

organic matter and particles from the influent water are 

trapped in the upper 2 - 4 inches of the filtration 

media. This group of organisms increases the filter’s 

ability to remove bacteria and parasites.  

Figure 11: BioSand Filters at a school in 

rural Eastern Uganda 
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Table 7: The BioSand Filter’s removal rates of 

various water quality parameters [52] 

Category Water quality 

parameter 

Removal 

rate (%) 

Pathogens Helminthes 100% 

 Parasites  100% 

 Bacteria 90 – 99% 

 Viruses 90 – 99% 

 Spores 100% 

Particulates Sand 100% 

 Silt 100% 

 Organic particles 100% 

Metals (with 

pretreatment) 

Oxidized iron 100% 

Oxidized 

manganese 

100% 

 Arsenic 100% 

 Mercury 100% 

 Lead 90 – 99% 

 

Table 8: Removal rate of water quality parameters of 

a KAF in a two-year study in Nepal [53] 

Water quality parameter Removal  (%) 

Arsenic 85 – 90%     

Iron 90 – 95%    

Turbidity 80 – 95% 

Total coliforms 85 – 99% 

 

The BioSand Filter is comprised of a concrete 

body, filtration media, and a PVC piping system.  

Water is poured into the top of the filter, flows 

down through the media, and is then head driven 

up the PVC pipe to the outlet.  Essential to the 

BSF’s function is the presence of a biolayer.  The 

biolayer is a living biofilm located in the top few 

inches of the filtration media.  This biolayer 

naturally develops as contaminated water regularly 

passes through the media.  The biolayer assists in 

capturing a variety of bacteria and pathogens.  

Additionally, treatment to the biolayer can enable 

it to capture heavy metals such as iron and arsenic.  

Lab testing performed by David Manz indicates 

the filter performs well at removing a variety of 

contaminants.  Table 7 displays the BioSand 

Filter’s removal rates for various water quality 

parameters.  Although the values in the table are 

high, Manz does not publish that the filter meets 

WHO standards.  This is due to the variability of 

the biolayer, influent water, and construction 

conditions. 

The final category in Table 7, metals, can be 

removed by treating the sand with various 

reactants to assist in removing those particular 

contaminants.  An example of this is the 

Kanchan™ Arsenic Filter (KAF), developed by 

MIT in conjunction with the Environment & 

Public Health Organization (ENPHO).  Compared 

to a BioSand Filter, the KAF modifies the media 

with the addition of iron nails.  The presence of the 

nails in the sand allows for arsenic removal via 

adsorption to the iron [53].  In a two-year study 

with over 1,000 KAFs in Nepal [53], the results 

shows that the filter modification removed high 

levels of unwanted water pollutants, displayed in 

Table 8.  While this study produced largely 

successful results, a study in Cambodia [54] found 

the modification to be relatively ineffective in 

arsenic removal of influent water. Three groundwater sources were used for influent water, each with 

unacceptable levels of arsenic.  The research showed effluent arsenic concentrations within a range of 74 

– 226 µgL
-1

, well above the WHO drinking water standard of 50 µgL
-1

.  Additionally, the average removal 

rates were 39.4, 74.9, and 45.4%, respectively for each drinking water source.  The discrepancies in the 

study results in Nepal and Cambodia indicate further testing and filter modification may be required for 

improved arsenic and heavy metal removal.  

Many BioSand Filter field studies have taken place around the world. A study in Nepal indicated that 

working biofilters were successful in removing 99.1% of influent water turbidity [19].  In a study in the 

Artibonite Valley in Haiti in 2006, [6], 99% of those using a BioSand Filter reported that the water 

appeared clearer and tasted and smelled better. In addition, 95% of study participants felt that the 

household’s health improved since they began using the filter.  In that same study, they found that, on 
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average, the filter reduced E. coli bacteria by 98.5% [6].  A 2009 study in Bonao, Dominican Republic 

found that households utilizing a BSF had 0.53 times the odds of diarrheal disease as households without 

a BSF [55].
 

The BioSand Filter is a widely known and utilized water treatment technology.  The use, efficiency, and 

appropriateness of the BSF is heavily documented.  Table 9 juxtaposes the advantages and disadvantages 

of David Manz’s BioSand Filter. 

 

Table 9: Advantages and disadvantages of the BioSand Filter  

BioSand Filter advantages BioSand Filter disadvantages 

Constructed and maintained using locally sourced 

materials  

Mistakes in construction or maintenance can cause the 

filter to become ineffective 

Effective in almost any geographical or weather 

condition  

Stationary and difficult to transport 

Requires no electricity  Concrete body can easily become cracked 

Short duration to filter water, less than 30 minutes Conflicting study results for modification resulting in 

effective removal of arsenic and heavy metals 

Lab results verify effectiveness in reducing parasites, 

bacteria, and turbidity  
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3  PROBLEM STATEMENT  

Current water treatment needs were researched in developing communities in specific global regions of 

interest and the performance and appropriateness of several commonly-used water treatment technologies 

was compared to the performance and appropriateness of the BioSand Filter.  Additionally, a testing 

procedure for comparing design variations for the filter, with explicit application to a novel backflow 

cleaning method, was developed and implemented in an experimental laboratory setting.   

The goal of the research conducted was to develop testing procedures for water quality testing with the 

BioSand Filter.  Due to time and certification limitations at the Oregon State University laboratory, the 

only parameters selected to evaluate the BioSand Filter were flowrate and turbidity.  Chapter 4 presents 

the testing procedures chosen for the study.  
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Figure 13: CAD assembly of the 

BSF steel mold in front view [52] 

 

4  EXPERIMENTAL LAB WITH THE BIOSAND FILTER 

Chapter 4 presents the experimental lab set-up for the BioSand Filter fabrication, commission, and testing 

at Oregon State University. 

 Experimental Set-up 4.1 

The experimental set-up for the BioSand Filter is presented in Section 4.1. This set-up provides a control 

for a wide variety of potential experiments and tests.  

4.1.1  BioSand Filter fabrication 

Section 4.1.1 introduces the fabrication and commission requirements for the BioSand Filter.  For detailed 

instructions, refer to David Manz’s construction, operation, and maintenance manuals available on his 

website, [52].  All of the BSF manuals are open source materials. 

4.1.1.1  Steel mold 

The first component required for construction of a BioSand Filter is the steel mold (Figure 13).  This 

mold is used to shape the concrete, creating the body of the filter.  The steel mold can be locally 

manufactured by materials including steel, bolts, and tools that are standard around the world. Detailed 

drawings and instructions are freely available on Manz’s website, [52].  Once the mold is constructed, the 

PVC piping and fittings are placed into the mold and the concrete is poured into the top of the mold and 

fed down the sides and around the PVC.  After the concrete sets, the mold is turned over and the steel 

panels are removed using wrenches, Figure 12.  

 

 

 

Figure 12: Oregon State University students removing the concrete BSF 

body from the steel mold (photo by David Paul Bayles) 
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Figure 14: Cross-sectional view of a BSF; the blue 

error represents the flow of influent water [52] 

4.1.1.2  Filter body 

The filter body is a hollow concrete form that encapsulates PVC piping and holds the filtration media.  A 

cross-sectional view of the body is shown in Figure 14. David Manz’s manuals provide detailed 

instruction on the fabrication of the filter body.  The following lists a summary of the steps for fabricating 

the filter body: 

1. The piping system, made up of ½ inch PVC and three elbow fittings, is assembled and inserted 

into the steel mold.     

2. Concrete is poured into the mold, surrounding the piping system. 

3. The concrete is left to set in a safe and dry location. 

4. Once the concrete is dry, the mold is flipped over and removed, exposing the finished filter body. 

One of the most common causes of filter failure is the formation of cracks in the concrete.  Keep cement 

filter on hand in case this occurs.  Figure 15 displays a large crack that eventually caused a chip in the 

BSF’s body located in a lab at Oregon State University.  Cement filler was a quick and easy fix for this 

issue. 

  

Figure 15: Photos of a chip in the BSF 

filter body; before (A) and after (B) cement 

filler was applied 

(A)                                    

 

 

 

 

 

 
 

 

(B) 
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(C) 

(B) 

(A) 

 

Figure 16: Cross-sectional schematic of a BSF 

with labeled filtration media layers: (A) 

drainage gravel, (B) separation gravel, & (C) 

filtration sand [52] 

4.1.2 Filtration media 

Filtration media is essential to the BioSand Filter performance.  In the testing procedures in Section 4.2, 

the filtration media plays a large role and may be required to be replaced multiple times during testing.   

Media should be sourced from a local quarry.  Recently crushed rock is recommended so that it is free of 

debris, clay, and bacterial contaminants.  Preparation of the filtration media requires four sieve sizes: 12 

mm ( ½ inch), 6 mm ( ¼ inch), 1 mm (0.04 inch), and 0.7 mm (0.03 inch). Piles of each size of media 

should be made from the collected rock material. Table 10 illustrates the usage of each type of material 

and the required sieve size.  The filtration media inside the filter body comprises of three sizes of crushed 

rock, shown in Figure 16. Detailed instructions for the preparation of sand and gravel are provided in 

Appendix C.   

A common failure mode during the preparation of the filter is neglecting to clean the media.  Absence of 

washing media can cause small particles to fill the spaces between the sand particles, causing the flow 

rate of the filter to be significantly slower than desired.  For example, clay particles are common in sand 

sources and can cause a BSF to become inoperable.  Follow Manz’s construction manuals carefully 

during the media preparation stage. 

 

 

 Picture Sieve Size Description 

 

12 mm/   

½ in 

Discarded 

rock 

 

6 mm/      

¼ in 

Drainage 

gravel 

 

 

1 mm/  

0.04 in 

Separation 

gravel 

 

0.7 mm/ 

0.03 in 

Concrete 

sand 

 

≤ 0.7 mm/ 

0.03 in 

Filtration 

sand 

Table 10: Sizing of BSF filtration media, their 

corresponding sieve size and description 
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Figure 1814: Field emission scanning electron microscope 

image of Argo cornstarch [56] 

Figure 17: Field emission scanning electron microscope 

image of a thick, well organized biofilm [64] 

 

 

4.1.3  Water 

The water source depends on the type of experiments being performed.  When testing the presence of 

living organisms, it is recommended that water be sourced from a fresh resource to circumvent the 

intervention of chlorine or fluoride.  For solely mechanical experiments (e.g. flowrate or turbidity), water 

from the tap is adequate.  For the purposes of this lab experiment, tap water was used. 

4.1.4  Biofilm 

Cells naturally attach to surfaces due to 

molecular forces and van der Waals 

attractions.  As bacteria flows through the 

BioSand Filter, the cells begin to attach to the 

surface of the sand granules, forming a 

biofilm. This thick layer of bacterial cells is 

referred to as the biolayer [52].  As the 

biolayer increases due to incoming bacteria, 

the attachment rate of cells increases.  This 

increase in cell capturing reduces the amount 

of bacteria exiting the filter [9].  However, 

overtime, the biolayer can become too thick 

and dramatically reduce the filter’s flowrate.  

According to Manz [52], a significant 

reduction in flowrate is the leading indicator 

that the filter requires cleaning.   

To simulate a biolayer in a lab not certified to 

work with harmful bacteria, a small-particle 

medium was necessary.  Cornstarch, 

manufactured by Argo, was selected as a 

biolayer simulant due to its granule size, 

polydispersity, and homogenous qualities.  

Argo cornstarch particles average 15 µm in 

diameter, making them small enough to fit 

into the pore spaces of sand; which range 

from 20 to 150 µm [56]–[58].  This diameter 

size is also within the range of bacteria and 

protozoa sizes.  Microorganism’s size range 

greatly; Escherichia coli’s shape is 1 x 2 µm 

while Balantidium coli measures between 50 

and 70 µm in diameter [9].  Field emission 

scanning electron microscope images of an 

organic biofilm and cornstarch particles are 

shown in Figure 17 and Figure 18, 

respectively.  Additionally, cornstarch has a 

polydispersity index value of approximately 

3.61 ± 0.48 [59], indicating a relatively high 

range of particle sizes in the starch. This 

polydispersity quality is similar to that of microorganisms in a biofilm as they have variations in size and 

shape.  Furthermore, cornstarch is an absorbent material and that is characterized by its slimy or waxy 

texture when mixed with water, simulating the physical characteristics of a biologically active layer.  

Finally, cornstarch is a homogenous substance, making it simple to quantify.  
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Figure 20: Marked levels 

above the inner lip of the 

BioSand Filter  

 

The simulated biolayer was created to physically mimic the microorganisms that impede the filter’s 

performance by substantially reducing the flowrate.  Typically, the BSF’s biolayer occurs in the top 5-10 

cm of sand [52]. To replicate this, the top 3 in of sand in the BSF was removed and set out to partially dry 

overnight.  The sand was then mixed thoroughly with 840 mL (3.5 US cups) of corn starch and gently 

placed back into the filter.  When water was poured into the filter, there will be a significant reduction in 

water flow rate. 

 

4.1.5  Measuring output and parameters 

Section 4.1.6 discusses the measurement methods for experimental testing on the physical properties of a 

BioSand Filter, output flowrate and turbidity. 

4.1.5.1  Measuring output flow 

The rate of output flow is essential to the filter’s effectiveness.  A flowrate of 36 ± 10 L/hr is 

recommended for the BSF [19].  If the flow is below 26 L/hr, there is likely too much clay, debris 

particles, or microorganisms in the media; potentially causing the filter to become insufficient for the 

household.  Conversely, if the flow is above 46 L/hr, the water may be traveling too quickly through the 

media for proper cleaning to occur.  Rapid flowrate can also indicate the formation of significant 

pathways through the sand.  

 4.1.5.1.1  Measuring output flow procedures 

When conducting experimental tests of the BSF’s performance regarding 

flowrate, the flowrate must be measured at the same level of head each 

time.  Using a marker, mark a line on the inside of the filter to indicate 

the water level where the output flowrate measurement will take place.  

For the testing completed at Oregon State University, three levels of 

head were measured; at 1.0, 4.5, 5.0, and 5.5 in above the level of the 

inner lip inside the BSF, Figure 20.  Measuring the output flowrate 

requires a 0.5 L beaker and a stopwatch.  The following lists procedures 

for measuring the flowrate: 

1. 5 gallons of water is poured into the filter.  

Figure 19: (A) Argo corn starch used to create an artificial biolayer in the BSF; (B) mixture of sand and cornstarch  

(A)                                    (B) 
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2. Once the water level in the BSF reaches the level indicated by 

the marked line, the beaker is placed at the output nozzle of the 

filter and the stopwatch is started. 

3. Once the water level in the beaker reaches the 0.5 L mark, the 

stopwatch is stopped and the time required to fill the beaker is 

recorded. 

4. An additional 1-2 L of water is poured into the BSF and steps 2 

and 3 are repeated again to.  The whole process is completed 

three times; resulting in three measurements of time required to 

fill a 0.5 L beaker. 

5. These time measurements are averaged and converted to a 

flowrate measurement in L/hr by the following conversion: 

𝑂𝑢𝑡𝑝𝑢𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [
𝐿

ℎ𝑟
] =

1800 

(𝑠𝑒𝑐𝑜𝑛𝑑𝑠 𝑡𝑜 𝑓𝑖𝑙𝑙 0.5𝐿 𝑏𝑒𝑎𝑘𝑒𝑟)
 

 

 4.1.5.1.2  Output flow uncertainties 

The data collected during flowrate testing has three measurement uncertainties: timing with a stopwatch, 

visualizing the interior water level in the BSF, and visualizing the measurement line on the clear cup.  

These uncertainties effect the error propagation of the tests.  To calculate the total uncertainty the 

following variables and uncertainties were obtained: 

𝑢𝑜 = total uncertainty of the flowrate measurements 

𝑢𝑡 = uncertainty of the timing measurement due to human reaction; as a general assumption that 

humans have a delayed reaction time, this uncertainty was assumed to be ± 0.1 seconds 

𝑢𝑚 = uncertainty of visualizing the measurement line on the clear, 0.5 L cup based on the 

difference between a low and high time measurement to fill the cup; four measurements were 

recorded at a low and a high estimate of visual alignment with the mark on the cup; the average 

of the differences equaled 0.59 seconds, resulting in an uncertainty of ± 0.295 seconds 

𝑢𝑙 = uncertainty of visualizing the interior water level in the BSF based on the difference between 

a measurement taken at an estimated low and high water level; two measurements were recorded 

at a low and high estimate of visual alignment with the mark inside the BSF; these resulted in an 

average of 0.17 second difference between level estimates when filling a 0.5 L cup, resulting in 

an uncertainty of ± 0.085 seconds 

𝜕𝑦

𝜕𝑡𝑡
 = 

𝜕𝑦

𝜕𝑡𝑚
 = 

𝜕𝑦

𝜕𝑡𝑙
 = partial derivative of the flowrate equation with respect to time; the equation for 

the flowrate is given in Section 4.1.5.1.1. The following equation is the partial derivative with 

respect to time: 
𝜕𝑦

𝜕𝑡
=

−1800

𝑡2  

t = time measurements to fill the 0.5 L cup; these values ranged from 24 to 68 sec 

 

To calculate the total uncertainty, the following equation for error propagation was used: 

𝑢𝑜 = ([𝑢𝑡

𝜕𝑦

𝜕𝑡𝑡
]

2

+ [𝑢𝑚

𝜕𝑦

𝜕𝑡𝑚
]

2

+ [𝑢𝑙

𝜕𝑦

𝜕𝑡𝑙
]

2

)

1
2

 

Figure 21: Measuring the time 

to fill 0.5 L 



24 

 

For worst-case-scenario, the lowest time measurement was used and the value of each variable was 

substituted into the equation: 

𝑢𝑜(𝑤𝑜𝑟𝑠𝑡) = ± ([(0.1 sec) (
−1800

(24 sec)2
)]

2

+ [(0.259 𝑠𝑒𝑐) (
−1800

(24 sec)2
)]

2

+ [(0.085 𝑠𝑒𝑐) (
−1800

(24 sec)2
)]

2

)

1
2

 

𝑢𝑜(𝑤𝑜𝑟𝑠𝑡) = ± 0.907
𝐿

ℎ𝑟
 

For best-case-scenario, the highest time measurement was used and the value of each variable was 

substituted into the equation: 

𝑢𝑜(𝑏𝑒𝑠𝑡) = ± ([(0.1 sec) (
−1800

(68 sec)2
)]

2

+ [(0.259 𝑠𝑒𝑐) (
−1800

(68 sec)2
)]

2

+ [(0.085 𝑠𝑒𝑐) (
−1800

(68 sec)2
)]

2

)

1
2

 

𝑢𝑜(𝑏𝑒𝑠𝑡) = ± 0.113
𝐿

ℎ𝑟
 

This range in flowrate uncertainty is assumed to be negligible in the overall trends produced by the data 

collected during the flowrate testing. 

 

4.1.5.2  Measuring Turbidity 

Turbidity is used as the central water quality parameter for this test on the BioSand Filter.  As discussed 

in Section 2.1.4, while there is a clear association between turbidity and presence of bacteria, there is not 

a definite relationship.  However, some groups have used turbidity as an indicator for the cleanliness of 

water.  Additionally, research has proven the BSF’s ability to reduce turbidity levels in water, making it 

an appropriate parameter for testing of physical qualities. 

 4.1.5.2.1  Measuring turbidity procedures 

Turbidity is measured with a Hach Model 2100P Portable Turbidimeter, Figure 22.  This meter works 

well both in a lab and field environment as it is small, lightweight, and runs on four AA batteries.  The 

meter’s turbidity measurement ranges from 0.01 to 1000 NTU.  This range is suitable for testing turbidity 

levels of a BSF’s influent and effluent water, which typically range from 0.5 NTU to 200 NTU.  Once a 

Figure 22: The Hach Model 2100P Portable Turbidimeter and accessories [65] 
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water sample is placed into the testing cell, the meter responds with a turbidity reading in 6 seconds, 

allowing for quick collection of data.  The turbidity measurement is taken by shining a light at the water 

sample and measuring the amount of scattered light.  Hach provides an instruction manual that clearly 

lays out how to use the turbidmeter.   

For laboratory testing, the following lists procedures for measuring the BioSand Filter’s effectiveness in 

reducing turbidity: 

1. 1 tsp of cornstarch is mixed with 12 L of clean tap water in a 5 gallon bucket.  Record the turbidity 

(NTU) of four samples of the mixture using the Hach Model 2100P Turbidimeter.  The turbidity of 

this mixture should be in the range: 90-110 NTU.  Adjust levels of cornstarch appropriately.  This 

mixture is referred to as “turbid water”. 

2. The turbid water is poured into the BSF.  While this begins to flow, another 12 L batch of turbid 

water is prepped.  This batch’s turbidity level should be close to the level in the batch made during 

step 1. 

3. The second bucket of turbid water is poured into the BSF. 

4. Once the water level reaches the marked line in the interior of the BSF (drawn 5 inches above the 

interior lip), a 0.5 L water sample is taken directly from the output of the BSF using a clean 

beaker. The turbidity (NTU) of four samples of the effluent water is recorded using the 

turbidimeter.  A second output sample of 0.5 L is taken when the BSF’s water level reaches the 

level of the interior lip (when the water is almost completely filtered). Measure the sample’s 

turbidity using a turbidimeter.   

5. Two or more separate trials are performed for each set-up. 

 4.1.5.2.2  Measuring turbidity uncertainties 

The Hach Model 2100P Turbidimeter manual provides users with the uncertainties.  This model 

documents an uncertainty of ± 2% NTU plus stray light (< 0.04 FNU). The stray light can be assumed 

negligible (FNU is a measurement of the scattering of infrared light and 0.04 is trivial considering the 

scale of measurements).  

For worst-case-scenario, the highest turbidity measurement was multiplied by 0.02 to determine the 

highest uncertainty, 𝑢𝑇 : 

𝑢𝑇 (𝑤𝑜𝑟𝑠𝑡) = ± 0.02 ∗ (113 NTU) 

𝑢𝑇 (𝑤𝑜𝑟𝑠𝑡) = ± 2.26 NTU 

For best-case-scenario, the lowest turbidity measurement was multiplied by 0.02 to determine the highest 

uncertainty, 𝑢𝑇 : 

𝑢𝑇 (𝑏𝑒𝑠𝑡) = ± 0.02 ∗ (2 NTU) 

𝑢𝑇 (𝑏𝑒𝑠𝑡) = ± 0.04 NTU 

This range in turbidity uncertainty is assumed to be negligible in the overall trends produced by the data 

collected during the testing. 

 Experimental Laboratory Testing of BSF Cleaning Methods 4.2 

The explicit testing objective is to compare effectiveness, convenience, and impact on water quality for 

the currently-recommended cleaning method in a BioSand Filter to a novel cleaning method.  Currently, 

the BioSand Filter manual, [52], recommends a cleaning process where the user scrapes the top 

centimeter of media after agitating it to allow most of the biofilm to separate from the sand. The proposed 
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Figure 23: Implementation of the BSF backflow system; (A) bucket raised to increase head of water 

flowing through the filter (B) bucket being filled with water to prepare for the backwashing  

 

 

(A)                                                             (B) 

 

alternative cleaning method is a backflow hardware modification. It is hypothesized that this method will 

reduce the amount of filter media lost during cleaning while providing a more effective clean to the full 

body of the filter.  A filter needs to be cleaned when the biolayer has grown too thick, restricting water 

flow.  When the user notices a reduction in flow rate by about 25%, they should clean the filter [52].  A 

biolayer can be detected by both flowrate reduction and by increased filter performance. 

4.2.1  BioSand Filter scraping cleaning method 

The current cleaning method of the BioSand Filter is the scraping method.  Recommended by Manz [52], 

this method allows for the cleaning of the biolayer without complete disruption or elimination of the 

activeness of the biolayer.  Once the cleaning is complete, the filter’s performance level is maintained and 

there is no need to wait for a biolayer to grow back.  The following lists the steps involved in the scraping 

method: 

1. The diffuser is removed from the filter. 

2. 10 – 15 L of relatively clean water is poured into the filter.  With either a stick or fingers, the top 

2 cm of filtration media is agitated for about 20 seconds  

3. During agitation, microorganisms will separate from the sand and be mixed with the water. The 

water is quickly scooped out and disposed of. 

4. This process is repeated until proper flowrate is restored. 

4.2.2  BioSand Filter backflow implementation  

Designed by David Manz, the backflow components create 

an alternative and novel method of cleaning the BioSand 

Filter.  The backflow system comprises of two subsystems: 

the underdrain and bucket assemblies.  Together these 

components allow the flow of water backwards through the 

filter.  When the bucket of water is lifted, water is gravity 

feed backwards through the filter, forcing microorganisms 

and substances up through the sand.  The inlet of the filter 

fills with dirty water that is scooped out with cups and 

disposed of.  

 



27 

 

Figure 26: Underdrain PVC assembly 

Figure 24: PVC parts required for the underdrain 

assembly 

 

Figure 25: Underdrain assembly PVC piping dimensions 

 

 

 

 

 
 

 

 
                x 3 

Implementing the backflow system requires a one-time installation of an underdrain component.  If a 

BioSand Filter is already commisioned this results in the removal of fiter media.  Hand shovels with long 

handles and a large pipette are recommended for reaching the lower media.  Once the components are 

installed, the filtration media must be placed back in.  For testing paramenters to remain consistant, it is 

essential that the media is cleaned and sorted following the instructions presented in 4.1.2.  

4.2.2.1  Backflow underdrain assembly 

The underdrain assembly, Figure 26, is comprised of ½ inch PVC pipe and fittings.  The assembly is 

inserted into the bottom of the filter where the underdrain media is located.  The following lists the 

required materials: 

1. 3 – 8 cm pieces of ½ in PVC pipe  

2. 1 – 10 cm piece of ½ in PVC pipe 

3. ½ inch PVC cross 

4. 3 – ½ inch PVC caps 

5. Drill with 1/8 inch drill bit 

6. PVC cement 

The PVC pipes are pressed 2 cm into the cross and 

endcaps and PVC cement is used to secure the 

connection.  

The design requires drilling of 1/8
th
 inch holes in 

the assembly.  These can be drilled before or after 

all the pieces are glued together.  All holes are 

aligned with the vertical axis of the BSF. One hole 

is drilled in each of the end caps, 2 cm from the 

open end.  Each 8 cm piece of PVC has a hole 2.5 

cm from the end that inserts into the PCV cross, 

making the hole 0.5 cm from the connection to the 

PVC cross.  The 10 cm piece has two holes, both 

2.5 cm from the ends (0.5 cm from the cross and 

elbow connection in the filter).   
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The tools required for installation of the underdrain assembly are combination pliers and a hammer, 

Figure 29.  When the BSF is empty of filtration media, lower the underdrain assembly into the filter with 

the combination pliers.  Orient the assembly so that the 10 cm PCV pipe is in line to be connected with 

the PVC elbow connection at the bottom of the BSF.  When the underdrain is aligned with the elbow, use 

the hammer to gently tap the underdrain into the elbow, creating a connection.  The PVC pipe should fit 1 

– 2 cm into the elbow.  An installed underdrain assembly is shown in Figure 27.  

 

 

Figure 28: Underdrain assembly drawing 

Figure 27: Photo of an installed underdrain system in the OSU BioSand Filter 

Figure 29: Hammer and pliers used 

to install the underdrain assembly 
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4.2.2.2  The backflow bucket system 

The backflow bucket system is the assembly of components that allows for the increase in pressure that 

forces water backwards through the filtration media.  The system is separated into three parts: the bucket 

connection, filter connection, and 2 meters of ½ inch plastic tubing that joins the two connections.  

 4.2.2.2.1  The backflow bucket connection 

The bucket connection, Figure 31, is an assembly of PCV parts and washers that allow for a tube 

connection to a 5 gallon bucket.  The bucket connection requires the following materials: 

1. 5 gallon bucket with a ½ inch hole drilled ½ inch from the base  

2. Threaded ½ inch plastic tubing coupler, Figure 30 (C) 

3. Threaded ½ inch PVC coupler, Figure 30 (B) 

4. 2 - threaded ½ inch PVC adapter, Figure 30 (A) 

5. 2 – ½ inch rubber washers, Figure 30 (D) 

6. Threading tape 

The threading tape is applied to the threaded ends of the male couplers.  Part A is fed through the hole in 

the bucket from the interior with a rubber washer to buffer the connection.  Part B is screwed onto Part A 

with the other rubber washer placed between it and the bucket.  Part C is screwed onto Part B.  One end of 

the plastic tubing is attached to Part C.  The assembly is shown in Figure 31.  

 4.2.2.2.2  The backflow filter connection 

The filter connection, Figure 32, is an assembly of PCV parts that connect the tubing to the outlet of the 

BioSand Filter.  The filter connection is constructed with the following materials: 

1. ½ inch PVC elbow fitting 

2. 2 – 6 cm of ½ inch PVC pipe 

3. ½ inch PVC coupler (one end threaded) 

4. Threaded ½ inch plastic tubing coupler 

5. Threading tape 

Figure 31: The backflow bucket 

connection 

Figure 30: Materials required for the backflow bucket 

connection assembly 
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Threading tape is applied to the threads of the plastic tubing coupler, Part H.  Part H is screwed onto Part 

G. Part F is inserted into Part G. Finally, Part E is inserted to Part F.  The plastic tubing coupler is then 

attached to the open end of the plastic tubing.  The final assembly is picture in Figure 32.  Since the outlet 

of the BSF is an elbow fitting, one of the 6 cm pipes is inserted into the outlet so that the elbow fitting on 

the filter connection can attach, Figure 34. 

 
  

Once  

4.2.3  Testing protocol/process  

This testing process is for comparing the current BSF filter performance pre- and post-cleaning with the 

novel BSF backflow design pre- and post-cleaning.  The testing parameters are purely physical; some 

studies link turbidity measurements to the presence of bacteria, described in Section 2.1.4.  The following 

are the steps for testing modifications to the BioSand Filter’s cleaning process. 

1. The BioSand Filter is fabricated with the original piping system in a laboratory space.  

2. Tests, described in 4.1.5, are preformed and data is collected for flowrate and turbidity in multiple 

trials.   

3. The artificial biolayer is implemented, described in 4.1.4, and the prescribed tests for flowrate and 

turbidity are performed.  The parameters of the tests are kept consistent. 

4. The filter is cleaned using the originally recommended method of scraping, described in 4.2.1. 

The scraping method is performed twice.  Tests are preformed and data is collected for flowrate 

and turbidity in multiple trials.   

5. Filter media is removed, the backflow mechanism is installed, and the BioSand Filter is 

recommissioned. The backflow system is validated by filling the bucket with roughly 10 L of 

water and lowering the nozzle of the hose slightly below the water level, letting the water slowly 

flow through the tubing. Once the water begins flowing through the filter connection, the 

backflow bucket system is attached directly to the BSF outlet nozzle.  This will avoid any air 

Figure 32: Backflow filter connection assembly 

Figure 33: Filter connection PVC parts Figure 34: PCV outlet connection 
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bubble from entering into the filter.  Standing on a chair and lifting the bucket well above the 

water level in the filter will allow for the backwashing to occur.  The system is working when the 

water level in the filter rises. The backflow bucket system is removed and set aside.  

6. Tests are preformed and data is collected for flowrate and turbidity in multiple trials with the with 

the installed underdrain component.   

7. The artificial biolayer is implemented and the prescribed tests for flowrate and turbidity are 

performed.  The parameters of the tests are kept consistent. 

8. The filter is cleaned using the novel backwashing system, described in step 5.  The backwashing 

is performed twice. The backflow bucket system is removed and set aside. 

9. Tests are performed and data is collected for flowrate and turbidity in multiple trials for the 

recently cleaned filter.   
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 Data Analysis and Methods 4.4 

Section 4.4 presents the testing results performed on a BioSand Filter at Oregon State University.  The 

two parameters tested were flowrate and turbidity of effluent water. 

4.4.1  Data analysis and methods 

The data was collected when the original and novel BSFs were recently commissioned and without 

biofilm, with artificial biofilm, and after completion of their respective cleaning process. The average 

flow rates measured at the 5 inch water level for the original BioSand Filter and the novel design is given 

in Table 11.  Each data point is the average of three time measurements for filling 0.5 L, converted into 

units of liters per hour.  The calculations and uncertainties of this conversion are presented in Section 

4.1.5.2.  The standard deviation for the time measurements ranged from 0 to 1.04 seconds, indicating 

precise data.  Appendices D-I provide the data collected during the testing. 

Table 11: Flowrates in a BioSand Filter with original piping and novel 

piping under various conditions (
𝐿

ℎ𝑟
) 

 
No biofilm 

With 

biofilm 
After cleaning 

Original BSF 47.6  35.2 34 

Novel 38.3 28.5 68.4 

 

Figure 35 displays the flowrates for each of the conditions.  The blue circles represent data for the original 

BioSand Filter configuration and the red crosses represent data for the novel BioSand Filter configuration.  

The x-axis displays the condition the BioSand Filter was in, either without biofilm, with biofilm, or after 

cleaning.  The y-axis displays water flowrates through the filters in liters per hour.  Dotted lines 

connection the discrete measured values are used for trend visualization but do not indicate linear 

relationship between the three conditions.   

Figure 35: BioSand Filter flowrates in a commissioned filter, dirty filter, and cleaned 

filter for the original and novel designs 
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The turbidity of the effluent water greatly depended on the water level within the filter.  Table 12 displays 

the average turbidity of a 0.5 L output sample taken when the water level reached the 5 in mark.  Table 13 

displays the average turbidity of a 0.5 L output sample taken when the water level reached the 1 inch 

mark.  A graph of the data sets is presented in Figures 36.  

 

 

  

 

No 

biofilm 

With 

biofilm 

After 

cleaning 

Original BSF 2 6.9 3 

Novel 2 5 5.8 

 

 

No 

biofilm 

With 

biofilm 

After 

cleaning 

Original BSF 2.1 3 2.8 

Novel 2 4.4 2.5 

 

Table 12: BioSand Filter’s average effluent 

turbidity measured at a high water level under 

various conditions in NTU 

Table 13: BioSand Filter’s average effluent 

turbidity measured at a low water level under 

various conditions in NTU 

Figure 36: BioSand Filter’s average effluent water turbidity measurements from a 

commissioned filter, dirty filter, and cleaned filter for the original and novel designs at 

low and high filter water levels 
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 Results, Discussion, and Recommendations 4.5 

The flowrate measurements from both the original and modified BioSand Filters showed a decrease in 

flowrate after the artificial biofilm was implemented.  The decrease in flowrates was 12.4 and 9.8 L/hr for 

the original and novel BSF designs, respectively.  However, after conducting the respective cleaning 

methods, the original BSF’s flowrate reduced further to 34 L/hr while the novel design’s flowrate 

skyrocketed to 68.4 L/hr.  This high flowrate is well outside the recommended range of 26 – 46 L/hr.  As 

described in Section 4.1.5.1, if the flowrate is above 46 L/hr, the filter is not operating properly.  This is 

due to the high velocity of the water not allowing time for the sand to filter out unwanted contaminants. 

The rapid increase in flowrate is due to the formation of significant pathways within the filtration media.  

After tests were completed, the sand was investigated and found to have many air pockets within the 

media.  A long stick was used to stir the sand, causing many air bubbles to rise to the surface.  

Additionally, the height of the filtration sand dropped roughly 1-2 inches, indicating the presence of 

empty spaces within the sand.  These air pockets were caused during the implementation of the backflow 

system.  The bucket hose was originally connected to the filter’s outlet pipe prior to being filled with 

water.  Once the bucket was filled with water, an air pocket in the tube formed.  This air pocket was 

quickly noticed and the tubing was removed from the outlet.  With the bucket filled with water, the tubing 

was reattached to the filter outlet while water was flowing, do prevent further air pockets.   

Although the air pocket was noticed quickly, the pressure from the water did send air backwards into the 

filter, most likely creating an air pocket near the bottom of the sand media.  For this design to be feasible 

in the field, instructions for cleaning must be explicitly explained to the users so that air pockets do not 

form in their filters.   

The turbidity data showed a consistent pattern between each measurement, except the high water level 

measurement of the BSF with the novel design.  This can be explained by the formation of pathways and 

air pockets within the sand.  When the water passed through these open spaces at a high velocity due to 

increased pressure, the sand lost ability to trap suspended solids and particles, reducing the filter’s ability 

to decrease the water’s turbidity levels.  When the interior water level was low, the novel filter performed 

at a similar level as the original filters due to the slowed velocity of the water through the filtration media.  

This inconsistency in filtration performance at high and low water levels presents a significant concern 

for users in the field.  

These results do not validate the novel backflow cleaning method for the BioSand Filter.  Higher 

flowrates and inconsistent effluent turbidity levels support this conclusion.  However, additional testing 

could validate the design.  Further testing regarding the placement of the holes on the underdrain 

assembly and the head obtained by the bucket assembly could potentially validate the process.  An 

increase in number of holes will lead to decrease in velocity of the water flowing back through the filter 

while experimental testing for the height of the bucket could provide an optimal pressure.  Additionally, 

steps need to be taken to prevent air pockets from entering into the filter and reducing its performance.  It 

is crucial that all of these specifications be user-friendly and simple to instruct. 
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5  UGANDAN FIELD RESEARCH 

During the summer of 2015, a qualitative study in Eastern Uganda was conducted regarding drinking 

water treatment and usage in the region.  The ultimate goal was to understand the water treatment needs, 

particularly of those residing in rural communities.  This understanding was then developed into a 

business model for the construction, distribution, and maintenance of BioSand Filters in the Mt. Elgon 

region.  Interviews with local families, government organizations, engineers, NGO employees, and more 

contributed to the observations provided in Chapter 5. 

 Studies in Uganda 5.1 

Section 5.1 provides data collected and trends witnessed in Eastern Uganda regarding water treatment 

technologies.  Qualitative accounts in the towns of Kapchorwa, Bududa, and Mbale are studied.  

5.1.1  The case of Kapchorwa 

Kapchorwa is a small village in the Mount Elgon region just 65 kilometers Northeast of Mbale.  The 

mountainous landscape is picturesque; boasting fertile soil and abundant water resources, perfect for 

coffee and produce farming.  Through funds provided by two Danish organizations, the village was in the 

process of receiving an advanced water purification system while I was visiting.  I met with the engineer, 

Felix Enyimu, of WaterTech Services Ltd. to learn more about the project.   

The funding was provided by Grundfos, a Danish pump manufacturer, and Seniors without Borders, a 

Danish humanitarian organization. These organizations hired WaterTech Services, a Ugandan engineering 

company in Kampala, to install and implement the system. The system retrieves fresh water from a spring 

and travels through the following stages: 

1. The spring is sanitized with chlorine and water travels through various sizes of rocks and gravel, 

to eliminate large substances, before flowing through a pipe. 

2. The water is gravity fed to the water treatment facility approximately 30 meters away. 

3. The water enters a sand filter manufactured by Dayliff Davis & Shirtliff. 

4. Water is pumped into a large tank (approximately 2000 L) where it is stored. 

5. The water is pumped from the tank and travels through a chlorine dispenser and a UV filter for 

further cleaning.  

6. Finally, the water is pumped to the four tap stands dispersed throughout the village. 

Solar panels on the roof of the facility generate the power required by the pumps.  The panels produce 

roughly 1.1 kilowatts and are designed to account for very cloudy days. 

While the system was being implemented, Enyimu trained a community member to be the facility 

manager.  WaterTech policies require at least one villager to participate in a 2-week training with the 

engineer to assure understanding of the required maintenance and protocols for problem solving.  

However, the only villager trained was an elderly man.  While this man has gained a lot of community 

respect over the years, he does not represent the types of people collecting and dealing with water on a 

daily basis, i.e. women and children. In addition, this leaves a considerable amount of trust and power 

placed into hands of one person. 

It is important to evaluate the situation in Kapchorwa and access the appropriateness of this implemented 

technology. Table 14 presents the advantages and disadvantages of such a water treatment technology. 
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Table 14: Advantages and disadvantages of advanced water treatment technology in Kapchorwa 

System Advantages System Disadvantages 

Provides clean, healthy water to the community that 

meets WHO standards. 

Very expensive system, required considerable outside 

funding. 

WaterTech trained a community member to become 

the facility’s manager. 

No community education or empowerment. The 

community members were minimally involved in the 

design and implementation of the project. 

The usage of solar as a sustainable form of energy. 

No community education on water contamination, 

particularly for children who regularly collect household 

water. 

Long-lasting technology Gender discrepancy (only trained villager was a man). 

Provides portal for engineering education within the 

community. 
Outsourced materials and labor. 

 

Advanced water treatment technology such as the system implemented in Kapchorwa, raise many 

questions during the development process.  While such an intervention ensures safe drinking water, it 

does not account for community educational needs.  Although the system produces potable water, there 

are multitudes of ways water can become contaminated during collection, transportation, and/or 

household storage.  Once the water is contaminated, the entire treatment process has gone to waste.  This 

is especially important in communities where children are responsible for a vast amount of the water 

collection. If an expensive water treatment project is to be implemented in a community, it is essential 

that funds are allocated for education regarding safe collection, distribution, and storage of clean water. 

5.1.2  The case of Bududa 

Bududa is a small town in the hills of Eastern Uganda.  There, eight members of the Shikhusi savings 

group, a 40- person community savings group, were interviewed regarding the collection, consumption, 

and resulting health effects of their drinking water.  While the area is filled with sufficient water sources, 

many community members find themselves unable to afford any type of water treatment.  The families 

attested to witnessing regular cases of Typhoid, various fevers, and diarrheal diseases in the community.  

The group shared that a few years back an organization reached the community and donated AquaSafe 

water purification tablets.  One tablet purifies a jerry can of water (20 L) and costs 200 UGX, roughly 

equivalent to 10 cents.  The donated tablets were distributed among community members but turned out 

to be short-lived.  Because the community is very poor, people were unable to purchase new tablets once 

the ones donated had been used. Since then, the organization has never returned and a majority of the 

Bududa community continues to consume water without proper treatment.  

This is an example of unsustainable development practice.  Sustainable development is the emphasizing 

of long-term needs of communities while tackling socioeconomic issues due to poverty and inequality 

[60].  In the case of Bududa, the water tablets were distributed without attention of the future needs of the 

people.  If any intervention is to be implemented and funded by external groups, consideration in the 

community’s long-term water quality needs is crucial.  

5.1.3  The Ugandan National Water and Sewage Corporation of Mbale 

Mbale is the largest city in Eastern Uganda, located at the foothills of Mount Elgon.  Much of the central 

city has access to running water provide by the National Water and Sewage Corporation.  Although there 
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are two water treatment facilities supporting the city, residents are still highly encouraged to boil their 

water before drinking.  This is due to the poor infrastructure of the pipes running from the treatment plant 

to the taps in the city.  Even though it is widely known that the pipes are insufficient at protecting the 

water, the treatment plants continue to spend time, money, and resources purifying the water.  The water 

passes through slow sand filters and is chlorinated; leaving the facility meeting high-quality standards.  

Although fixing the water pipes would be costly, the benefits for the town could be immense.  Described 

in further detail in Section 2.3.1, boiling adds a range of negative health effects to a household, mainly 

through increased smoke and fire hazard.  Additionally, the time, money, and resources being used by the 

Ugandan National Water and Sewage Corporation would actually be put to good use.   

5.1.4  The Ugandan Ministry of Water and Environment in Mbale 

A portion of the work done by the Ugandan Ministry of Water and Environment is designing and 

implementing water facilities in small villages that do not have piped water.  Communities must apply 

and qualify for the service. The following steps are taken: 

1. Application.  A community must meet specific requirements; e.g. have proper sanitation facilities, 

have incentive to maintain new infrastructure, pose a great need for piped water, etc. 

2. Approval.  The Ministry ranks and prioritizes the applications based on need. 

3. Mobilization. The Ministry surveys the community regarding a variety of parameters; e.g. 

community willingness to be involved, environmental survey of water sources, etc.  

4. Construction. While the water distribution system is being implemented, the community is 

required to supervise and monitor so that they understand the system and feel ownership.  During 

this time, select individuals are named as “private operators” and are tasked with management 

and maintenance once the construction is complete. 

5. Maintenance. For one year the Ministry is responsible for any problems or defects in the 

distribution system.  Once a year has passed, the community is responsible for outsourcing any 

assistance.  The Ministry provides references for external help. 

The Ministry of Water and Environment also operates a sanitation unit.  Their purpose is to improve 

latrine and toilet infrastructure and access. While it is relatively easy to implement safe sanitation 

facilities, the ministry is often challenged with community acceptance as many villagers are not 

accustomed to latrines and/or toilets.  To combat this, the ministry focuses on education plans in local 

schools. 

This government organization utilizes sustainable development practices to provide water and sanitation 

facilities to communities in rural Uganda.  Their methods allow for community education, involvement, 

and investment, focusing on creating a maintainable and lasting water treatment and distribution system 

for the community.  

5.1.5  Families and local businesses 

The goal of interviews with families and local businesses was to understand the current situation and 

general view regarding water and hygiene in Eastern Uganda.  The interviews with families and local 

business owners were largely unstructured to allow for freedom in dialog and encourage genuine 

responses.  While there was no particular systematic method to interviews, there were significant trends 

among participants.  Interview groups ranged from single participants to groups of 20 people.  Interviews 

took place in six distinct communities: Mbale, Kapchorwa, Bududa, Bufumbo, Dokolo, and Abarilela. 

Each of the six communities understood the direct relationship between clean water and good health and 

acknowledged the importance of treating and storing drinking water properly.  Five of the six 

communities claimed that those who treat their water utilize a boiling and/or chlorination method, while 
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the sixth community, Abarilela, shared that no one treats their water because Ugandan authorities declared 

their boreholes to be safe for consumption.   Additionally, each community claimed that financial status 

restricted particular households from treating their water.  All communities experience various levels of 

typhoid or other fevers occasionally.   

Time spent boiling water ranged from 20 minutes a day to 3 hours a day, depending on household size or 

business needs.  Firewood was largely collected by the participants with some community members 

purchasing bundles from local vendors. 

Chlorination was implemented via tablets in 20-L jerry cans in all communities, excluding Abarilela.  

Every interviewee who chlorinated their water mentioned the foul taste associated with the chemical and 

the high cost for tablets. 

Overall, a vast majority of households within the observed communities worked hard to maintain good 

hygiene and water treatment practices but dealt with a variety of sickness and health issues.  In many 

situations, lack of infrastructure seemed to be a large reason for contamination and spread of bacteria.  

Lack of infrastructure in villages and homes leads to an increase of feces, animal contaminants, and dirt 

contaminating water and food containers.   

 Development of a business model for the BioSand Filter 5.2 

Based on information collected, a business model for the construction, distribution, and maintenance of 

the BioSand Filter in Bududa and Bufumbu was developed.  The model is being implemented by Maple 

Microdevelopment, a microfinance organization based in Eugene, Oregon.  Directed by Dr. Ron 

Severson, Maple Microdevelopment works in rural villages in Eastern Uganda.  The goal of the project 

was to create an income-generating model of producing and selling water treatment technologies to locals 

at a price that is affordable yet profitable.  

The communities Bududa and Bufumbu were chosen based on their acknowledgement of the importance 

of clean water, good water supplies, and lack of sustainable treatment practices.  Additionally, Maple 

Microdevelopment regularly visits these communities to work with local savings groups, allowing for 

easy project monitoring.  

A local organization, the Ugandan Women’s Joint Association, currently works to train individuals and 

communities on building and maintaining BioSand Filters.  Using local resources, this organization will 

be hired to train community members from Bududa and Burfumbu.  The organization owns two steel 

molds, required for filter fabrication, which will be lent to Maple Microdevelopment during the project.   

Teams of 3-4 community members would collectively be in charge of building, marketing, selling, and 

educating the community about the filters.  The cost of producing a filter is roughly 130,000 shs ($40.00) 

not including labor.  The filters could be sold for 180,000-200,000 shs, depending on the actual cost of 

materials and their transportation to the community, allowing for the team to earn an income.   

Because a BioSand Filter can be shared by up to 50 people, households could combine their funds to 

purchase a filter.  Even with this communal pool of money, the price per household would be far above 

any manageable payment.  Here, Maple Microdevelopment will offer assistance either with subsidizing 

the cost or assisting with education regarding loans and savings groups within the community.    

In the end, each community will have a group of BioSand Filter experts to help with any troubleshooting 

and maintenance requirements.   

 Discussion  5.3 

There are many organizations working hard to provide clean drinking water to rural and impoverished 

communities in Uganda.  As presented in Chapter 5, there are many limitations during development 
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projects related to water treatment.  In the case of Kapchorwa and Bududa, the project designers did not 

consider education plans, project autonomy, or longevity.  Lack of considerations of this kind have the 

potential to waste money and resources and can even negatively impact a community.  Additionally, 

education initiatives, state programs, and entrepreneurial projects are among many ways to spread water 

values and technologies.  It is imperative that changes in community habits, such as this, come from the 

community as much as possible.  Local resources, materials, and people should be utilized to ensure 

project longevity.   
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6  CONCLUSIONS AND RECOMMENDATIONS 

Chapter 6 presents conclusions and recommendations for the cleaning method of a BioSand Filter, a 

business model for the distribution of the BioSand Filter, and general implementation of water treatment 

technologies around the world. 

 Cleaning Method of a BioSand Filter 6.1 

Based on the evidence presented in Chapter 4, the backflow method is not recommended.  Higher 

flowrates and effluent turbidity levels support this conclusion.  Further testing regarding the placement of 

the holes on the underdrain assembly and the head obtained by the bucket assembly could potentially 

validate the process.  

 BioSand Filter Sustainable Business Model 6.2 

The BioSand Filter is used worldwide to treat household drinking water.  Constructed from local 

materials and resources, this technology is maintainable by local communities and is shown to be a 

sustainable water treatment solution.  This filter is recommended for stationary households with nearby 

water sources (since the filter is so large and heavy).   

The BioSand Filter lends itself well for entrepreneurs to generate income because households typically 

recognize the importance of clean water and resources and materials are available locally.  However, a 

limitation of a sustainable business model for the BSF is the high startup and material/product 

transportation costs.  Microfinanced loans or grants are recommended for this initial cost.   

 Water Treatment Technologies around the World 6.3 

Section 2.2 provides brief characterization of water related issues in Nicaragua, Uganda, and Bangladesh.  

A commonality between the situations in each country is the discrepancy between water treatment and 

distribution systems in urban and rural communities, particularly between wealthy and poor populations.  

In each country, there were vast differences between percentages of those with access to an improved 

drinking water source and those without in rural and urban areas.  This discrepancy is largely due to a 

lack of infrastructure, predominately in rural communities, increasing their vulnerability to environmental 

changes and natural disasters.  Focus on these rural populations is necessary to improve the overall health 

and prosperity within a country.  Water treatment technologies need to be implemented in areas currently 

lacking reliable facilities.   

In Nicaragua, various rural communities lack the infrastructure necessary to treat and distribute clean 

drinking water.  With imminent changes in the local environment, particularly with the construction of a 

173 mile long canal, communities will have to resort to alternative freshwater resources.  In Uganda, a 

lack rural infrastructure and a lack of trust in urban infrastructure leave locals to resort to water treatment 

methods such as boiling or chlorinating.  Boiling, in particular, proves to be costly for poorer families, 

increase safety hazards in the home, and causes degradation of the local environment. In Bangladesh, lack 

of wastewater treatment and proper sanitation increases communities’ reliance on groundwater sources, 

resulting in heavy metal and arsenic exposure.  Where groundwater is consumed, filtration with ability to 

prevent arsenic and heavy metal contamination is required.  Where surface water is consumed, increased 

regulation of wastewater treatment by industrial plants and sanitation infrastructure is necessary in 

ensuring safe and reliable drinking water for Bangladeshis.   

Section 2.3 provides brief descriptions of a handful of water treatment technologies intended for 

developing communities.  A common attribute of successful technologies is the use of local materials, 

resources, and labor.  This increases the sustainability of a project by encouraging community 
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maintenance due to local involvement and access to required materials.  Of the technologies presented in 

Section 2.3, the BioSand Filter and the CTI Water Chlorinator prove to be the most effective in 

communities lacking proper water treatment infrastructure.  This is due to their ability to effectively clean 

large quantities of water at fast rates, use of local materials, and proven success in the field.  Although 

boiling water is a locally available resource, it has high environmental effects due to the required 

deforestation and smoke emitted during the process.  Other technologies, such as the LifeStraw and 

SolarBag, appear more suitable for a disaster relief or a rapid aid program.  In a disaster relief program, 

quick access to clean water is of immediate need.  Outsourced products work well as they can be shipped 

quickly and used reliably for a fixed period of time.  Unfortunately, these products are not suitable for a 

developing community as they require maintenance from outside sources and only disinfect limited 

amounts of water. 
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Appendix A: Waterborne Pathogens of Concern 

Provided by [12], the following table categorizes various waterborne micro-organisms of concern in 

developing regions and displays their resulting disease and contamination source. 

 

 

Category Name of micro-organisms Major diseases Sources and reservoirs 

Bacteria Salmonella typhi Typhoid fever Human feces 

Salmonella paratyphi Paratyphoid fever Human feces 

Other Salmonella Salmonellosis Human and animal feces 

Shigella spp. Bacillary dysentery Human feces 

Vibrio cholera Cholera Human feces and 

zooplankton 

Enteropathogenic E. coli Gastroenteritis Human feces 

Yersinia enterocolitica Gastroenteritis Human and animal feces 

Campylobacter jejuni Gastroenteritis Human and animal feces 

Legionella pneumophila  Acute respiratory illness 

(legionellosis) 

Thermally enriched water 

Leptospira spp. Leptospirosis Animal and human urine 

Various mycobacteria Pulmonary illness Soil and water 

Opportunistic bacteria Variable Natural waters 

Enteroviruses Polio viruses Poliomyelities Human feces 

Coxsackie viruses A Aseptic meningitis Human feces 

Coxsackie viruses B Aseptic meningitis Human feces 

Echo viruses Aseptic meningitis Human feces 

Other enteroviruses Encephalities Human feces 

Rotaviruses Gastroenteritis Human feces 

Adenoviruses Upper respiratory and 

gastrointestinal illness 

Human feces 

Hepatitis A virus Infectious hepatitis Human feces 

Hepatitis E virus Infectious hepatitis; 

miscarriage and death 

Human feces 

Norovirus Gastroenteritis Fomites and water 

Protozoa Acanthamocba castellani Amoebic 

meningoencephalitis 

Human feces 

Balantidium coli Balantidosis (dysentery) Human and animal feces 

Cryptosporidium homonis, 

C. parvum 

Cryptosporidiosis 

(gastroenteritis) 

Water; human and other 

mammal feces 

Entamoeba histolytica Amoebic dysentery Human and animal feces 

Giardia lamblia Giardiasis 

(gastroenteritis) 

Water and animal feces 

Naegleria fowleri Primary amoebic 

meningoencephalitis 

Warm water 

Helminths Ascaris lumbricoides ascariosis Animal and human feces 
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Appendix B: Concentrations of Arsenic in Groundwater of Arsenic-

affected Countries 

Provided by [13], the following table presents the locations of arsenic around the world and provides the 

concentration at each source. 

 

 

Location Arsenic source Concentration (μg/l) 

Hungary Deep groundwater 68 (1–174) 

South-west Finland Well waters; natural origin 17–980 (range) 

New Jersey, USA Well waters 1 (median) 

    1160 (maximum) 

Western USA Geochemical environments 48,000 (maximum) 

South-west USA Alluvial aquifers 16–62 (range) 

Southern Iowa and western 

Missouri,  USA 

Natural origin 34–490 (range) 

Northeastern Ohio, USA Natural origin <1–100 (range) 

Lagunera region, northern 

Mexico 

Well waters 8–624 (range) 

Cordoba, Argentina   >100 

Chile   470–770 (range) 

Pampa, Cordoba, Argentina 2–15 m, 61°45′–63° W; 32°20′–35°00′S 100–3810 (range) 

Kuitun-Usum, Xinjiang, PR 

China 

Well waters 0.05–850 (range) 

Shanxi, PR China Well waters 0.03–1.41 (range) 

Hsinchu, Taiwan Well waters <0.7 

West Bengal, India Arsenic-rich sediment 0.003–3700 (range) 

Calcutta, India Near pesticide production plant <50–23,080 (range) 

Bangladesh Well waters <10–>1000 (range) 

Nakhon Si Thammarat 

Province, Thailand 

Shallow (alluvial) groundwater; mining 

activity 

503.5 (1.25–5114) 

  Deep groundwater; mining activity 95.2 (1.25–1032) 

Fukuoka, Japan Natural origin 0.001–0.293 (range) 

Hanoi,Vietnam Arsenic-rich sediment 159 (1–3050) 
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Appendix C: Instructions for Preparing Filtration Media in a 

BioSand Filter 

The following is from CAWST BioSand Filter Manual, [61].  The tools, materials, and steps required for 

the preparation of filtration media in a BioSand Filter are listed below. 

 

 

Tools:  

 12 mm (½") sieve  

 6 mm (¼”) sieve  

 1 mm (0.04”) sieve  

 0.7 mm (0.03”) sieve  

 Shovels  

 Wheelbarrow (if available) 

  

Materials: 

 Covers (e.g. tarps or plastic sheets), roof or building to keep the sand from getting wet and 

contaminated  

 Face mask (optional)  

 Gloves (optional) 

 

Steps: 

 

1. The sand must be passed through the 12 mm (½”) sieve, the 6 mm (¼“) sieve, the 1 mm (0.04”) 

sieve, and the 0.7 mm (0.03”) sieve, in that order.  

2. Discard the material that does not pass through the 12 mm (½”) sieve.  

3. Store the material that is captured by the 6 mm (¼”) sieve – this is used for your drainage gravel 

layer.  

4. Store the material that is captured by the 1 mm (0.04”) sieve – this is used for your separating 

gravel layer.  

4. Store the material that is captured by the 0.7 mm (0.03”) sieve – A portion of this material is used 

to make the concrete filter box while the other portion is sieved further to make the filtration 

sand.  

5. The material that passes through the 0.7 mm (0.03”) sieve is the filtration sand that goes into your 

filter. If constructing concrete filters, this sand should NOT be mixed with cement because it is 

too fine and will not produce good quality concrete. 
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Appendix D: Testing Results for Original BSF with No Biofilm 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

Flowrate of Effluent Water from the Original BSF with No Biofilm 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 
5.5 35 36 35 35.3 0.58 50.9 

5 38 38.5 37 37.8 0.76 47.6 

4.5 41 40.5 40.5 40.7 0.29 44.3 

*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from the Original BSF with No Biofilm: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 107 99 104 109 104.8 4.35 

Influent bucket 2 97 111 102 97 101.8 6.60 

Effluent water 1 2 2 2 2 2.0 0 

Effluent water 2 3 2 2 2 2.3 0.5 

 

 

Turbidity of Effluent Water from the Original BSF with No Biofilm: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 93 92 93 95 93.3 1.26 

Influent bucket 2 96 90 91 95 93.0 2.94 

Effluent water 1 2 2 2 2 2.0 0 

Effluent water 2 2 2 2 2 2.0 0 
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Appendix E: Testing Results for Original BSF with Artificial Biofilm 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

 

Flowrate of Effluent Water from the Original BSF with Artificial Biofilm 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 5.5 48 48 48 48.0 0 37.5 

5 50 51.5 52 51.2 1.04 35.2 

4.5 55 56 55.5 55.5 0.50 32.4 

*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from the Original BSF with Artificial Biofilm: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 88 100 103 104 98.8 7.37 

Influent bucket 2 92 102 92 99 96.3 5.06 

Effluent water 1 8 7 8 7 7.5 0.58 

Effluent water 2 3 3 3 3 3.0 0 
 

 

Turbidity of Effluent Water from the Original BSF with Artificial Biofilm: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 103 100 90 99 98.0 5.6 

Influent bucket 2 94 104 91 96 96.3 5.56 

Effluent water 1 7 6 6 6 6.3 0.5 

Effluent water 2 3 3 3 3 3.0 0 
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Appendix F: Testing Results for Original BSF after Cleaning via the 

Scraping Method 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

 

Flowrate of Effluent Water from the Original BSF after Cleaning via the Scraping Method 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 5.5 48 49 49 48.7 0.58 37.0 

5 53 53 53 53.0 0 34.0 

4.5 57 57 57.5 57.2 0.29 31.5 
*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from the Original BSF after Cleaning via the Scraping Method: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 96 93 87 111 96.8 10.21 

Influent bucket 2 101 97 99 98 98.8 1.71 

Effluent water 1 3 3 3 3 3 0 

Effluent water 2 3 3 3 3 3 0 
 

 

Turbidity of Effluent Water from the Original BSF after Cleaning via the Scraping Method: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 98 105 97 110 102.5 6.14 

Influent bucket 2 103 109 106 113 107.8 4.27 

Effluent water 1 3 3 3 3 3 0 

Effluent water 2 3 2 3 2 2.5 0.58 
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Appendix G: Testing Results for the Novel BSF with No Biofilm 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

Flowrate of Effluent Water from the Novel BSF with No Biofilm 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 
5.5 44.5 44.5 45 44.7 0.29 40.3 

5 46.5 47 47.5 47.0 0.5 38.3 

4.5 52 50.5 52 51.5 0.87 35.0 
*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from the Novel BSF with No Biofilm: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 96 99 96 97 97.0 1.41 

Influent bucket 2 104 92 92 90 94.5 6.40 

Effluent water 1 2 2 2 2 2 0 

Effluent water 2 2 2 2 2 2 0 
 

 

Turbidity of Effluent Water from the Novel BSF with No Biofilm: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 109 101 104 102 104.0 3.56 

Influent bucket 2 110 103 100 102 103.8 4.35 

Effluent water 1 2 2 2 2 2.0 0 

Effluent water 2 2 2 2 2 2.0 0 
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Appendix H: Testing Results for Novel BSF with Artificial Biofilm 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

Flowrate of Effluent Water from Novel BSF with Artificial Biofilm 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 
5.5 57 57 58 57.3 0.58 31.4 

5 63.5 64 62 63.2 1.04 28.5 

4.5 67 67 68 67.3 0.58 26.7 
*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from Novel BSF with Artificial Biofilm: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 98 98 93 93 95.5 2.89 

Influent bucket 2 107 107 95 98 101.8 6.18 

Effluent water 1 5 5 5 5 5 0 

Effluent water 2 5 5 4 4 4.5 0.58 
 

 

Turbidity of Effluent Water from Novel BSF with Artificial Biofilm: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 110 95 107 98 102.5 7.14 

Influent bucket 2 109 97 96 111 103.3 7.85 

Effluent water 1 5 5 5 5 5 0 

Effluent water 2 4 4 5 4 4.3 0.50 
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Appendix I: Testing Results for Novel BSF after Cleaning via 

Backwashing Method 

 

The following table displays all the collected flowrate data.  The measurements are in seconds to fill 0.5 

L.  The data averages and standard deviations (stdev) are shown.  The resulting flowrates are conversions 

to L/hr. 

Flowrate of Effluent Water from Novel BSF after Cleaning via Backwashing Method 

Measurement 

mark* Time to fill 0.5 L (sec) 

Flowrate 

(L/hr) 

 Measurement 1 Measurement 2 Measurement 3 Average Stdev 

 5.5 24 24 24 24.0 0 75.0 

5 26 26.5 26.5 26.3 0.29 68.4 

4.5 30.5 30 29 29.8 0.76 60.3 
*Measurement mark located 4.5, 5, & 5.5 inches above the inner lip of the filter (Section 4.1.5.1). 

 

The following tables display the two trials for the effluent turbidity data for the original BSF with no 

biofilm.  The influent bucket measurements indicate the turbidity of the water before flowing through the 

filter.  The turbidity of the effluent water was measured at the 5 inch mark and the 1 inch mark above the 

inner lip of the filter. For a single sample four measurements of turbidity were conducted using a 

turbidimeter.  The average and standard deviations are shown for the collected data.  

 

Turbidity of Effluent Water from Novel BSF after Cleaning via Backwashing Method: Trial #1 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 103 94 100 104 100.3 4.50 

Influent bucket 2 96 101 93 98 97.0 3.37 

Effluent water 1 5 5 5 5 5 0 

Effluent water 2 3 3 3 3 3 0 
 

 

Turbidity of Effluent Water from Novel BSF after Cleaning via Backwashing Method: Trial #2 

Source Turbidity (NTU)  

 
Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average Stdev 

Influent bucket 1 97 106 99 99 100.3 3.95 

Influent bucket 2 96 96 93 96 95.3 1.50 

Effluent water 1 7 6 7 6 6.5 0.58 

Effluent water 2 2 2 2 2 2 0 

 


