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The global water crisis is defined as one of the major threats facing humankind over the next decade with
over 1 in 10 people lacking access to clean drinking water worldwide. An estimated 1.2 million people
pasteurize their drinking water by using boiling as an indicator. Pasteurization is the process of heating
liquids or materials to sufficiently high temperatures for a specific amount of time to kill pathogens.
Traditionally, boiling occurs over inefficient biomass fires requiring extensive natural resources and posing
a health risk to both humans and the environment. A biomass-powered high-efficiency water pasteurizer
was designed by InStove, an improved cookstove manufacturing firm, in an effort to improve the traditional
pasteurization process. This study highlights the importance of a mixed-method research approach to
technology evaluation intended for global development. We analyze the performance of this product,
including experimental and computational modeling to determine microorganism reduction as a function
of time and temperature, and present a field study from Eastern Uganda. A diffusion of innovations
framework is used to gain insight into potential benefits and barriers of adopting the new technology within
this specific context. Potential benefits to adoption include decreased overall time and labor to purify water,
decrease in biomass resources, increase in overall water output, and low learning curve for the product
operator. Potential barriers to user acceptance include the trust required by users, lack of water temperature
control, and change in fuel wood preparation and time allocation compared to boiling water.
Furthermore, recontamination of drinking water after collection and before point-of-use is common for
households who intermediately collect their water outside of the home. Regular cleaning of drinking water
storage containers is recommended to reduce recontamination, however, limited data is available on the
effectiveness of different container cleaning methods in reducing enteric bacterial indicators. This work
evaluates the efficacy of container cleaning processes in terms of logarithmic reduction of E. coli. A water

rinse, Oxfam-recommended soap and water rinse, Oxfam-recommended bleach rinse, and two CDCrecommended procedures, which each includes a soapy water rinse and chlorination, were evaluated in a
controlled laboratory setting. Results show significant reduction of E. coli colonies for all tested methods
with the exception of the water rinse procedure. We propose that, in addition to focusing on water treatment
solutions, practitioners evaluate local container cleaning habits and promote cleaner and safer behaviors of
water collection, storage, and container maintenance to individuals vulnerable to recontamination of their
drinking water.
Ultimately, this work highlights importance for holistic cross-disciplinary design and evaluation of water
treatment solutions. Further research in pasteurization of water from heat of combusted biomass is needed
as this type of water treatment is a feasible yet greatly understudied process. Additional research should be
done to quantify kill rates and D values of pathogens, such as viruses and protozoa, so that engineers have
accurate specifications when designing more efficient pasteurization technologies. Because many people
boil their drinking water, improving this process has vast potential to improve both human and
environmental health. In addition, the use of ethnographic method and social science theory should be
applied to the design and evaluation of all technologies intended for social impact.
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DEDICATION
This thesis is dedicated to the wonderful individuals I had the pleasure working with in Uganda.

1 INTRODUCTION
This work evaluates the efficacy and appropriateness of biomass-powered pasteurization of drinking water
and recommends pasteurization as a feasible, yet understudied water treatment method. Chapter 1 provides
an introduction to the subject matter of this thesis, including themes and motivation, discussion of the
combination of anthropology and engineering fields, and approach to the design of the field study, including
the positionality of research participants.

Introduction to the Subject Matter
The global water crisis is defined as one of the major threats facing humankind over the next decade with
over 1 in 10 people lacking access to clean drinking water worldwide (UNESCO 2015; World Economic
Forum 2015). The World Health Organization (WHO) projects that of the 2.1 billion people who lack access
to water managed and regulated by their state or local association, 263 million spend over 30 minutes per
trip outside of the home collecting water (UNICEF and WHO 2017). With the pressures of climate change
and population growth and displacement, the need for large-scale water access and purification is critical
and growing. Water contaminated with pathogens, primarily from fecal matter, is the leading cause of
diarrheal diseases and is responsible for up to 1.5 million deaths annually, especially among children (PrüssÜstün et al. 2008). Currently, the most commonly-used household method of water treatment is
pasteurization via boiling water over traditional three-stone biomass fires (Clasen et al. 2008). While
significant reduction of microorganisms are observed when heating water to 71 °C for 15-20 seconds
(MacCarty et al. 2017), hundreds of millions of people around the world disinfect their drinking water by
raising it to boiling (100 °C). Although boiling water is simple and feasible, traditional practices are time
consuming and produce significant amounts of emissions that are harmful to personal health and both the
local and global climate (Okpara, Oparaku, and Ibeto 2011).
To address the need of a renewable and reliable water treatment solution, Institutional Stove Solutions
(InStove), a stove manufacturer in Cottage Grove, Oregon, designed the InStove Water Purifier – a selfregulating biomass-powered system designed to heat water to the pasteurization temperature then cool it
down to a safe handling temperature. This flow-through system can purify upwards of 480 liters of water
per hour using a combination of a heat exchanger, heating coil, thermostatic valve, and volume kill chamber
immersed in a 60-L pot of near-boiling water, heated externally by a biomass rocket-type cookstove or
other heat source. The InStove Water Purifier can serve up to 600 people per day and is designed for large
off-the-grid institutions such as schools, hospitals, and refugee camps in areas with access to solid biomass
resources, such as firewood and agricultural waste.
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Worldwide, 1.2 billion people lack access to electricity and 2.6 billion people rely on the traditional use of
biomass for their daily energy needs such as cooking, heating, and water treatment (Negro, Alkemade, and
Hekkert 2012). Since 2000, the United Nations (UN) has promoted the Sustainable Development Goals
(SDGs) and the antecedent Millennium Development Goals (MDGs) which include strategies to reduce the
number of people who do not have safe access to clean water and energy resources (UN-DESA 2017).
However, water treatment and energy projects to address the MDGs and SDGs has raised significant
concerns regarding sustainability. Hundreds of millions of dollars have been spent on projects that do not
meet end user’s needs and are then left abandoned (Mac Mahon and Gill 2018; Whittington and Nauges
2009). Explanations for low-adoption and dissemination rates of water treatment and renewable energy
technologies include inadequate understanding user needs and barriers to technology adoption (Durix,
Carlsson Rex, and Mendizabal 2016; Negro, Alkemade, and Hekkert 2012), lack of required information
transfer to the users (Kemp and Volpi 2008), deficient supply chain (Sobsey et al. 2008), and insufficient
relationships with local partners (Eder, Mutsaerts, and Sriwannawit 2015; Mac Mahon and Gill 2018),
among others.
In addition to concerns raised by ineffective adoption of water treatment technologies, recontamination of
drinking water between the time of collection from a source and its point-of-use increases the risk of
infectious disease transmission among households who intermittently collect their water in storage
containers (Levy et al. 2008; Mintz et al. 2001; Stocker and Mosler 2015). In a review by Wright et al
(2004) of 57 field-based studies comparing bacteria counts for source water and stored water in the home,
approximately half identified significant contamination after water collection(Wright, Gundry, and Conroy
2004). To mitigate recontamination, households must use and maintain one or two “suitable” water storage
containers to store water (Reiff et al. 1996). Recommended by the U.S Centers for Disease Control and
Prevention (CDC), a “suitable” container has a volume between 10-30 L, appropriate shape that is easy to
carry and store, fitted handle, stable base, durable material (such as high-density polyethylene), an inlet
large enough to fill but small enough to not fit hands, a screw-on lid preferably fastened to the container
(with a diameter between 5 – 7 cm), and a durable spigot that can discharge 1 liter of water every 15 seconds
(CDC 2001).
To reduce the recontamination of drinking water in household containers, it is essential that containers are
regularly cleaned between uses. Organizations such as the CDC and Oxfam International have published
recommendations for cleaning procedures. Oxfam has recommendations using soap, water, and bleach
rinses (Oxfam 2012) while the CDC has published two procedures for container cleaning: 1) CDC protocol
for Cleaning and Preparing Personal Water Storage Containers (CDC 2016) and 2) CDC protocol for
Cleaning and Sanitizing Containers after an Emergency (CDC 2017). However, no studies have evaluated
2

and compared the efficacy and contextual suitability of the Oxfam or CDC protocols with other common
practices, such as a simple water rinse or no cleaning at all.
The work presented in this thesis aims to evaluate the expected efficacy and potential impact of one
biomass-powered water treatment technology, the InStove Water Purifier, using an integrated mixedmethod research approach in a laboratory and field setting, including an analysis to determine appropriate
methods of water collection and safe water storage maintenance. The subsequent sections of this
introduction present the motivation for the cross-disciplinary approach, which resulted in my pursuit of a
Dual Master of Science in Mechanical Engineering and Applied Anthropology, and discussion of the design
of the field study that took place in Mbale, Uganda during the summer of 2017, including the positionality
of myself and other researchers involved.
The first manuscript, presented in Chapter 2, is titled: “Design and Testing of a Biomass-Powered HighEfficiency Water Pasteurization System,” and was prepared for submission to peer-reviewed journal
publication. This paper introduces the motivation for biomass-powered water pasteurization, pasteurization
theory, and evaluation of one specific technology, the InStove Water Purifier. I present methods and results
of three experimental phases: (1) characterization of heat exchanger effectiveness and overall pressure drop
across the system while varying the supplied head pressure, (2) evaluation of fuel use requirements and
assessment of E. coli reduction, and (3) characterization of the relationship between supplied head pressure
and flow rate. A computer simulated model, developed by my co-author Daniel Caplan, was created to
determine the effects of inlet pressure, flow rate, temperature, and stockpot temperature on the kill time,
required heat input, and output temperature. The paper concludes with discussion of the product’s efficacy,
recommendations for design changes, and applicability in the “real world”.
The second manuscript, presented in Chapter 3, is titled: “A Mixed-Method Ethnographic Approach to the
Evaluation of a Novel Water Treatment Technology in Eastern Uganda,” and was prepared for submission
to peer-reviewed journal publication. This paper describes a field study of the InStove Water Purifier that
took place in Mbale, Uganda during the summer of 2017 and highlights the importance of a mixed-method
research approach to evaluation of technology intended for global development. I used a diffusion of
innovations framework gain insight into potential barriers and benefits of adopting the new technology
within this specific context. Ethnographic methods include participant observation, focal follow, and time
allocation. Performance experiments include fuel efficiency tests, water bacteria measurements, and data
collection of temperature and flow rates. I synthesized results from all methods to determine potential
benefits and barriers of adopting this technology.
The third manuscript, presented in Chapter 4, is titled: “Evaluating Safe Water Storage Methods:
Recommendations for Household Container Cleaning Procedures,” and was prepared for submission to a
3

water microbiology conference. This paper describes the need for safe water storage units and their regular
cleaning to reduce the risk of recontamination of water collected intermittently by households. I
collaborated with my co-author Catherine Mays to evaluate the efficacy of container cleaning processes in
terms of logarithmic reduction of Escherichia coli. A water rinse, soapy water rinse, chlorination, and two
CDC-recommended procedures, which each include a soapy water rinse and chlorination, were evaluated
using the protocol presented in this paper. I conclude with a discussion of the efficacy and contextual
suitability of the various safe water storage cleaning methods.

Anthropology & Engineering: A Cross-disciplinary Approach
The importance of combining knowledge and experience from both anthropology and engineering design
continues to spread across multiple sectors and focuses on more comprehensive understanding, through
direct observation, of what people need and desire in their lives (Brown 2008). Anthropologists have long
relied on ethnographic methods to find meaning and patterns for how people use their time, make decisions,
and interact with the world around them (Bernard 2017). Meanwhile, engineers have historically focused
on creating fabricated solutions, with an emphasis on economic growth and advancement of society. The
persisting discourse among contemporary practitioners emphasizes socially transformative solutions that
reflect empathy and depth of understanding of end-users and their cultural contexts (Otto and Smith 2013).
In a similar vein, scholars are promoting the use of cross-disciplinary mixed-method approaches to
investigate the dissemination of technologies intended for international development (Chatti et al. 2017;
Stanistreet et al. 2015). Stern (2014) proposes an integrated, trans-disciplinary science of human-energy
interactions to better understand the complex relationships between people and technologies (Stern 2014).
In a similar vein, Jepson et al. (2017) proposes that researchers approach household water provision by
assessing how social and political factors establish benefits and barriers to water access, rather than simply
assessing the functionality of access to water itself (Jepson et al. 2017). The integration of social scientific
research, both theory and method, helps understand determinants of individual and societal behavior which
leads to more comprehensive analysis of technology adoption (Straub 2009). Because social research of
new technologies can be expensive, is less easily reproduced, and is less quantifiable, it is often ignored –
with the regrettable result that investment decisions are often made from only technical performance (Durix,
Carlsson Rex, and Mendizabal 2016).
During my time as a graduate student at Oregon State University, I designed my academic program bearing
in mind this growing emphasis on cross-disciplinary approaches to technology design and evaluation. By
enrolling in a Dual Master of Science program with a double major in Mechanical Engineering and Applied
Anthropology, I became academically obligated to consider both the technical performance and the
4

contextual appropriateness of a specific water treatment technology. From anthropology, I used theory, such
as the diffusion of innovation framework to assess potential barriers and benefits of adopting the technology,
and ethnographic methods, including participant observation and focal follow to collect data. From
engineering, I used experimental methods to evaluate the product’s performance while also using a
systematic approach by evaluating methods and maintenance of safe water storage containers. Although the
intersection of anthropology and engineering cannot address every aspect in the evaluation of the InStove
Water Purifier, it offers compelling advantages compared to a solely technical or social approach.

Approach to Field Study Design and the Positionality of Participants
For my Bachelor of Science, I majored in mechanical engineering and presented an undergraduate thesis
titled: “Water Treatment Technologies for the Developing World.” During that time, I completed a 10-week
internship with MAPLE Microdevelopment, a non-governmental organization focused on community
development in impoverished regions of the world. MAPLE Microdevelopment is has worked in Eastern
Uganda since 2009, where they form community-managed savings and loan groups, provide access to
financial services, and teach financial literacy, entrepreneurship, and business development. My internship
comprised of researching local methods of water purification in the Mbale District of Eastern Uganda, one
of the poorest regions in Uganda. Although this research resulted in the development of a water program
for MAPLE, the experience illuminated my lack of ethnographic skills and motivated me to pursue
interdisciplinary approaches in future projects.
My graduate research project included evaluating the InStove Water Purifier and was tasked with designing
and implementing a field study. Because of my previous connection with MAPLE Microdevelopment, I
organized a partnership between their organization, Oregon State University, and InStove to implement and
evaluate the product in the Mbale District of Eastern Uganda, the same region I had completed my
internship two years prior. The partnership with MAPLE and their entirely Ugandan-educated and dedicated
staff supplied the research team with the necessary resources to complete work such as accommodation,
transportation, translation, and local mentors and experts. Their staff directly involved in the
implementation of the product included Rogers Muduku, the Ugandan director of MAPLE, and Hyacinth
Walimbwa, a field staff member. Rogers connected me with Joshua Madoi, his long-time friend and
manager of a hostel. In the Mbale District, it is commonplace for families from small surrounding villages
to send their children to secondary school in Mbale or Kampala. Because many children need safe and
affordable accommodation, there are many privately-owned hostels that house students during the school
year. For a monthly fee, these hostels provide students with meals, drinking water, and other typical
accommodations. Diana’s Hostel, managed by Joshua, became the location for the implementation study
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of the InStove Purifier.
Two student researchers from Oregon State University were involved in the field study: Elizabeth (Ellie)
Andreyka and myself. Ellie had just finished her first year in the undergraduate program in mechanical
engineering at OSU. This project was the first time she had been to Uganda or participated in a field study
of any kind. Her work focused on supporting the various demands of the study as different research methods
often occurred simultaneously (such as focal follow and time allocation during temperature and water
sampling for bacteria).
Overall, the research team (Ellie, Rogers, Hyacinth, and myself) got along well with the employees at
Diana’s Hostel (Joshua, Nick, Isaac, and Maurene), as they were very welcoming and amiable. There was
a trusting and positive dynamic. To shed more light on the research setting, I have decided to incorporate a
brief ethnographic narrative from one of the mornings in Mbale, shown below. For one week, I would go
to the hostel to observe Nick, the cook, boil a large pot of water for drinking at 4 o’clock each morning.
During this time, I would take detailed focal follow and time allocation notes. Each time, one of the MAPLE
researchers (either Rogers or Hyacinth) would accompany me as a safety precaution and in case I needed
any help translating local colloquialisms (all informants spoke English but some conversational nuances
required further explanation for me). Ellie joined about half of the mornings to participate in the observation
and take supplemental notes. The following narrative is included in this introduction to illustrate the
dynamic between researchers and informants:
“It’s 4:05 in the morning and the sound of me knocking on the hostel’s metal gate echo in
the quiet neighborhood in Mbale, a city in Eastern Uganda. It’s pitch black and the light
above the gate illuminates a moth with (at least) an 8-inch wing-span and, while waiting
for the security guard to answer my knocks, I gasp loudly when I notice it. Hyacinth, a 32year-old MAPLE employee, laughs at my reaction and continues to complain about waking
up so early – just as he had been doing during our 10-minute walk from our house. I laugh
and joke, “It’s not my fault that Nick boils water at 4 in the morning – maybe you should
direct your complaints at him.” I could tell Hyacinth appreciated my sass and light-hearted
sarcasm, just as most of the Ugandans I worked with did. The hostel security guard, Isaac,
unlocked the gate and let us inside – it was clear my knocking had served as his alarm
clock that morning as he mumbled polite greetings to us. We walked to the back of the
hostel, where the kitchen was located. Nick, the cook, had already began preparations to
boil water for the high school girls…” – Narrative from my field notes (23 August 2017)
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2 FIRST MANUSCRIPT: Design and testing of a biomass-powered
high-efficiency water pasteurization system
Abstract – An estimated 1.2 million people pasteurize their drinking water by using boiling as an indicator.
Pasteurization is the process of heating liquids or materials to sufficiently high temperatures for a specific
amount of time to reduce pathogen loads to acceptable levels. Traditionally, boiling occurs over inefficient
biomass fires requiring extensive natural resources and posing a health risk to both humans and the
environment. A biomass-powered high-efficiency water pasteurizer was designed by InStove, an improved
cookstove manufacturing firm, in an effort to improve the traditional pasteurization process. This
technology is a self-regulating system with a combination of a heat exchanger, copper tubing, and
thermostatic valve fastened inside a 60 L pot designed to heat water to the temperature to reduce E. coli
concentrations by 6 log (70 °C for 15 seconds) then recuperate the heat while cooling the water back down
to a safe handling temperature. In this study, we analyze the performance of the system including
experimental and computational modeling to determine the effects of inlet pressure and temperature on
flow rate, energy requirement, and reduction of pathogens. Ultimately, this study highlights importance for
further research in pasteurization of water from heat of combusted biomass as it is a feasible yet
understudied process. Additional research should be done to quantify kill rates and D values of pathogens
so that engineers have specifications to design more efficient pasteurization technologies. Because many
people boil their drinking water, improving this process has vast potential to improve both human and
environmental health.

Introduction
2.1.1 Motivation for biomass pasteurization designs
The global water crisis is projected to be one of the biggest threats facing humankind over the next decade
with 1 in 10 people lacking access to clean drinking water worldwide (UNESCO 2015; World Economic
Forum 2015). With the increasing pressures of climate change, population growth, and displacement, the
need for large-scale water access and purification is critical. Without proper treatment, water can act as a
passive carrier for pathogens, leading to diseases such as cholera, typhoid, bacillary dysentery, infectious
hepatitis, and others (Ashbolt 2004). Water contaminated with pathogens, primarily from fecal matter, is a
leading cause of diarrheal diseases and is responsible for over half a million deaths annually, especially
among children (Prüss-Ustün et al. 2014).
An estimated 1.2 billion people treat their drinking water in the home, with a majority of these households
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boiling water over a biomass stove (WHO 2007). Boiling water is the oldest and most effective domestic
water purification processes and is recommended by the WHO for households with uncertain microbial
quality (WHO 2011b). The practice of boiling water is regionally dependent and depends on access to local
resources with 20.4% of the population reporting boiling water in Latin America and the Caribbean, 21.2%
in Southeast Asia, 34.8% in Central Europe, and 68.3% in the Pacific (Rosa and Clasen 2010). However,
although 38% of sub-Saharan Africa relies on unsafe water (Prüss-Ustün et al. 2014), a study of 17 African
countries found that only 4.5% of the population regularly boils their water (Rosa and Clasen 2010),
although this also varies dramatically between regions. In a study by (Olago, Marshall, and Wandiga 2007),
the percentage of households surveyed in four separate communities in East Africa who boil their water
ranged from 1.3 – 63.8%. On the other hand, a significant portion of the population surveyed did not treat
their water, ranging from 12.7 – 92.3% of the population in the four communities – with the most common
reason being the cost and availability of fuel wood (Olago, Marshall, and Wandiga 2007).
Pasteurization, the process of heating water to temperatures high enough to kill microorganisms, using
renewable energy such as firewood is a simple and sustainable water disinfection method. However,
traditional practices are time consuming and environmentally costly (Okpara, Oparaku, and Ibeto 2011).
Although boiling serves as a convenient visual indicator of pasteurization, harmful microorganisms are
killed at temperatures well below 100 °C, resulting in an excess use of resources (Macdougall and Milburn
2004). Traditionally, water is boiled over a biomass fire that requires the procurement and combustion of
solid fuels and therefore introduces a variety of health and environmental hazards. Boiling drinking water
in this way is an extremely inefficient process, wasting time and local biomass resources, producing
significant amounts of emissions that are harmful to both health and climate, and creating scalding water
that must then be substantially cooled before use (Okpara, Oparaku, and Ibeto 2011). Because
pasteurization is a culturally accepted solution to disinfect water, there is vast potential for improvements
in the use of renewable energy in this process.
A manufacturing firm, Institutional Stove Solutions (InStove), has designed a water pasteurization system
that can produce upwards of 4,500 liters of drinking water per day that is safe from microbiological
pathogens at minimal cost to the users and the environment – enough for up to 1,500 people per day at the
WHO-recommended survival volume of 3 liters per person per day (WHO 2013). This flow-through system
uses a combination of a heating coil, thermostatic valve, fixed volume kill chamber, and heat exchanger for
heat recovery immersed in a large pot of heated water that was designed to work with InStove’s 60-Liter
rocket-type stove but could potentially work with other heat sources. InStove has collaborated with Oregon
State University researchers to further characterize and test the pasteurization system to ensure it operates
efficiently and effectively kills pathogens of interest.
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2.1.2 Design and experimental approach
This product was evaluated based on temperature and time requirements to kill E. coli as described in the
literature. Experimental testing was separated into three phases. Experiment I aimed to characterize the heat
exchanger effectiveness and overall pressure drop across the system. Experiment II aimed to understand
the fuel usage and bacterial reduction of the system. Experiment III aimed to characterize the relationship
between pressure and flow rate through the system. Additionally, a model was created with Engineering
Equation Solver (EES) to determine the effects of inlet pressure, flow rate, temperature, and stockpot
temperature on the residence time at or above pasteurizations temperature, and required heat input.

Background
2.2.1 Overview of common water treatment technologies
Globally, common water treatment methods include filtration, chlorination, and pasteurization by boiling
or UV irradiation (Burch and Thomas 1998). Locally-made slow and rapid sand filters, such as the Biosand
filter, may be relatively inexpensive and simple to construct, however, their ability to remove bacteria and
viruses varies dramatically. While laboratory studies have shown a reduction of E. coli between 94 – 99%
(1 – 2 log) (C.E. Stauber et al. 2006), Biosand filter performance in the field has varied widely. Research
found an average of only 48% (<1 log) reduction of E. coli in Biosand filters in the Dominican Republic
(Christine E. Stauber et al. 2009), an average total coliform removal of 87% (<1 log) in Ghana (Kikkawa
et al. 2008), an average bacteria reduction of 98.5% (1 – 2 log) in Haiti (Duke et al. 2006), and, in Nepal,
only 53% of tested filters produced water free of coliforms (Lee 2001). The variance in Biosand filter
performance is largely due to lack of maintenance, incorrectly installed sand, and lack of user education
(Ngai et al. 2014). Other forms of filtration units such as ceramic, pressure filters, and synthetic mesh also
range in cost, performance, and appropriateness in the field (Loo et al. 2012; Thompson 2015).
Chlorine is commonly used worldwide at the household and state level because it is inexpensive, available
in both liquid and tablet form, and can disinfect large quantities of water (Loo et al. 2012). Although
chlorine is available globally, it does not always have a reliable supply chain in rural regions and may be
costly or simply unavailable for low-income households and institutions (Sobsey et al. 2008). Chlorine also
requires proper dosage and timing to be effective, which may be ignored.
Thermal pasteurization by boiling water is widely recognized as an effective water treatment method,
killing all major pathogens of concern, and is independent of turbidity or pH levels (Burch and Thomas
1998). However, as discussed in Section 2.2, boiling water over inefficient open-fires is time consuming
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and environmentally costly (Okpara, Oparaku, and Ibeto 2011). Solar-thermal pasteurization, such as the
systems discussed in the review by Thirugnanasambandam et al. (2010), use heat from the sun to raise the
temperature of water to pasteurizing levels (Thirugnanasambandam, Iniyan, and Goic 2010). Water in clear
containers exposed to the sun may experience both solar-thermal pasteurization and UV treatment (Burch
and Thomas 1998), however, a common disadvantage of these methods is unreliable access to sunlight and
uncertainty regarding the amount of time water spends at high temperatures. Lamp-driven UV treatment
may be an appropriate solution if access to technical infrastructure for maintenance is adequate, however,
unlike thermal pasteurization, this process does not eliminate cysts or rotoviruses (Burch and Thomas
1998).

2.2.2 Pasteurization theory
Using heat to kill microorganisms and preserve food and drink has been well known since the second
century in China (Hornsey 2004). Centuries later, this process, now called pasteurization, became formally
named after Louis Pasteur performed a series of thermal experiments in nineteenth century France
(Madigan et al. 2012). When microorganisms, such as viruses and bacteria, are exposed to high
temperatures for specific amounts of time, they begin to lose their ability to replicate and eventually
destruct. Based on their chemical and material properties, the reduction of microbial concentrations in
liquids can be predicted as a function of time and temperature through a quantity known as the D value. For
example, sustaining a temperature of 65 °C for 1 minute or 71 °C for 15 seconds will kill worms, E. coli,
and hepatitis A (Osaili et al. 2006; Ray 2011).
An estimated 1.2 million people around the world pasteurize their drinking water as the means to disinfect
it, using boiling as an indicator of adequate temperature (WHO 2007). At sea level, water boils at 100 °C,
exceeding the temperature required for pasteurization of microorganisms but serving as a visual indicator
via bubbles or steam. A study of households in urban Zambia found individual definitions of “boiling”
varied from “steam rises from the surface” (39%), “tiny bubbles rise from base to surface” (8%), and “until
surface boil starts” (53%) (Psutka et al. 2011). In many parts of the world, water is traditionally boiled over
a three-stone fire that requires large quantities of biomass fuels and introduces a variety of health and
environmental hazards due to unclean combustion (Okpara, Oparaku, and Ibeto 2011). Although the World
Health Organization (WHO) identifies boiling as “the simplest and most effective way to kill all diseasecausing pathogens” (WHO 2017b), it can be an extremely inefficient process, wasting time and resources
(Burch and Thomas 1998). As a culturally appropriate and feasible solution to disinfect water, there is great
potential for improvements in the use of renewable energy in the pasteurization process.
A few products have been designed to improve the efficiency of water pasteurization. Developed in
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Bangladesh, the Chulli Water Purifier is a biomass-powered clay oven modified with an enclosed coiled
aluminum pipe (Islam and Johnston 2006). When the oven is warm, water is gravity fed through the
aluminum pipe where it is pasteurized before exiting through a tap at an average effluent temperature of
70-76 °C. Although the system is inexpensive (roughly 6USD), a study of users in Bangladesh found that
80 of 101 households stopped using the Chulli Water Purifier mainly due to mechanical problems and
inconvenience (Gupta et al. 2008). The system also lacks automation that prevents water from flowing
through if the oven is at lower temperatures, potentially allowing pathogens through before they have been
killed. Another product developed to improve the efficiency of thermal water treatment was the Water
Pasteurization Indicator (WAPI). This device is made of a clear plastic tube containing wax that melts at
70 °C, indicating pasteurization before boiling occurs. The WAPI is submerged in water by a thin wire
hanging from the side of a pot. Once the wax melts and falls from the top of the plastic tube to the bottom,
the user knows that pasteurization has occurred (Macdougall and Milburn 2004). Although this device is a
simple and inexpensive tool to indicate lower-temperature, the process of heating small quantities of water
over a biomass fire or cookstove is still costly to health and the environment and the water must be cooled
before use. Despite these potential improvements, the majority of people continue to use full boiling to
purify their water and limited research focuses on evaluating and learning from these designs.
2.2.2.1

Pathogen kill ratio calculations

The reduction in bacterial concentrations can be predicted as a function of time and temperature through a
quantity known as the D value. The D value is the time it takes for a decimal reduction in viable counts of
a microorganism. A decimal reduction means moving the decimal point one place, which equals a 1 log
reduction or a 90% reduction (Spinks et al. 2006). Each organism has a D value specific to a constant
temperature, as shown in Equation 1.
𝐷 𝑇 = 𝑡(90% 𝑘𝑖𝑙𝑙)

(1)

Different microorganisms require a different time and temperature combination to kill. The American
Society for Microbiology recommends that Escherichia coli (E. coli) be used as the primary indicator of
fecal contamination in drinking water (ASM 2001). As shown in Table 1, E. coli held at 70 °C has a D value
of 2.4 seconds (Osaili et al. 2006). Water with 1 million Colony-Forming Units (CFU) of E. coli per
milliliter must be held at 70 °C for at least 15 seconds to ensure that all E. coli are killed, resulting in a 6
log reduction.
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Table 1. Reduction rates of E. coli at D70°C = 2.4 seconds.
Seconds at 70 °C
0
2.4
4.8
7.2
9.6
12
14.4

2.2.2.2

Viable cells/ml

Log10 reduction

1,000,000
100,000
10,000
1,000
100
10
1

0
1
2
3
4
5
6

% reduction
0%
90%
99%
99.9%
99.99%
99.999%
99.9999%

US-EPA microorganism regulations

The WHO states that to verify microbial quality in water, the presence of fecal indicator microorganisms,
such as E. coli or other thermotolerant coliforms, be assessed. Specifically, no presence of a fecal indicator
microorganism can be above detectable limits in a 100 mL sample of water. However, the WHO also
identifies the shortcomings of their standard, as indicated in the following literature, traditional reliance on
E. coli as an indicator may miss more thermotolerant microorganisms, such as protozoa and viruses, that
may remain present in water in the absence of E. coli (WHO 2017b).
Moreover, the United States Environmental Protection Agency’s (US-EPA) National Primary Drinking
Water Regulation enforce stricter regulation of microbial quality in drinking water and requires that
Crypotosporidium, Giardia lamblia, Legionella, total coliforms, and viruses have Maximum Contaminant
Levels (MCL) of zero (US-EPA 2018). Additionally, for any water treatment process of surface or ground
water intended for consumption, the following contaminants must be controlled at the levels specified in
Table 2. Each of these contaminants can be killed through pasteurization as described below:
Cryptosporidium: The US-EPA requires a 3 log reduction (99.9%) for this pathogen for drinking
water purification processes (US-EPA 2018). In the form of oocysts, this pathogen causes
gastrointestinal illness (US-EPA 2001). Although specific data of D valves is limited,
Cryptosporidium has a greater than 3-log reduction at 71.7 °C for 5 to 15 seconds (Harp et al. 1996).
Giardia lamblia: The US-EPA requires a 3 log (99.9%) reduction for this protozoan cyst for
drinking water purification processes (US-EPA 2018). This protozoan cyst parasite causes
gastrointestinal illness and, although D value data are limited, reports have indicated that Giardia
cysts deactivate at temperatures ranging from 50 °C to 70 °C (Laurent 2005; WHO 2011b).
Legionella: There are no reduction requirements specific to Legionella, but the US-EPA specifies
that if Giardia lamblia and viruses are killed in a treatment process, Legionella will be
simultaneously controlled (US-EPA 2018). This pathogen can cause legionellosis, a classification
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of diseases including pneumonia and other fevers (Marston, Lipman, and Breiman 1994). Although
specific data of D valves is limited, Legionella can be killed at temperatures above 60 °C and has
a D value much less than one minute at 70 °C (Kim et al. 2002; Lin et al. 1998).
Total coliforms: The US-EPA requires a 6 log (99.9999%) reduction for coliforms for drinking
water purification processes (US-EPA 2018). These bacteria are universally present in the feces of
warm-blooded animals and cause a variety of gastrointestinal illnesses. Not all coliforms present a
health threat but they do indicate whether feces, which contain harmful coliforms such as E. coli,
are present in water (US-EPA 2018). E. coli, a widely accepted indicator for coliform presence
(ASM 2001), is known to have a D value of 2.4 seconds when held 70 °C and therefore experiences
a 6 log reduction when held at 70 °C for 15 seconds (Osaili et al. 2006).
Viruses: The US-EPA requires a 4 log (99.99%) reduction for viruses for drinking water
purification processes (US-EPA 2018). More than 140 different viruses are known to infect humans
with the vast majority inactivated at temperatures around or below 60 °C (US Army 1977). At
temperatures above 70 °C, some more thermal resistant viruses, such as poliovirus and hepatitis A,
have a greater than 5-log reduction achieved in less than one minute (WHO 2011b).
Table 2. WHO and US-EPA requirement for microbial quality in water.
Contaminant
Cryptosporidium
Giardia lamblia
Legionella
Total coliforms
Viruses

WHO regulation
in 100 mL sample
<DLi
-

US-EPA MCLii
regulation
zero
zero
zero
zero
zero

Reduction required
by the US-EPA
3 log (99.9%)
3 log (99.9%)
6 log (99.9999%)
4 log (99.99%)

D values from literature
(in seconds)
D71°C=15
Exact unknowniii
Exact unknown
D70°C=15
Exact unknown

i

<DL=below the detectable limit
MCL=maximum contaminant level
iii
Exact unknown=largely unstudied in the literature with minimal specific data
ii

The original design of the InStove Water Purifier was based on meeting the requirements set by the
World Health Organization (WHO) for drinking water. The WHO requires that no detectable
concentration be present in any sample of 100 mL of water, as this is considered the primary indicator
of microbial contamination in drinking water. (WHO 2017a). Since the US-EPA requires a 6 log
reduction of E. coli in all water treatment processes, the time and temperature for this reduction was
the basis for the design. However, as indicated in the literature, traditional reliance on E. coli as an
indicator has shortcomings as other more resistant microorganisms, such as protozoa and viruses, may
remain present in water in the absence of E. coli (WHO 2017b).
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Design of the InStove Water Purifier
In attempt to provide a more efficient thermal pasteurization system, Institutional Stove Solutions (InStove),
a cookstove manufacturing company located in Cottage Grove, Oregon, designed the InStove Water
Purifier. The InStove Water Purifier (Figure 1) is a self-regulating system designed to heat water to the
temperature to reduce E. coli concentrations by 6 log (70 °C for 15 seconds), then recuperate the heat while
cooling the water back down to a safe handling temperature. Cold untreated water first enters the pasteurizer
from a pressurized source and passes through a heat exchanger, where it collects energy from hot water
exiting the Purifier. It then flows through a metal coil and collects additional heat from a reservoir of hot
water in a large stockpot, which is heated externally by the biomass cookstove or other concentrated heat
source. Next, water flows through an automatic, mechanical thermostatic valve, which is closed if the
temperature is below 160 °F (71 °C), ensuring that only pasteurized water passes through the system. The
water then flows through a pipe with increased diameter, labeled as the “kill chamber,” to remain in at
pasteurization temperature for an additional amount of time before re-entering the hot side of the heat
exchanger. After passing through the heat exchanger, water exits the system at a safe handling temperature
ready for storage or consumption. Modeling and experimental testing determined that, between flow rates
of 3.5 to 8.25 L/min, microorganisms spend between 15 and 35 seconds at temperatures above 71 °C,
meeting the requirements for at least a 6 log reduction of E. coli, as determined in existing literature.

Figure 1. The InStove Water Purifier inserted into a 60-L stove (left) and a schematic of the components
(right) including (A) water inlet, (B) counter flow heat exchanger, (C) heat-up coil, (D) thermostatic
valve, (E) kill chamber, and (F) water outlet (Moses and Burleson 2018).
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Methods
2.4.1 Experiment I: System characterization
The objective of Experiment I was to characterize heat exchanger effectiveness and pressure drop across
the system while varying the supplied head pressure. Specifically, characterizing the heat exchanger
effectiveness at varying head pressures allows us to understand the heat transfer rates, which we could then
calculate time at which water spends at or above the temperature for a 6 log reduction of E. coli (also
referred to as the “kill time”). Heat exchanger effectiveness was determined from Equation 2 (Bergman et
al. 2011). Because the mass flow rate is equal on both sides of the heat exchanger, and the temperatures are
close enough that the specific heat can also be assumed to be equal on both sides, the heat exchanger
effectiveness is a function only of the inlet and outlet temperatures. However, since the heat exchanger is
nonadiabatic in this system, the effectiveness for each side was calculated separately and compared.
𝜀=

𝑚̇𝑐𝑝 (∆𝑇𝐻 𝑜𝑟 𝐶 )
𝑞𝐻 𝑜𝑟 𝐶
∆𝑇𝐻 𝑜𝑟 𝐶
=
=
𝑞𝑚𝑎𝑥
𝑚̇𝑐𝑝 (𝑇𝐻𝑖 − 𝑇𝐶𝑖 ) 𝑇𝐻𝑖 − 𝑇𝐶𝑖

(2)

Five Omega K-type thermocouples were installed at the five state points labeled in Figure 1. An Omega
PX26-005DV differential pressure transducer was used to measure the pressure loss across state point 1
and 5. The transducer was connected to the system via water-filled tubes connected to the inlet and outlet
of the system. The measurement tubes were connected to straight sections of system pipe to minimize
effects of impinging fluid momentum on the pressure measurements. Thermocouples and the pressure
transducer were measured through DAQ NI-9212 Simultaneous Temperature Input Module and NI-9207
Voltage and Current Input Module, respectively. Lastly, flow rates were measured using a catch-and-weigh
method.
Identically-cut pieces of Douglas fir, used as the fuel throughout the experiment, were ignited to begin
heating the InStove Water Purifier. While the system was heating, all the sensors were connected and
verified, and the supply water was set to a known head height. Once the system reached operation
temperature, the thermostatic valve opened and water began flowing through the system. A waiting period
of 15 minutes was assumed for the system to reach equilibrium, after which data was collected. Data was
collected for six different head levels (1.32, 2.06, 3.53, 4.19, 4.90, and 5.00 meters) on the same day during
one continuous operation cycle. A waiting period of 5 to 10 minutes was allowed for the system to reach
equilibrium between different head levels. To minimize possible effects of hysteresis, the head levels were
set in random order.
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Table 3. The objectives, equations, measurements, and sensors used in Experiment I.
Parameters
Heat exchanger
effectiveness (𝜺)

Flow rate (𝒎̇)

Equations

𝜀=

Values measured
HX cold inlet temp
HX cold outlet temp
HX hot inlet temp
HX hot outlet temp

∆𝑇𝐻 𝑜𝑟 𝐶
𝑇𝐻𝑖 −𝑇𝐶𝑖

𝑚̇ =

𝑚𝑤
𝑡

Sensors used
Type-K thermocouples

Mass of water
Time

Hanging scale
Stopwatch

Pressure drop

Directly measured

Differential pressure

Differential pressure
transducer

Supplied head

ℎead = height in −
ℎ𝑒𝑖𝑔ℎ𝑡𝑜𝑢𝑡

Supply water level height
Outlet hose exit height

Measuring tape

Figure 2. System schematic and sensor placement for Experiment I.
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2.4.2 Experiment II: Fuel usage
The objective of Experiment II was to understand the fuel usage of the InStove Water Purifier while running
the system in the 60-L InStove. A supply tank containing 200 L of water was placed 3.84 meters above the
pasteurizer water outlet. Throughout the course of one day, the Purifier underwent three complete cycles of
roughly two hours each. To determine energy usage, we used identically-cut pieces of Douglas fir with
dimensions 12”x2”x0.5”, a measured moister content (MC) of 14.6%, predicted higher heating value
(HHV) of 20,634 kJ/kg, and lower heating value (LHV) of 19,314 kJ/kg (Cheremisinoff 1980). The
temperature of the stored water, thermostatic valve, and water in the stockpot were discretely measured
using K-type thermocouples and a thermocouple meter. The weight of the supply of wood fuel was
measured on a calibrated scale. During each trial, the InStove was ignited with the wood fuel, the time was
noted, and the pasteurizer began to heat up. Once water began to flow through the system, indicating the
system reached operational temperature, the time was noted. The weight of the unburned wood was
measured, as was the temperature of the thermostatic valve, the water in the stockpot, and the outlet flow.
The water exited the pasteurizer into a storage tank with a mark at 30 gallons. When the water reached the
30-gallon mark, the time was noted and wood and temperature measurements were taken again. The wood
was not returned to the stove, and the pasteurizer was allowed to cool until outlet flow stopped, indicating
that the thermostatic valve had closed.

2.4.3 Experiment III: Relationship between head and flowrate
The objective of Experiment III was to evaluate the relationship between inlet pressure and flow rate
through the system. It was expected that as the head supply of the supply tank increased, so would the flow
rate through the system. This is valuable characterization since water passing through the system at a high
velocity may not spend sufficient time at the pasteurization temperature. This maximum flow rate was
expected to be limited by either the available heating power to heat the amount of water flowing through
the system, or by the residence time in the kill chamber. If the firepower limit is reached before the residence
time limit, the system’s thermostatic valve will automatically slow or stop the flow of water, ensuring that
unsafe water will not pass through the system. The system does not include a flow rate limiting device, so
if the residence time limit is reached before the firepower limit, water may not be held at the kill temperature
for a long enough time as it passes through the system, leading to potentially unsafe water to pass through
the system. As a result, characterizing the flow rate allowed for operating limits, such as a maximum height
of a supply water tank, was determined.
A pressure regulator was connected to a pressurized hose and attached near the inlet of the system. Flow
rates through the system were measured with an electronic flowmeter connected to a microcontroller and
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recorded in L/min. Using Bernoulli’s equation for the conservation of energy between two points of a fluid,
a relationship was determined between the dynamic pressure measured on the pressure regulator and the
flow rate measured with the flowmeter to determine the equivalent head level of the pressurized water,
described below. Figure 3 illustrates the schematic used to determine this relationship.

Figure 3. System schematic used to determine the relationship between head, regulated pressure and
velocity.
For set-up A:
1
1
2
2
𝑃𝐴,1 + 𝜌(𝑣𝐴,1 ) + 𝜌𝑔ℎ𝐴,1 = 𝑃𝐴,2 + 𝜌(𝑣𝐴,2 ) + 𝜌𝑔ℎ𝐴,2
2
2
1
2
𝜌𝑔ℎ𝐴,1 = 𝜌(𝑣𝐴,2 )
2

(3)
(4)

For set-up B:
1
1
2
2
𝑃𝐵,1 + 𝜌(𝑣𝐵,1 ) + 𝜌𝑔ℎ𝐵,1 = 𝑃𝐵,2 + 𝜌(𝑣𝐵,2 ) + 𝜌𝑔ℎ𝐵,2
2
2
1
1
2
2
𝑃𝐵,1 + 𝜌(𝑣𝐵,1 ) = 𝜌(𝑣𝐵,2 )
2
2

(5)
(6)

Knowing that all the velocities at these points the system are equal (𝑣 = 𝑣𝐴,2 = 𝑣𝐵,1 = 𝑣𝐵,2 ) we combine
Equations 4 and 6 to get a relationship between the regulated pressure and equivalent head to the system
based on the measured flow rates:
1
𝑃𝐵,1 + 𝜌𝑣 2 = 𝜌𝑔ℎ𝐴,1
2

(7)

During each trial, the valve between the pressure regulator and the inlet to the stove was closed, the regulator
was adjusted to one of 5 static levels (5, 10, 15, 20, or 25 psi). Then, the valve was opened and the system
ran until 15 L of water flowed through to stabilize the system. Then, the dynamic pressure on the pressure
regulator’s gauge and instantaneous flowrate were recorded in units of psi and L/min, respectively. Using
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Equation 7, the equivalent head was determined for each trial. Three trials of each static pressure level were
tested in random order, resulting in 15 data points.

2.4.4 Experiment IV: E. coli reduction
Bacterial reduction of the InStove Water Purifier was assessed in triplicate with influent water inoculated
with E. coli, a commonly used experimental indicator of fecal matter in water. The volume of 200 L of
untreated water was inoculated with a pure strain of E. coli so that the expected concentration of influent
water to the InStove Purifier was 100,000 Colony-Forming Units (CFU)/mL. Samples of this supply were
each diluted to 1/10,000 of the original sample with an expected colony count on the order of 10 CFU/mL.
During each trial, two 100 mL samples were taken from the inoculated 200 L source at the beginning and
end of each test to assess any reduction or growth of E. coli throughout the duration of the experiment.
Additionally, three 100 mL samples were taken from the pasteurized water: 1) when the flow initially
started, 2) after 30-gallons were produced, and 3) just before the flow stopped. One 100 mL sample was
taken from the full container of pasteurized water at the end of the test in case any untreated water had
flowed through the system in between the times the direct effluent samples were taken.
Each sample was tested in triplicate with two methods: 3M™ Petrifilm™ and Colilert® fluorescent assay.
The Petrifilm™ E. coli/Coliform count plate from the 3M™ Corporation provides a visual count of the
bacteria and has a minimum detection level of 1 E. coli cell per mL. The inoculated source samples were
each diluted to 1/100 and 1/10,000 of the original sample. Samples from the pasteurized water were not
diluted. One milliliter of each sample was placed on the Petrifilm™ and incubated at 36° C for 12-14 hours.
Positive tests show appropriate growth. All 200 L volumes of untreated water were measured for the
presence of chlorine at a sensitivity of 0.05 mg/L and were shown to be negative at that level.
Turbidity of the water was measured before and after pasteurization using a Hach Model 2100P Portable
Turbidimeter. Our measurements showed no correlation and ranged from 4 NTU to 76 NTU. There was no
relationship between turbidity and the pasteurizer’s bacterial reduction performance.

2.4.5 Heat transfer model of the system
A single dimensional heat transfer model was created using Engineering Equation Solver (EES) to
determine the effects of inlet pressure, flow rate, temperature, and stockpot temperature on the kill time,
required heat input, and outlet temperature. The schematic for the model is presented in Figure 1 and
comprised of the stockpot of hot water (heated externally by the InStove), a counter-flow heat exchanger,
heating coil, and kill chamber. Each component was analyzed individually to determine the inputs, outputs,
and equations needed in order to fit into the system as a whole. The governing equations for each component
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are developed into EES subprograms that return output values based on specified input values. These
subprograms are called by a main program, in which the overall system parameters are defined and the
input and output values of all subprograms are coordinated such that overall system values of interest
converge. The system parameters in the main program are then altered parametrically to simulate different
environmental conditions in which the system may operate. The known or defined parameters specified in
the main program include:
-

Pasteurizer inlet temperature, 𝑇1

-

Pot water temperature, 𝑇𝑝𝑜𝑡

-

Water mass flow rate, 𝑚̇

-

Atmospheric pressure, 𝑃𝑎𝑡𝑚

-

Minimum kill temperature, 𝑇𝑘𝑖𝑙𝑙

-

Heat-up coil and kill chamber material, length, diameter, and thickness

The effects of the following input parameters were studied:
-

Water mass flow rate

-

Water inlet temperature

-

Atmospheric pressure (to simulate the effects of elevation)

-

Pot water temperature

The effects of these operating conditions were studied on the following output parameters:
-

Heat exchanger effectiveness

-

Required heat input

-

Location in the heat-up coil where the water reaches the minimum kill temperature

-

Total time the water is at or above the minimum kill temperature

An energy balance for the entire system reveals that all of the heat input from the stove goes towards heating
the water from the inlet temperature to the outlet temperature:
𝑞𝑝𝑜𝑡 = 𝑚̇𝐶𝑝 (𝑇5 − 𝑇1 )

(8)

Within the system the heat provided to the pot is divided between the heat-up coil (𝑞𝑐𝑜𝑖𝑙 ), the kill chamber
(𝑞𝑘𝑖𝑙𝑙𝑐ℎ ), and additional heat gained from the nonadiabatic heat exchanger (𝑞𝑎𝑑𝑑 ):
𝑞𝑝𝑜𝑡 = 𝑞𝑐𝑜𝑖𝑙 + 𝑞𝑘𝑖𝑙𝑙𝑐ℎ + 𝑞𝑎𝑑𝑑

(9)

Lastly, the total time that the water is at or above the kill temperature (71 °C) is the sum of the time the
water spends in the kill chamber (𝑡𝑘𝑖𝑙𝑙𝑐ℎ ) and the time the water spends in the heat-up coil after reaching
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the kill temperature (𝑡𝑐𝑜𝑖𝑙 ):
𝑡𝑘𝑖𝑙𝑙 = 𝑡𝑐𝑜𝑖𝑙 + 𝑡𝑘𝑖𝑙𝑙𝑐ℎ

2.4.5.1

(10)

Modeling the heat exchanger

Figure 4 presents the schematic for the heat exchanger which was modeled using the Effectiveness-NTU
(number of transfer units) method. Because the heat exchanger is submerged in hot water, and is therefore
nonadiabatic, each side was modeled and evaluated separately. Determined from experimental testing, the
effectiveness on the cold-side is higher than the hot-side due to the nonadiabatic characteristic. To account
for this, the heat gained between the cold-side inlet (𝑇1 ) and cold-side outlet (𝑇2 ) was modeled as the sum
of the heat gained from the hot-side (𝑞𝐻 ) and the heat gained from the pot (𝑞𝑎𝑑𝑑 ). The heat gained from the
pot was calculated based on the experimental results of the cold-side’s effectiveness and was modeled as a
length of artificial pipe (illustrated with the dotted lines in Figure 3). The hot-side of the heat exchanger
was modeled as a length of pipe releasing energy (𝑞𝐻 ) and therefore cooling. The cold-side temperature
inlet ( 𝑇1) was modeled as an input variable. The exchanger hot-side inlet temperature ( 𝑇4 ) was assumed to
be the same as the temperature leaving the kill chamber. Supply head is used as an input variable, which is
converted to mass flow rate (𝑚̇) based on an experimentally determined correlation.

Figure 4. Schematic of the heat exchanger used in the model.
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The heat exchanger is analyzed using the ε-NTU method. Because the system is nonadiabatic, the heat
gained between the cold-side inlet (𝑇1 ) and cold-side outlet (𝑇2 ) was modeled as the sum of the heat gained
from the hot-side (𝑞𝐻 ) and the heat gained from the pot (𝑞𝑎𝑑𝑑 ). Therefore, a state point 2a was added to
represent the point at which the water theoretically reaches outlet of the cold-side of the heat exchanger.
Then, the heat gained from the pot was calculated based on the experimental results of the cold-side’s
effectiveness and was modeled as a length of artificial pipe to reach state point 2. The hot-side of the heat
exchanger was modeled as a length of pipe releasing energy (𝑞𝐻 ) and therefore cooling.
The heat across the heat exchanger based on the log mean temperature difference,
𝑞𝐻 = 𝑈𝐴∆𝑇𝐿𝑀

(11)

where the log mean temperature difference is defined as
∆𝑇𝐿𝑀 =

(𝑇5 − 𝑇1 ) − (𝑇4 − 𝑇2𝑎 )
.
𝑇 −𝑇
ln (𝑇 5− 𝑇 1 )
4
2𝑎

(12)

The heat across the heat exchanger is applied toward heating the water on the cold-side to state point 2a:
𝑞𝐻 = 𝑚̇𝐶𝑝,𝑐 (𝑇2𝑎 − 𝑇1 ).

(13)

Because the effectiveness of the cold-side is greater than that of the hot-side, the heat added from state point
1 and 2 is the sum of the heat across the heat exchanger and the additional heat from the pot:
𝑞𝐶 = 𝑞𝐻 + 𝑞𝑎𝑑𝑑

(14)

where the heat added from the pot is defined as
𝑞𝑎𝑑𝑑 = 𝑚̇𝐶𝑝 (𝑇2 − 𝑇2𝑎 ).

(15)

The heat effectiveness of the cold-side is defined as
𝜀𝐶 =

𝑞𝐶

(16)

𝑞𝑚𝑎𝑥

and the heat effectiveness of the hot-side is defined as
𝜀𝐻 =

𝑞𝐻
𝑞𝑚𝑎𝑥

(17)

where 𝑞𝑚𝑎𝑥 is the maximum possible heat transfer rate defined as
𝑞𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛 (𝑇4 − 𝑇1 )
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(18)

and
𝐶𝑚𝑖𝑛 = (𝑚̇𝐶𝑝 )𝑥

(19)

where x is the smaller value of the hot- or cold-side. Finally, Equation 8 is used as the final equation in the
system of equations.
2.4.5.2

Modeling the heating coil and kill chamber

The heating coil and kill chamber were each modeled as a single horizontal cylinder with free convection
to the outside surface and conduction through the thickness of the pipe, followed by internal forced
convection on the water flowing through the copper tubing. A schematic of a segment is presented in
Figure 5. The temperature of the outside surface of the pipe (𝑇𝑠,𝑜 ) is modeled as natural convection from
the temperature and pressure in the pot (𝑇𝑝𝑜𝑡 and 𝑃𝑝𝑜𝑡 , respectively). The heat transferred through the pipe
is modeled as conduction through the wall thickness (𝑞𝑐𝑜𝑛𝑑. ), followed by internal forced convection
(𝑞𝑓𝑜𝑟𝑐𝑒𝑑.𝑐𝑜𝑛𝑣. ) on the water flowing though the copper tubing at a specified mass flow rate (𝑚̇). The heatup coil is discretized into five segments of equal length and 𝑇𝑚 of each segment is calculated as the average
of 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 for each segment length.

Figure 5. Schematic of a segment of the heating coil and kill chamber used in the model.
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2.4.5.2.1

Heating coil

The heating coil was modeled as a tube with constant surface temperature. It is also assumed that the
average heat transfer coefficient over the length of the tube is equal to the local fully developed turbulent
convective heat transfer coefficient. In natural convection, the top cooling tube undergoes the most heat
transfer while the tubes below encounter colder water, and so on. Therefore, a bank of tubes, such as that
in this system, is less effective than a single tube. On the other hand, on a single tube, forced convection is
a more appropriate analysis. Because this system is a bank of tubes in a mix of forced and natural
convection, a single tube with natural convection is used to cancel these opposing effects.
To determine the heat transfer into the tube in the heating coil, the heat transferred to the outer surface is
determined with the Rayleigh and Nusselt number. The Nusselt number is defined by the Prandtl number:
2

̅̅̅̅
𝑁𝑢𝑜 = 0.6 +
[

0.387(𝑅𝑎𝑜 )1/6

(20)

8/27

0.559 9/16
(1 + ( Pr )
)
o

]

and
̅̅̅̅𝑜 =
𝑁𝑢

ℎ̅𝑜 𝐷𝑜
,
𝑘𝑜

(21)

where k is the fluid thermal conductivity at the outer surface and
𝛽=

1
𝑇𝑓

(22)

where 𝑇𝑓 is the fluid temperature at the outer surface.
2.4.5.2.2

Kill chamber

On the other hand, the kill chamber surface is assumed to undergo forced convection:
𝑇𝑠,𝑜(𝑘𝑖𝑙𝑙𝑐ℎ) =

𝑇3 + 𝑇𝑝𝑜𝑡
.
2

(23)

Therefore, the heat transferred to the surface of the kill chamber and the coil is determined by
𝑞 = ℎ̅𝑜 𝐴𝑠,𝑜 (𝑇𝑝𝑜𝑡 − 𝑇𝑠,𝑜 )
where A is the surface area. The inner surface is first determined based on conductive resistance from
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(24)

𝑞=

𝑇𝑠,𝑜 − 𝑇𝑠,𝑖
𝑅𝑐𝑜𝑛𝑑

(25)

where s refers to the surface and i and o refer to the inner and outer points, respectively. And

𝑅𝑐𝑜𝑛𝑑

𝑂𝐷
)
𝐼𝐷
=
2𝜋𝐿𝐾𝑡
ln (

(26)

where OD and ID are the outer and inner diameters respectively, L is the axial tube length, and kt is the
thermal conductivity of the tube material. The outlet temperature of the tube is calculated from
𝑇𝑠,𝑖 − 𝑇𝑜𝑢𝑡
𝑃𝐿ℎ̅
= exp (−
)
𝑇𝑠,𝑖 − 𝑇𝑖𝑛
𝑚̇𝐶𝑝

(27)

where P is the inner tube perimeter and ℎ̅ is the convective heat transfer coefficient. The convective heat
transfer coefficient was determined from
̅̅̅̅̅̅
𝑁𝑢𝐷 =

ℎ̅𝐷
𝑘𝑓

(28)

where the Nusselt number is determined from the following correlation:

̅̅̅̅̅̅
𝑁𝑢𝐷 =

𝑓
( ) (𝑅𝑒𝐷 − 1000)𝑃𝑟
8
1

2
𝑓 2
1 + 12.7 ( ) (𝑃𝑟 3 − 1)
8

(29)

and the friction factor is determined from
𝑓 = (0.79 ln(𝑅𝑒) − 1.64)−2 .

(30)

The heat transfer rate into the fluid in the tube is related to the change in temperature by
𝑞 = ℎ̅𝑃𝐿∆𝑇𝐿𝑀

(31)

where the log mean temperature difference is defined as
∆𝑇𝐿𝑀 =

(𝑇𝑠,𝑖 − 𝑇𝑜𝑢𝑡 ) − (𝑇𝑠,𝑖 − 𝑇𝑖𝑛 )
𝑇 − 𝑇𝑜𝑢𝑡
ln ( 𝑠,𝑖
)
𝑇𝑠,𝑖 − 𝑇𝑖𝑛

(32)

The time the water was at or above the minimum kill temperature is found from
𝑈=

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑
𝑡𝑘𝑖𝑙𝑙

(33)

Where U was the mean velocity and the distance traveled is the distance that the water travels while at or
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above the minimum kill temperature. For the kill chamber, the water enters above the minimum
temperature, so this distance is the length of the chamber. In the heat-up coil, this distance is the difference
between the coil length and the location where the water reaches the kill temperature, found from
substituting x for L and Tkill for Tout in equation 34:
𝑇𝑠,𝑖 − 𝑇𝑘𝑖𝑙𝑙
𝑃𝑥𝑘𝑖𝑙𝑙 ℎ̅
= exp (−
)
𝑇𝑠,𝑖 − 𝑇𝑖𝑛
𝑚̇𝐶𝑝

(34)

Results
2.5.1 Experiment I: System characterization
Experimental testing determined preliminary effects of head pressure on the heat exchanger effectiveness
and pressure drop across the system.
2.5.1.1

Heat exchanger effectiveness

Both the cold- and hot-side of the counter flow heat exchanger were evaluated. As shown in Figure 6, the
effectiveness is different on each side of the heat exchanger, demonstrating its nonadiabtic characteristic.
Since the heat exchanger is partially submerged in the stockpot of hot water, heat is being transferred to
both sides of the heat exchanger, which increases the effectiveness in the cold-side while lowering the
effectiveness on the hot-side. At flow rates above 6 L/min, the heat exchanger’s hot-side effectiveness is
about 78%, compared to flow rates below 3.6 L/min where the effectiveness is 60%. This means that the
system is most thermally efficient at flow rates above 6 L/min, corresponding to an inlet pressure of 3.5
meters of head or higher.
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Figure 6. Heat exchanger effectiveness at different water supply levels.

2.5.1.2

Overall pressure loss

Overall pressure loss data is shown in Figure 6 and appears to be linear with increasing head, with an R2
value of 0.98. It should be noted that the pressure loss data shown reaches above 45 kPa, while the sensor
upper limit is 35 kPa. This means that some of the data is out of the sensor’s range and may be inaccurate.

Figure 7. Pressure loss data at different water supply levels.
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2.5.2 Experiment II: Fuel usage
Available energy from the fuel wood used in the phase II experiment was calculated from Equation 35
(Bailis et al. 2007). The energy remaining in the char was neglected in calculations.
𝑤𝑑𝑟𝑦 =

𝑤𝑎𝑠−𝑟𝑒𝑐𝑑 (𝐿𝐻𝑉(1−𝑀𝐶)−𝑀𝐶(4.186(𝑇𝑏𝑜𝑖𝑙 −𝑇𝑎𝑚𝑏 )+2257))

(35)

𝐿𝐻𝑉

As shown in Table 4, an average of 42 minutes and 1.5 kg of dry wood was required for approximately 50
L of water in the pot to come to operating temperature (78 – 88 °C) from ambient temperature to start and
maintain the flow of pasteurized water. After steady-state operation was reached, an average of 17 minutes
was required to produce 113 L of water, resulting in an average clean water production rate of 6.7 L per
minute. The steady state production of clean water required an average 5.5 g of dry wood equivalent per
liter of water pasteurized, or 106 kJ of energy per liter. When accounting for system startup, one hour of
steady state production of clean water required 9.1 g of dry wood equivalent per liter of pasteurized water,
or 175 kJ of energy per liter.

Table 4. Pasteurizer performance results from experiment II.

Test

Time to
start flow
(min)

Dry wood used
to start flow
(g)

Time to
produce 30
gal. (min)

Dry wood used
to produce 30
gal. (g)

Production of
clean water
rate (L/min)

Steady-state dry
wood per liter of
water (g/L)

1

36

1398.6

21

675.1

5.41

5.94

2

50

1450.4

15

611.7

7.57

5.39

3

40

1551.3

15

587.5

7.57

5.17

Avg.

42

1466.8

17

624.8

6.7

5.50

2.5.3 Experiment III: Relationship between head pressure and flow rate
The results of Experiment III show a linear relationship between the head level of the water and the flow
rate through the system. Show in Figure 8, as the head increases so does the flow rate. The regression line
calculated from these results determined an increase of 0.78 L/min for every meter of head increase. This
regression has an R2 value of 0.9587.
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InStove Water Purifier Flowrate Responses to Pressure Change
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Figure 8. Relationship between head level and flow rate through the system.

2.5.4 Experiment IV: E. coli reduction
Bacterial counts on each batch of contaminated water, at the beginning and end of each processing cycle,
ranged from 6 to 16 CFU on the diluted Petrifilm™ plates. This compares favorably with the expected 10
CFU/mL relative to the estimated concentration of 1 × 105 CFU/mL in the original, undiluted samples.
Positive control on the Petrifilm™ count plates of the untreated samples showed appropriate growth while
the count plates of the pasteurized samples showed no growth on any of the test specimens. This results in
a 99.999% (5 log) reduction in E. coli through the pasteurization unit in all samples.

2.5.5 Heat transfer model
The model preliminarily simulated the effects that water mass flow rate, water inlet temperature,
atmospheric pressure, and pot water temperature have on heat exchanger effectiveness, required heat input,
and total time the water is at or above the minimum kill temperature. The results of the model show a
transition point when the head reaches 3.5 m and produces a flow rate of 4.8 L/min. Before this point, the
system is highly inefficient. As the head and flow rate increase, the heat required from the stove steadily
increases at a linear rate, shown in Figure 9, while the energy usage per liter of water pasteurized is shown
to remain fairly constant, as shown in Figure 10. Additionally, the higher the temperature of the water in
the pot, the higher the heat required.
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Figure 9. Relationship between flow rate through the system and heat required at two different pot
temperatures.

Figure 10. Relationship between flow rate through the system and energy used per liter at two different
pot temperatures.
Results from the model also identified the effects of flow rate, inlet temperature, and pot temperature on
the kill time in the system, shown in Figure 11. As the flowrate increases, the kill time decreases. Also, the
higher the temperature of the water in the pot, the longer the kill time. Lastly, although not as notable, the
higher the temperature of the inlet water, the longer the kill time.
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Figure 11. Relationship between flow rate through the system and kill time at two different pot
temperatures and three inlet temperatures.
Results also determined the time that water spends at or above the kill temperature in the heat-up coil and
kill chamber, presented in Figure 12. The current design relies on the length of the heat-up coil to meet
requirements for kill time, which decreases as the flow rate increases.

Figure 12. Relationship between flow rate through the system and kill time in the kill chamber, heat-up
coil, and total for the system.
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Discussion
2.6.1 Effect of head pressure
The overall pressure loss across the system increases linearly as the head increases. Similarly, the flow rate
through the system increases linearly as the head increases. At levels of head below 3.5 meters, the system
does not operate as efficiently, thus requiring more energy from the stove. The head also directly effects the
flow rate of through the system in a linear relationship. However, it must be noted that the relationship
presented in Figure 8 is strictly for unrestricted pipes with diameter of 0.5 inches. This relationship is
expected to change depending on the specific components used in the set up in the system and requires
further investigation.

2.6.2 Required energy input
Experimental testing with the InStove 60-L biomass cookstove showed an average 5.5 grams of dry wood
equivalent per liter of water pasteurized for a flow rate of 6.7 L/min, or 106 kJ of energy per liter. By
comparison, results from the model indicated that for a flow rate of 6.7 L/min with an inlet temperature of
5 °C and pot temperature of 80 °C, the expected required heat input of 68.3 kJ per liter of water purified,
or 3.5 grams of Douglas fir dry wood equivalent per liter of water purified. This is only the required heat
input, and does not take into account any combustion or stove efficiencies or losses, which greatly impact
fuel requirement per liter purified and depend on the stove or heating element used. The thermal efficiency
reported by InStove for their 60-L model is 48.4% (Jetter et al. 2016). Incorporating this figure into the
energy usage, the model indicates that the system requires 7.2 grams of Douglas fir dry wood per liter of
water purified for a flowrate of 6.7 L/min.

2.6.3 Effectiveness at killing microorganisms
Experimental testing of the system at 3.84 meters of head with an average flow rate of 6.7 L/min resulted
in 99.999% (5 log) reduction of E. coli. The experimental testing demonstrated that the system under those
specific operating conditions meets WHO regulations for drinking water since all effluent water samples
showed no detectable presence of E. coli. The model determined that the factors that affect the kill time
include flowrate, temperature in the pot, and temperature of the inlet water. As the head and flowrate
increase, the kill time decreases. Additionally, the higher the temperature of the water in the pot, the longer
the kill time. Lastly, although not as notable, the higher the temperature of the inlet water, the longer the
kill time. Based on these preliminary results, the system is not recommended to be operated at flow rates
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above 9 L/min.

2.6.4 Recommended operating conditions
Based on the results of this study, it is recommended that the system be operated with a head level between
3.5 and 4.5 meters. This range of head uses energy efficiently and, most importantly, ensures sufficient kill
times for E. coli at 71 °C.
Although it was not analyzed in the experiments or model, elevation will inevitably affect the system. At
higher elevations the boiling temperature decreases, making it more likely that the water in the pot will
reach boiling, leading to heat/water loss from the pot. This would serve to decrease the efficiency and
require more frequent pot water top-offs. To maintain the same pot water temperature of 85 °C stay at least
5 °C below boiling, the highest recommended altitude is 3000 m (10,000 ft).

2.6.5 Component design considerations and future recommendations
The current design relies on the length of the heat-up coil rather than the volume in the kill chamber to meet
requirements for kill time. This is problematic for multiple reasons. First, the regulating thermostatic valve
is located after the coil and before the kill chamber, which means that flowrates above what has been
recommended will not be regulated by the valve, potentially allowing unpasteurized water to flow through
the system. Future iterations of this system should first design the size of the kill chamber based on the
required kill time and possible flow rates through the system, as shown in Figure 13. Then, the length of
heat-up coil should be designed such that it increases the temperature of water to the kill temperature. This
way, the thermostatic valve would act as the regulator for higher flowrates. Otherwise, a valve regulating
the flow rate may need to be added to ensure safe automation of the system.
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Figure 13. Recommended design changes to regulate kill times through the water pasteurizer.
Additionally, submerging the heat exchanger in hot water reduces the overall efficiency of the system. Heat
into the hot side of the exchanger is mostly wasted, lowering the effectiveness. Insulating the exchanger or
removing it from the water would minimize this wasted heat and improve the overall system efficiency.
Heat into the cold side of the exchanger does serve to add virtual length to the heat-up coil, which would
be advantageous if the system is limited by the heat transfer into the coil. The heat exchanger is significantly
more efficient at higher flow rates than at lower flow rates. At flow rates above 6 L/min, the heat
exchanger’s effectiveness is about 78%, compared to flow rates below 3.6 L/min where the effectiveness is
60%. This means that the system is most thermally efficient at flow rates above 6 L/min, corresponding to
an inlet pressure of 3.5 meters of head or higher.

Conclusion
Preliminary modeling determined that operating this system with head levels between 3 and 4.5 meters
above the outlet of the Purifier will sufficiently kill E. coli at rates required by the US-EPA. Experimental
testing of the system with an average flow rate of 6.7 L/min determined reduction rate of 5 log and E. coli
concentration below detectable levels in 100 mL samples, meeting WHO guidelines but not US-EPA
guidelines for drinking water. Modeling also determined some shortcomings of this specific technology
including unsafe operating conditions and inefficiencies in the heat exchanger, heat-up coil, and kill
chamber designs.
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Although the design can be refined and some technical issues resolved, the true test of the system will be
its successful deployment and adoption at institutions and communities with access to microbial
contaminated water and restricted biomass resources. Future work includes evaluating the product’s
efficacy in such locations. At the time of implementation, additional programmatic elements including
education, entrepreneurship training, behavior-change programming, and the application of best practices
for successful water, sanitation, and hygiene interventions will be required.
Ultimately, this study highlights importance for further research in pasteurization of water from heat of
combusted biomass as it is a feasible yet understudied process. Further research should be done to quantify
kill rates and D values of pathogens so that engineers have specifications to design more efficient
pasteurization technologies. Because nearly 1.2 million people worldwide boil their drinking water,
improving this process has vast potential to improve both human and environmental health.
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3 SECOND MANUSCRIPT: A mixed-method ethnographic
approach to the evaluation of a novel water treatment technology
in Eastern Uganda
Abstract – This study highlights the importance of a mixed-method research approach to technology
evaluation intended for global development. Often, product designers in this sector may not have the time
or resources to conduct long-term studies with large sample sizes for every iteration of their design. In these
cases, it is important to plan a short-term study with a trusting local partner that generates in-depth and
valuable feedback regarding a new technology. This work combines experimental engineering and
anthropological ethnographic methods to evaluate a novel water treatment technology in Mbale, Uganda.
As well documented in the literature, the importance and need for mixed-method research in engineering
intended for global development is presented. A diffusion of innovations framework is used to gain insight
into potential barriers and benefits of adopting the new technology within this specific context. The water
treatment technology, the InStove Water Purifier, and the setting for the field study is described as a case
study to present this research approach. Anthropological methods include participant observation, focal
follow, and time allocation; performance experiments include fuel efficiency tests, water bacteria
measurements, and data collection of temperature and flow rates. Data from all methods were synthesized
to determine potential benefits and barriers of adopting this technology. Potential benefits to adoption
include decreased overall time and labor to purify water, decrease in biomass resources, increase in overall
water output, and low learning curve for the product operator. Potential barriers to user acceptance include
the trust required by users, lack of outlet temperature control, change in time allocation, and change in fuel
wood preparation.

Introduction
3.1.1 Background
According to the World Health Organization (WHO), of the 2.1 billion people worldwide who lack access
to safely managed water, 263 million spend over 30 minutes per trip outside of the home collecting water
(UNICEF and WHO 2017). Additionally, over 1.2 billion people lack access to electricity and over 2.6
billion people rely on the traditional use of biomass for their daily energy needs (Negro, Alkemade, and
Hekkert 2012). Over the past decades, the United Nations (UN) has promoted the Sustainable Development
Goals (SDGs) and the antecedent Millennium Development Goals (MDGs) which included strategies to
reduce the number of people without safe access to clean water and energy resources (UN-DESA 2017).
However, the recent history of water treatment and energy projects to address the MDGs and SDGs has
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raised significant concerns regarding sustainability due to the hundreds of millions of dollars spent by
donors on projects that households may not want and often abandon (Mac Mahon and Gill 2018;
Whittington and Nauges 2009). This issue spans across the technology for development sector with many
theories speculating the cause of low-adoption and poor dissemination rates of water treatment and
renewable energy technologies. Potential reasons for low-adoption include inadequate understanding user
needs and barriers to technology adoption (Durix, Carlsson Rex, and Mendizabal 2016; Negro, Alkemade,
and Hekkert 2012), lack of required information transfer to the users (Kemp and Volpi 2008), deficient
supply chain (Sobsey et al. 2008), and insufficient relations with local partners (Eder, Mutsaerts, and
Sriwannawit 2015; Mac Mahon and Gill 2018), among others.
Researchers are calling on implementation-based studies to use cross-disciplinary mixed-method
approaches to investigate the dissemination of water treatment and energy technologies (Chatti et al. 2017;
Stanistreet et al. 2015). Stern (2014) proposes an integrated, trans-disciplinary science of human-energy
interactions to better understand the complex relationships between people and technologies (Stern 2014).
In a similar vein, Jepson et al. (2017) proposes that researchers approach household water provision by
assessing how social and political factors establish benefits and barriers to water access, rather than simply
assessing the functionality of access to water itself (Jepson et al. 2017). The integration of social scientific
research, both theory and method, helps understand determinants of individual and societal behavior which
leads to more comprehensive analysis of technology adoption (Straub 2009). Because social research of
new technologies can be expensive, is less easily reproduced, and is less quantifiable, it is often ignored –
with the regrettable result that investment decisions are often made from only technical performance (Durix,
Carlsson Rex, and Mendizabal 2016).

3.1.2 Diffusion of innovation framework
Diffusion of innovations (DoI) examines society’s adoption of a new technology or behavior by providing
a framework to analyze stakeholder’s perspectives and determine risks and barriers associated with the
technology or behavior in a specific context (Rao and Kishore 2010; Rogers 2003). Perceived risk, cost,
equipment complexity, and lack of socio-political acceptance can all inhibit technology adoption (Caplan
et al. 2014; Kemp and Volpi 2008; Wüstenhagen, Wolsink, and Bürer 2007). The DoI framework has been
applied in studies to predict adoption behavior of solar-water disinfection technology in Bolivia (Moser and
Mosler 2008), determine barriers related to solar PV pumps in India (Purohit and Michaelowa 2008), and
analyze the lack of investment in renewable energy technologies in Chile (Nasirov, Silva, and Agostini
2015). A review of diffusion of renewable energy systems by Negro et al. (2012) determined that potential
barriers to adoption include economic constraints, gaps in knowledge, competing substitutes, and lack of
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resources available to support the new technology (Negro, Alkemade, and Hekkert 2012). A study by Ojomo
et al. (2015) used DoI to identify enablers and barriers to household water treatment systems where
researchers determined that free distribution of technology was a barrier to sustained adoption compared to
financing programs, which encouraged long-term use (Ojomo et al. 2015).
There are many reasons why a cultural behavior or technology adoption spreads through a society.
Commonly, individuals in society learn and imitate the majoritarian behaviors, a theory known as
conformist transmission (Joe Henrich and Boyd 1998). Prestige-based cultural transmission occurs when
the behavior of individuals with more skill, success, and status is imitated (Joseph Henrich, Boyd, and
Richerson 2008). These and other theories of transmission and diffusion offer frameworks for evaluating
the spread of culturally acquired values and behaviors. However, we might not be able to fully apply
transmission and diffusion frameworks to projects in the international development. This is due to the fact
that many times projects are funded from external resources, rather than from within a community. When
households having agency in the selection of their energy and water technologies, diffusion and
transmission can be readily examined. However, in the case of community-based implementation projects,
donors or organizations are the ones deciding which technologies and solutions will be disseminated. With
this in mind, in this study we used the DoI framework to examine the barriers and benefits of adopting a
new water treatment technology (reasons why a user may stop or continue using the product) in a specific
context to determine potential design and implementation changes.

3.1.3 Technology description: The InStove Water Purifier
This interdisciplinary mixed-method approach to engineering design research, combining applied
anthropology and experimental engineering techniques, is presented through the case study of a pilot test
of the InStove Water Purifier in Mbale, Uganda.
Pasteurization from renewable energy is a simple and sustainable water disinfection method; however,
current practices are time consuming and environmentally costly (Okpara, Oparaku, and Ibeto 2011). While
significant reduction of microorganisms are observed when heating water to 71 °C for 15-20 seconds
(MacCarty et al. 2017), hundreds of millions of people around the world disinfect their drinking water by
raising it to boiling (100 °C). Although boiling serves as a convenient visual indicator, individual definitions
of boiling can range. A study of households in urban Zambia found definitions of boiling varied from
“steam rises from the surface” (39%), “tiny bubbles rise from base to surface” (8%), and “until surface boil
starts” (53%) (Psutka et al. 2011). Drinking water is traditionally boiled over a three-stone biomass fire that
requires the procurement and combustion of solid fuels and introduces a variety of health and environmental
hazards. Boiling drinking water in this way is an extremely inefficient process, wasting time and local
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biomass resources, producing significant amounts of emissions that are harmful to both health and climate,
and creating scalding water that must then be substantially cooled before use, increasing the risk of injury
and wasting valuable energy (Okpara, Oparaku, and Ibeto 2011). Because pasteurization is a culturally
appropriate solution to disinfect water, there is vast potential for improvements in the use of renewable
energy in this process.
To address this need, Institutional Stove Solutions (InStove), a stove manufacturer in Cottage Grove,
Oregon, designed the InStove Water Purifier (Figure 14) – a self-regulating biomass-powered system
designed to heat water to the pasteurization temperature then cool it down to a safe handling temperature.
Cold untreated water enters the system from a pressurized source and first passes through a heat exchanger
before flowing through a metal coil and collecting additional heat from a reservoir of hot water in a large
stockpot, which is heated externally by the biomass cookstove. Next, water flows through an automatic,
mechanical thermostatic valve, which is closed if the temperature is below 71 °C, ensuring that only
pasteurized water passes through the system. The water then flows through a pipe with increased diameter,
labeled as the “kill chamber” before re-entering the hot side of the heat exchanger. After passing through
the heat exchanger, water exits the system at a safe handling temperature ready for storage or consumption.
A water boiling test over a traditional open fire by (MacCarty, Still, and Ogle 2010) found that 1 L of water
required about 200 grams of wood to reach boiling from room temperature. By comparison, initial tests of
the InStove Water Purifier’s performance determined the consumption rate for steady-state operation was
5.5 grams of equivalent dry wood per liter to pasteurize each liter of water, representing a 97% savings in
fuel (MacCarty et al. 2017). During this lab testing, an average of 1.5 kg of wood was required to heat the
Purifier to operation temperature. The clean combustion of the InStove resulted in emissions of only 0.11
grams of CO and 0.72 mg of particulate matter per liter of pasteurized water at steady-state operation,
resulting in a respective 98.9% and 99.7% decrease compared to traditional open fire boiling (Jetter et al.
2016; MacCarty et al. 2017). Most importantly, bacteria removal testing showed a 99.9999% (6 log)
reduction in E. coli bacteria, meeting the WHO recommendation for drinking water treatment
technologies (WHO 2011a).

39

A Inlet pipe
D Thermostatic valve
B Heat exchanger E Kill chamber
C Heating coil
F Outlet pipe

Figure 14. The InStove 60-L biomass cookstove (left), the water pasteurization unit (middle), and
schematic of the water pasteurization unit (right) (all photos and diagrams are owned by InStove).

3.1.4 Setting up in the field
Oregon State University and InStove partnered with MAPLE Microdevelopment to implement and evaluate
the InStove Water Purifier in the Mbale District of Eastern Uganda, one of the poorest regions of Uganda.
MAPLE Microdevelopment is a non-governmental organization focused on community development in
impoverished regions of the world. The organization has worked in Eastern Uganda since 2009, where they
form community-managed savings and loan groups, provide access to financial services, and teach financial
literacy, entrepreneurship, and business development. One of the authors, Burleson, worked with MAPLE
in previous years on research projects in Mbale and connected the organization with InStove.
The partnership with MAPLE and their entirely Ugandan-educated and dedicated staff supplied the research
team with the necessary resources to complete work such as accommodation, transportation, translation,
and local mentors and experts. Through local connections, MAPLE found an appropriate hostel in Mbale
willing to participate in the field study. In the Mbale District, it is commonplace for families from small
surrounding villages to send their children to secondary school in Mbale or Kampala. Because many
children need safe and affordable accommodation, there are many privately-owned hostels that house
students during the school year. For a monthly fee, these hostels provide students with meals, drinking
water, and other typical accommodations. Diana’s Hostel, managed by Joshua Madoi, was the location for
the implementation study of the InStove Purifier. At the time of the study in August 2017, Diana’s Hostel
was housing 104 teenage girls with five employees (manager, guard, matron, cook, and cleaner). We
selected this location for the pilot study because the MAPLE staff personally knew and trusted the manager,
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the number of people requiring access to clean water was appropriate with the Purifier’s output, and the
hostel cook used large amounts of firewood daily to cook and boil water.
Although much of Mbale has access to piped water, boiling water before drinking is necessary as
waterborne illness, such as typhoid and dysentery, are common due to poor infrastructure in the city water
system (G. E. Burleson 2016). Diana’s Hostel has reliable access to city water, which is pumped daily into
their privately managed elevated water tank. From the tank, water is gravity fed to a variety of taps
throughout the hostel. This elevated tank served as the water source for the Purifier during the
implementation study.

Methodology
Researchers are calling for implementation-based studies to use robust mixed-method protocols to
investigate household water treatment solutions and use ethnographic methods to understand wood fuel,
charcoal, and other household forms of bioenergy (Chatti et al. 2017; Lantagne and Clasen 2012). While
there are a range of methods to evaluate the impact of technology and development initiatives, recent trends
are moving strongly towards interdisciplinary mixed-method approaches for humanitarian technologies like
improved cookstoves (Adkins et al. 2010; Stanistreet et al. 2015; Sundararaman et al. 2016). Mixed-method
research is a methodology for conducting research that involves collecting, analyzing, and integrating
quantitative and qualitative data in a single study (Tashakkori and Teddlie 2010), resulting in more
comprehensive and holistic research compared to a single-disciplinary approach (R. B. Johnson and
Onwuegbuzie 2004). Specifically, the addition of an ethnographic perspective in applied engineering work
offers a unique understanding of energy usage within specific contexts (Smith and High 2017).
Ethnographic methods, such as participant observation, provide a narrative of the user and assist designers
in identifying factors that influence technology use and impact (N. G. Johnson and Bryden 2013). Other
qualitative methods, including interviews and open-ended surveys, can be incorporated into engineering
research to increase the value of observations and evaluations of user-technology-interface, even replacing,
when appropriate, large-scale and lengthy surveys (Garbarino and Holland 2009).
A study of cookstove design in Peru utilized qualitative interview data to analyze the usability of improved
cookstoves and propose design changes that improve user adoption rates (Thacker, Barger, and Mattson
2017). Another study of improved cookstove adoption in a rural village in Mali incorporated participant
observation to understand the role of cooking within the larger context of a day of work for women. This,
coupled with a minute-by-minute time-series account of cooking tasks, generated valuable information
regarding user technology needs. In the end, researchers determined that improved cookstoves did not meet
all the needs of households and did not significantly influence cooking energy use (N. G. Johnson and
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Bryden 2013). This information illustrates the limitations of using a solely technological approach and is
invaluable to design engineers who aim to create significant impact for their users.
To evaluate the InStove Water Purifier in the field, we applied a grounded theory cross-sectional mixedmethod approach. We examined the usability and user acceptance of the technology using focal follow, an
ethnographic tool, during the intervention of the Purifier to observe qualitative characteristics of user
actions. We used a time allocation method to quantify the distribution of time that the operator devoted to
specific tasks. These methods were used to observe participants both before and after the intervention
because researchers recommend that boiling water be used as a benchmark to assess the alternative
disinfection methods because boiling is still the most common water disinfection method in the world
(Clasen et al. 2008). Simultaneously, we conducted performance experiments, including fuel efficiency
tests and data collection of temperature and flow rates. Each of the methods used in this study is described
briefly below.

3.2.1 Ethnographic methods
Ethnography is a community-based research method designed to collect information through intensive,
iterative contact between the researcher and study participants (Bernard 2017). While central and highly
regarded by anthropologists, systematic ethnography is a rather new method for engineers and some
development practitioners. In the field of international development, ethnography can be used to conduct
needs assessments or to evaluate whether a given intervention has had the intended effect (Moss 2005;
Nolan 2002). For this study, participant observation, focal follow and time allocation were used to better
understand the implementation context of the InStove Water Purifier and learn potential barriers and
benefits of technology adoption. The Oregon State University Institutional Review Board under study
number 7257 oversaw all research with human subjects.
3.2.1.1

Participant observation

The research team was comprised of two students from Oregon State University and two Ugandan MAPLE
staff members. Throughout this study, the student researchers spent time and gained the trust of the
employees and teenage girls at the hostel with help from the MAPLE staff who had rapport and facilitated
any translations (although English was spoken by all informants, colloquialisms and cultural phrases were
often translated). Water treatment was observed before and after the implementation of the InStove Water
Purifier to better understand and evaluate the context surrounding the users. Participant observation is an
important step in the ethnographic process because strategic observation allows for untold assumptions,
underlying rules of thumb, local intuitions, shared world views, and conflicts of interest that may not be
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gathered in simple interviews or surveys (Smith and High 2017). Student researchers jotted down notes
regarding the environment, people’s actions and words, and general observations in a field notebook. At
the end of each day, notes were copied onto a computer and additional reflections were added.
3.2.1.2

Focal follow and time allocation

Focal follow is a method in which the researcher spends time with the subject, the “Focal,” during their day
to examine their tasks and gain an understanding of their experiences, perspectives, and priorities by
recording events and actions over a specified duration (Altmann 1974; Pelto 2016). Throughout focal
follow, informal interviewing and participant ethnography took place to gain insight to the tasks and the
Focal’s view of their responsibilities. For this study, the Focal was Nick, a 30-year-old cook from Bududa,
a nearby village in the Mbale District. Nick lived at the hostel and earned money cooking meals and
preparing drinking water each day. During focal follow, the time allocation of the Focal’s actions related
to water treatment were documented. Time allocation is a method to understand an individual’s behavior
based on the tasks they spend time doing and has been used to plan and evaluate the impact of development
projects in the Global South (Soeftestad 1986). People in every society allocate time as a resource, choosing
to divide their day between various responsibilities and leisure. It is important to note that much of the
world has not commoditized time the way Western society has (Gross 1984), where it can be saved, spent,
wasted, and bought – emphasizing the importance of qualitative work to corroborate any time allocation
findings. While there are cultural differences in perceptions of time, the time allocation technique is
worthwhile because of the inherent fact that performing one task means you cannot do another. Thus, this
method is an indirect way of measuring human behavior which, when coupled with supplemental
ethnography, can lead to further insights of an individual’s values, priorities, and daily routine.
Student researchers used a simplified method of time allocation to study the operator’s behavior before and
after the intervention of the InStove Water Purifier by studying the Focal’s time spent while preparing
water, rather than evaluating his whole day. Following and participating in conversation with the Focal
inevitably changes their behavior, however, it is assumed that tasks related to preparing food and clean
water are of priority and will still be accomplished in a similar manner if a researcher is present. The null
hypothesis (𝐻0,𝑡 ) is that the time allocated to performing water preparation tasks before the intervention
over the baseline fire (𝑡𝐵𝐹 ) is equal to the time allocated to those same tasks after the intervention of the
InStove Water Purifier (𝑡𝐼𝑊𝑃 ). Here, time (𝑡), measured in minutes, is equal to the sum of time spent
collecting water and firewood, preparing/maintaining a heating source (baseline fire or cookstove), cooking,
water disinfection, and other tasks that may be discovered in the field that relate to these. The alternative
hypothesis (𝐻1,𝑡 ) is that the time for these tasks before intervention will be different from the time after.
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𝐻0,𝑡 : 𝑡𝐵𝐹 = 𝑡𝐼𝑊𝑃

(36)

𝐻1,𝑡 : 𝑡𝐵𝐹 ≠ 𝑡𝐼𝑊𝑃

(37)

During the study, time, separated by different tasks, was measured by student researchers using a
wristwatch, recorded in a field notebook, and categorized during data analysis after the field study. Three
“trials” of each process (baseline stove and InStove Water Purifier) disinfecting 50 L of water were
observed. Researchers conducted daily ethnography and informal interviews with Nick and other
individuals at the hostel to triangulate data and gain insights. On the fifth day, during implementation of the
Purifier, the Focal, Nick, and the hostel manager, Joshua, received a brief, hands-on, step-by-step training
from the student research team. Using the Purifier involves connecting a hose to a tap and maintaining and
tending a small fire – which Nick quickly mastered within minutes due to his extensive experience cooking
over wood-burning fires. After implementing the Purifier, the same focal follow and time allocation
methods were applied for four days, and again, ethnography and informal interviews triangulated the data.
Although it is well known that individuals are likely to alter their behavior when they are being observed,
researchers assumed that this affect would be minimal due to the mundane characteristic of the tasks
observed.

3.2.2 Technical methods
Concurrently, to evaluate the technical performance of the InStove Water Purifier, the student researchers
monitored the system temperatures, flow rate, and fuel usage. Each of these will be described briefly below.
3.2.2.1

Temperature

The disinfection mechanism of the InStove Water Purifier is heat. For the Purifier to reduce microorganism
concentrations to a safe level, the temperature of the water must be held at 71 °C or higher for 15-20 seconds
before cooling down and exiting the system. During field tests, key temperatures in the Purifier were
measured with thermocouples. These included the temperature of the water at the inlet, thermostatic valve,
and in the stockpot. The inlet temperature was only measured once and was expected to remain mostly
constant. The temperatures of the stockpot and thermostatic valve were measured and recorded every
minute during operation (which lasted between 35 and 55 minutes). However, during the first use of the
Purifier at the hostel, the thermocouple attached to the inside of the connection directly before the valve
failed. This thermocouple was attached with silicone through a hole drilled into the connection. Efforts
were made to replace the thermocouple but the glue would not set in time for the subsequent tests. To avoid
the risk of leakage, a new pipe connection without a thermocouple was inserted into the system. During
initial testing in January of 2017, the temperature difference between the thermostatic valve and the stockpot
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averaged at 0.32 °C with a standard deviation of 2.1 °C. Researchers in the field assumed that the
temperature of the pot was a reliable estimation of the temperature of the water flowing through the valve
and would be sufficient for the field study despite the failed thermocouple.
3.2.2.2

Flow rate

The flow rate of the InStove Water Purifier was monitored with an electronic flowmeter and
microcontroller. Flow rates were measured in liters per minute and recorded during testing to evaluate the
throughput of the system.
3.2.2.3

Fuel usage

Experimental testing of the efficiency of the InStove Water Purifier within this context focused on
quantifying the difference in fuel usage between the Purifier and the baseline. Wood usage was measured
before and after the intervention of the InStove Water Purifier using a FUEL sensor. Developed at Oregon
State University, the Fuel, Usage and Emissions Logger (FUEL) is an autonomous sensor-based monitoring
system that quantifies the usage rates and fuel consumption for biomass cookstoves (Ventrella and
MacCarty 2018). FUEL provides a log of weight readings to determine the amount of wood used over time
during cooking and water disinfection events. These data were used to compare change in biomass fuel
usage before and after the intervention of the InStove Water Purifier. The null hypothesis (𝐻0,w) is that the
weight of the wood used to perform water and cooking tasks before the intervention over the baseline fire
(𝑤𝐵𝐹 ) is equal to the weight of the wood used for those same tasks after the intervention of the InStove
Water Purifier (𝑤𝐼𝑊𝑃 ). Here, weight (𝑤) is measured in kilograms (kg). The alternative hypothesis (𝐻1,w)
is that the weight of wood used before the intervention will be different than after.
𝐻0,𝑤 : 𝑤𝐵𝐹 = 𝑤𝐼𝑊𝑃

(38)

𝐻1,𝑤 : 𝑤𝐵𝐹 ≠ 𝑤𝐼𝑊𝑃

(39)

The FUEL sensor monitored the baseline cooking and water disinfecting method in the institution for three
consecutive days. Then, after the installation of the Purifier system and training and practice for the
operator, the FUEL was used to monitor the usage of the InStove Water Purifier for three consecutive days.
3.2.2.4

Bacterial contamination

During the implementation of the InStove Water Purifier, three samples of the hostel’s water source were
collected and counted for bacteria at 100 mL and 1 mL volumes and using Petrifilm™ E.coli/Coliform
count plates by the 3M Corporation. A total of three samples were collected from the outflowing water
when (1) the flow initially started, (2) after 10 minutes of continuous flow, and (3) just before the flow
45

stopped. Each sample was plated at 1 mL and 100 mL concentrations and plates were incubated for roughly
20 hours in a lunch thermos with an internal temperature maintained between 35-39 °C monitored by a
thermocouple. Temperature in the incubating thermos was controlled by adding or removing hot water in a
sealed container.

Results
3.3.1 Participant observation
The hostel purchased firewood, which was delivered bi-monthly and stored in a pile near the garden in the
back of the compound. Each morning, the Focal woke up around 3:30 AM. The first task of the day was
starting the fire in one of the semi-improved cookstoves in the kitchen. While the fire was becoming
established, the Focal washed a 60-L aluminum cooking pot using soap, water, and a sponge in a sink
adjacent to the kitchen. Next, a 20-L jerrycan was filled from a water tap in the kitchen and the empty, clean
pot was placed on the stove. Once filled with water, the jerrycan was poured into the pot on the stove.
Another jerrycan and a half of water were added subsequently. Together, the researchers and the Focal
concluded that roughly 45 L of water was heated each morning over the stove. Student researchers observed
this process for four mornings (three weekdays and one Sunday). On average, water was heated over the
fire for 46 minutes (beginning around 4:10 AM).
During this time, the Focal mostly relaxed in front of the stove with occasional tending or maneuvering of
the fire (sometimes for practical reasons and sometimes out of boredom). After about an hour, once small
bubbles began to form in the pot, the Focal sounded an alarm from the kitchen to notify the residents of the
hostel that hot water was prepared. The Focal aimed to sound it at 5:00 AM each school day. Within
minutes, girls lined up outside of the kitchen holding thermoses and 5-L jerrycans. Water collected in
thermoses (0.5 – 1 L) was used for morning tea and water collected in small jerrycans (5 L) was left to cool
down for drinking at lunchtime. Roughly 20 girls collected water each morning – each filling between 1
and 5 containers for themselves and their roommates. The thermoses were typically used by individuals;
however, jerrycans were shared among 5-10 girls each.
The girls placed their empty containers on a small serving table in the kitchen and the Focal dipped a
handheld water pitcher into the pot and poured the hot water into the containers. One student researcher
participated in this task one morning and found it extremely difficult to fill the pitcher with hot water while
smoke from the cookstove stung their eyes and impaired their vision. The Focal acknowledged that the
smoke was difficult to handle but said that he was used to it. Each morning, a small amount hot water
remained in the pot and was used to begin cooking beans for lunch.
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During the implementation of the InStove Water Purifier, three hostel employees were involved: the cook
(Focal), manager, and security guard. They all seemed excited but also hesitant to use the new product. The
research team deferred to their preference of location and selection of a water source during set-up, which
was a tap near the kitchen. With the assistance of a translator, researchers explained the system in detail –
ensuring that each employee understood how the water flowed and how it was purified. Once he understood
how the Purifier worked, the Focal was eager to try it out. Figure 15 shows the differences in time allocation
between the baseline boiling method and the InStove Water Purifier.
Once the system was in place, without significant coaching, the Focal started the fire in the InStove and
quickly mastered tending it. He was most surprised by how much smaller the pieces of wood needed to be
to fit into the fuel entrance of the stove and spent a lot of time chopping wood, which he had not prepared
for. The Purifier required 35 minutes to heat up enough to begin the flow and disinfection of water. It then
ran for 14 minutes, filling every 5-L clean water container at the hostel and generating roughly 100 L of
clean water with minimal tending of the fire. The Focal and others watching seemed impressed by the
system but were skeptical that it was really cleaning the water. The Matron of the hostel later told
researchers that a group of residents made her drink the water before they did. The Manager added that he
felt hesitant to trust the product due to the inability to see the water passing through the interior of the
system. After seeing the incredulous reactions of the staff and high school girls, the researchers arranged a
time to explain the Purifier to gain their trust.
After the excitement and initial reactions died down, the Focal commented that he wished the Purifier could
generate hot water for tea as well, as the clean water exiting the system was close to ambient temperature.
Additionally, researchers noted that the leftover water heated for drinking each morning over their semiimproved cookstove was also used to begin cooking beans – something that the Purifier could not provide.
Otherwise, the Focal commented that there was no smoke in his eyes and that it required minimal firewood.
The manager even claimed “[the firewood] we use in a week could last [the Purifier] a whole year.” Student
researchers observed that, although the Focal did not boil water for drinking after the implementation of
the Purifier, he continued to heat water each day for tea and other cooking needs over his semi-improved
stove.
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Figure 15. Time allocation for disinfecting 50 L of water over baseline fire vs the Purifier (Burleson 2018).
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3.3.2 Focal follow and time allocation
After the field study, where field notes were taken for both Focal Follow and Time Allocation methods,
data were coded based on thematic task categories. During water treatment processes at Diana’s Hostel, the
Focal’s tasks were broken into the following categories: (1) tending the fire, (2) resting or chatting with
others, (3) fuel collection or preparation, (4) performing other chores (such as cleaning the pot), and (5)
serving water to the girls. Both the total time to purify 50 L of water and the time allocated across tasks in
the two processes varied. Figure 13 shows the differences in time allocation between the baseline boiling
method and the InStove Water Purifier for trial 3 of each process. Most notably, the time spent resting
during the water disinfection process decreased from 34 to 6 minutes in Trial #3. Resting accounted for
60% of the total time to disinfect 50 L of water over the baseline fire and 18% of the total time to disinfect
50 L of water on the InStove Water Purifier. Additionally, time spent tending the fire increased from 9 to
14 minutes when using the Purifier, increasing the relative percentage of time spent tending from 16%
to 42%.
In the middle of the InStove Water Purifier’s second trial, a rainstorm hit Mbale and caused a significant
delay. Due to this delay, researchers removed this data point from the analysis, although it provides
additional insight into the difficulty of operating the system out in the rain. While these results do not show
a statistically significant difference between the time required to purify water on the baseline fire verses the
InStove Water Purifier (p=0.1335 for a two-tailed t-test), likely because of the small number of trials
conducted, the difference in mean values is still noteworthy at 22.83 minutes.
Table 5. Time allocation for disinfecting 50 L of water over baseline
fire vs the Purifier.
Trial #
1
2
3
µ
σ

Baseline fire
76
48
57
60.33
14.29

InStove Water Purifier
42
145*
33
37.50
6.36

*Data point removed due to weather interference

3.3.3 Focal follow and time allocation
Of three test trials, the average temperature of the pot at the time the thermostatic valve opened was 80.0 C.
Figure 16 displays the temperature over time during the use of the InStove Water Purifier for a “cold-start”
and a “warm-start.” A “cold-start” represents operation of the system starting from ambient temperature. A
“warm-start” represents operation starting from much warmer than ambient temperature due to the system
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retaining its heat from a previous test the day before. As shown in Figure 14, the temperature of the pot at
the time the thermostatic valve opens is at 80.0 C and 81.7 C for the “warm-start” and “cold-start;”
respectively. Even with the approximation of the valve temperature being 0.32 C cooler than the stockpot
on average, this is well above the pasteurization requirement of 71 C.
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Figure 16. Temperature of the InStove Water Purifier during field testing.

3.3.4 Flow rate
During testing, the measured flow rates of the InStove Water Purifier ranged between 6.8 and 8.3 L/min
with an average flow rate of 8.0 L/min, equivalent to 480 L/hr. All water containers at the hostel were filled
in a matter of minutes once the flow began.

3.3.5 Fuel Usage
The FUEL sensor monitored the baseline cooking and water disinfecting solution at the hostel for three
consecutive days. During this time, the FUEL sensor determined that 104.22 kg of wood was used.
Researchers observed that during these three days, stoves were used for roughly 37 hours to prepare food
and 6 hours to prepare clean water. From data obtained by the FUEL sensor, we can estimate that an average
of 4.85 kg of wood was used each day to prepare clean water, or, roughly 48.5 grams of wood per liter of
water disinfected (estimating 50 L of water boiled twice each day).
Then, after the installation of the InStove and training and practice for the operator, the FUEL sensor was
used to monitor the usage of the InStove Water Purifier. However, the Focal declined to use the sensor
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because he claimed: “the weight of the wood was nothing” compared to their semi-improved stove. The
wood used for the institution’s semi-improved cookstove had diameters up to 30 cm while the Purifier
requires much smaller pieces of wood with diameters less than 6 cm.

Figure 17. Biomass fuel size differences between the semi-improved boiling method (left) and the InStove
Water Purifier (right).
In order to measure fuel usage of the Purifier, student researchers in Uganda performed experimental testing
with staff members from MAPLE after the pilot study at the hostel. During 45 minutes of running the
InStove Purifier, the FUEL sensor determined that 1.249 kg of fuel was used. Accounting for a “cold” startup time of 35 minutes and a flowrate of 8 liters per minute, researchers concluded that the Purifier required
roughly 15.6 grams of fuel per liter of water produced, accounting for start-up time. Because this accounts
for startup time, the longer the purifier is allowed to run, the lower this figure will be since it is a flowthrough system as opposed to the batch process of the traditional method.
While these findings are not statistically significant, they potentially represent a reduction of biomass fuel
use of 67.8%.

3.3.6 Bacterial contamination
The count plates showed zero presence of bacteria in the hostel’s water source and, inherently, zero presence
of bacteria in the Purifier’s effluent water. This finding does not negate the need for water disinfection as
the water source’s reliability is inconsistent in Mbale (G. E. Burleson 2016).
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Discussion
The results show multiple tradeoffs associated with adopting the InStove Water Purifier. These tradeoffs
include both benefits and barriers to adoption, which are described below. Additionally, this study highlights
the importance of method triangulation and the value of in-depth and short-term ethnography, even if results
are not statistically significant due to a small sample size.

3.4.1 Benefits of adoption
Potential benefits to adoption of this technology, identified by this study, include decreased overall time
and labor to purify water, decrease in biomass resources required, increase in overall water output, and low
learning curve for the product operator. Informal interviewing and observation combined with time
allocation and fuel usage data show a high potential for user acceptance due to the Purifier’s time and fuel
savings. While our results for neither time or fuel savings are statistically significant due to limited sample
size and duration of the study, ethnographic data indicate that users perceived noteworthy savings in these
categories. Temperature and flow rate measurements support the known required temperatures and time to
kill harmful microorganisms as data showed that water spent over 15 seconds at temperatures ranging from
78 to 87 °C, well surpassing pasteurization requirements.
The results from ethnographic data show that the learning curve for the technology is low for a user with
previous experience tending fires. This implies that operation of the system is culturally acceptable as it
mimics the baseline water treatment solution, boiling over an open fire.

3.4.2 Barriers of adoption
Potential barriers to user acceptance of the InStove Water Purifier, identified by this study, include the trust
required by users, lack of outlet temperature control, change in time allocation, and change in fuel wood
preparation. The Manager and other users noted that the product had an inability to show the water flowing
through the interior of the stove. Because users are familiar with boiling water and visually seeing bubbles
or steam, it is important that implementers of this system learn an adequate means of proving the product’s
efficacy to users, which will inevitably vary from user to user. Otherwise, some individuals may lose trust
and refrain from using the product.
Users expressed interest in using the Purifier for other water needs such as tea and warm water for bathing.
The manager and the Focal mentioned that a temperature control would be a preferred design change. This
feedback is especially valuable for design engineers who aim to reduce user reliance on traditional
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cookstoves. Although the Focal did not boil water for drinking after the implementation of the Purifier, he
continued to heat water each day for tea and other cooking needs over his semi-improved fire. In this
situation, the Purifier could not completely replace current methods. This feedback led design engineers at
InStove to design a temperature control system for the discharged water. Without this feedback from users,
the InStove Water Purifier would never replace reliance on traditional fires to meet the institution’s drinking
water needs and would simply be a supplemental technology. This type of information is also invaluable
for reporting more accurate impact of technologies in the field. While it can be correctly reported that the
Water Purifier increased the institution’s water capacity and saved significant time and fuel during the
production of clean drinking water, it is incorrect to claim that users will see an overall decrease in fuel
usage because they will continue to rely on their traditional technologies for the other applications that
involved heating water.
Although time allocation results exposed that benefits associated with the Water Purifier include increased
efficiency and reduced time, they also identified costs such as potential loss of leisure time and, although
minimal, increased time required for tending the fire and less multi-tasking. This suggests that people who
adopt the technology may have to actively tend it, rather than resting or multi-tasking as they may have
done with their previous method. These costs and benefits are product attributes that will be be weighed by
the Focal as he continues to use the Purifier. Product costs and benefits must be observed during long-term
monitoring and evaluation to understand user preferences and values over the long-run.
Additionally, the InStove Water Purifier requires a different fuel size than traditional fires. The wood used
for the institution’s semi-improved cookstove had diameters up to 30 cm while the Purifier requires much
smaller pieces of wood with diameters less than 6 cm. While the Purifier requires significantly less wood
than traditional methods, any required behavior change (such as sourcing smaller wood or spending more
time chopping) must be assessed during the long-term monitoring phase of this project. Researchers will
need to evaluate the user’s willingness to modify their fuel preparations or sources as there is a risk that the
Focal may be averse to this form of additional labor.

3.4.3 Study strengths and shortcomings
This study highlights the importance of a mixed-method research approach to energy and water treatment
technology evaluation. Often, project implementers may not have the time or resources to conduct longterm studies with large sample sizes. In these cases, it is important to design a short-term study with a
trusting local partner that examines benefits and barriers of the technology. The use of multiple methods is
essential to examine both the technical performance of the technology and the social and cultural
perceptions in the context. These data, while perhaps not statistically significant due to short timeline and
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small sample size, are invaluable in the product design and learning phases, especially for engineers
working outside of their culture.

3.4.4 Recommendations for product design and future long-term assessment
This study did not assess performance and user acceptance over long-term use, which is crucial to
understand adoption rates. Rather, by focusing on a single case-study, researchers were able to determine
potential barriers and benefits of the new technology in a short amount of time. Additionally, since the
paying customer of technologies like this is often not the end-user (particularly in development projects
with donors), the DoI framework cannot be fully used to predict diffusion in this context. Instead, the
framework led to insights that can inform designers and practitioners about the potential impacts and risks
associated with their product. This information could be used for design changes, planning implementation
strategies, and understanding target user markets; among others. After these impact and risk factors are
identified, future long-term monitoring should focus on observing these factors on user behavior and
technology uptake. Table X presents a summary of design and implementation proposed to the product
manufacturer for consideration to improve the system.
Table 6. Proposed design changes from ethnographic methods.
Design/implementation proposed
Change the angle of the fuel feed
entrance
Add manual temperature adjustment
Increase the size of the fuel feed
entrance
Incorporate simple thermometer
Incorporate a training and user guide

Reason
Improve usability,
require less time for
tending
For users to generate hot
water
Improve usability,
reduce labor during fuel
preparation
To improve user
experience
To improve initial trust
of the system

Method
Focal follow, Time
allocation
Participant observation
Focal follow, Time
allocation
Focal follow
Participant observation

Conclusion
For institutions in Uganda with access to pressurized water and firewood, the InStove Water Purifier could
serve as a reliable and economical water treatment method, however long-term use with the current design
may be a concern. Through a diffusion of innovation framework, benefits of adoption identified by the
study include time and fuel savings, reduction of smoke, and increased water disinfection capacity. Barriers
of adoption and potential reasons for abandonment may include lack of user trust, increased labor for fuel
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preparation and tending time, inadequate technology-user-feedback while using the system, and lack of
outflowing water temperature control. Many of these user concerns can be address with design changes and
that could lead to more sustainable use of the product. The results of this study also shed light on an
additional conclusion about appropriate locations for implementation. In a situation with less access to
biomass resources and more demand for water, the Purifier would significantly reduce the fuel use per liter
of water produced and potentially meet an unmet demand for clean water. Future work for evaluation of
this product includes implementation in higher-demand contexts, including a refugee camp in Bangladesh
and large orphanage in Uganda.
Broadly, this study highlights the importance of method triangulation and, more specifically, the value of
ethnographic evaluation methods for engineering solutions. Triangulation of data from multiple methods is
extremely useful to corroborate results and gain better understanding of both the technology and users
within a specific context. While two methods on their own concluded statistically insignificant results (time
allocation and fuel usage) due to limited sample size and duration of the study, ethnographic data indicate
that users experienced noteworthy savings in these categories. This study emphasizes the value that comes
from working closely with end-users in an uncontrolled experimental environment. Engineering
practitioners should become more comfortable applying ethnographic methods and analyzing qualitative
data to better evaluate their projects in the field.
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4 THIRD MANUSCRIPT: Evaluating Safe Water Storage
Methods: Recommendations for Household Container Cleaning
Procedures
Abstract – Recontamination of drinking water after collection and before point-of-use increases the risk of
infectious disease transmission among vulnerable populations worldwide. Regular cleaning of drinking
water storage containers is recommended to reduce recontamination, however, limited data is available on
the effectiveness of different container cleaning methods in reducing enteric bacterial indicators. This work
evaluates the efficacy of container cleaning processes in terms of logarithmic reduction of Escherichia coli
(E. coli). A water rinse, Oxfam-recommended soap and water rinse, Oxfam-recommended bleach rinse, and
two CDC-recommended procedures, which each includes a soapy water rinse and chlorination, were
evaluated in a controlled laboratory setting. Results show significant reduction of E. coli colonies for all
tested methods with the exception of the water rinse procedure. Field procedures to test container cleaning
methods are also presented in this paper. Ultimately, this study highlights the importance of cleaning
storage containers with methods that use soap and/or bleach, rather than simple water rinses. We propose
that, in addition to focusing on water treatment solutions, practitioners evaluate local container cleaning
habits and promote cleaner and safer behaviors of water collection, storage, and container maintenance to
individuals vulnerable to recontamination of their drinking water.

Introduction
Globally, 2.1 billion people lack sufficient access to safely managed water and 263 million spend over 30
minutes per trip outside of their home to collect water intermittently from nearby sources such as springs,
boreholes, and rivers (UNICEF and WHO 2017). Households without in-home access to running water,
must collect adequate quantities of water when it is available and then store it in containers for later use
(Reiff et al. 1996). Various studies have shown that water collected from a source outside the home is known
to significantly reduce microbiological quality during transportation and storage, increasing the risk of
disease transmission (Levy et al. 2008; Mintz et al. 2001; Stocker and Mosler 2015). In a review by Wright
et al (2004), of 57 field-based studies comparing bacterial counts for source water and stored water in the
home, approximately half identified significant contamination after water collection (Wright, Gundry, and
Conroy 2004). Common reasons for recontamination of water in storage containers include contact with
hands or contaminated utensils as well as contamination via soil, animals, and insects when a container is
left uncovered (Reiff et al. 1996). Reiff et al (1996) also recommends that households obtain and use one
or two “suitable” water storage containers. Recommended by the Center for Disease Control and Prevention
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(CDC), a “suitable” container has a volume between 10-30 L, appropriate shape that is easy to carry and
store, including fitted handle, stable base, durable material (e.g., HDPT), an inlet large enough to fill but
small enough to not fit hands, a screw-on lid preferably fastened to the container (with a diameter between
5 – 7 cm), and a durable faucet that can discharge 1 liter of water every 15 seconds (CDC 2001).
To reduce the recontamination of drinking water in household containers, it is essential that containers are
regularly cleaned between uses. Organizations such as the CDC and Oxfam International have published
recommendations for cleaning procedures. Oxfam has recommendations using soap, water, and bleach
rinses (Oxfam 2012) while the CDC has published two procedures for container cleaning: CDC protocol
for Cleaning and Preparing Personal Water Storage Containers (CDC 2016) and CDC protocol for Cleaning
and Sanitizing Containers after an Emergency (CDC 2017).
To our knowledge, no paper compares the efficacy of these recommended drinking water container cleaning
processes with simple water rinses, which are commonly practiced in the field. The method presented here
seeks to evaluate these protocols while also providing researchers with guidelines for future evaluation of
other container-cleaning procedures in the laboratory and field settings.

Materials
For the laboratory testing, the efficacy of five cleaning protocols were evaluated on 5-gallon (18.9 L) highdensity polyethylene water containers (Figure 18), also referred to as “jerrycans”. These jerrycans were
selected because their shape, material, and size match the recommendations published by the CDC (CDC
2001) while also mimicking the qualities of jerrycans available in Eastern Uganda, the location of the field
testing.

Figure 18. Plastic water storage containers used for testing at OSU (left) and in Eastern Uganda (right).
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The various protocols, described in Section 4.3, used commonly available materials such as large buckets,
household bleach, soap, sponges, and pebbles. A full list of materials and laboratory methods are presented
in Appendix A.

Methods
The American Society for Microbiology recommends that Escherichia coli (E. coli) be used as the primary
indicator of fecal contamination in drinking water (ASM 2001). First, 500 mL phosphate-buffered saline
(PBS) inoculated with E. coli with a concentration on the order of 106 CFU/mL was shaken in each container
for 10 seconds to create a “contaminated container”. This mixture was disposed of and each empty
contaminated container was cleaned following one of the protocols presented in this section. Each cleaning
protocol was tested three times in a randomized order over the course of two testing days. After each
container was cleaned, 500 mL of sterilized PBS was shaken in each container for 10 seconds. E. coli
concentration in the PBS was quantified by filtering 1 and 100 mL volumes on Whatman® mixed cellulose
ester filters (0.45 μm thickness, 47 mm diameter; GE Healthcare). The filters were placed on MacConkey
agar media (Hardy Diagnostics) and incubated at 35 °C for 24 hours per manufacturer’s instructions. Pink
presumptive E. coli colonies were quantified and concentrations were calculated based on plates with 20 to
200 CFUs. Detailed testing procedures of inoculum preparation, inoculation, container contamination, and
quantification method are presented in Appendix A.
Five container-cleaning procedures and a control were evaluated and are described in the following
subsections. These cleaning procedures include (1) water rinse, (2) Oxfam’s recommendations for a soap
and water rinse, (3) Oxfam’s recommendations for a bleach rinse, (4) the CDC’s recommendations for
“Cleaning and Preparing Personal Water Storage Containers,” and (5) the CDC’s recommendations for
“Cleaning and Sanitizing Containers After an Emergency.” Detailed protocols are presented in Appendix B.

4.3.1 Protocol 1: Water rinse
The first protocol was a simple water rinse, illustrated in Figure 19. 2.5 L of water was poured and shaken
in the contaminated container for ten seconds. This water was then removed and the container was tested
for any remaining bacteria.
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Figure 19. Water rinse method.

4.3.2 Protocol 2: Oxfam’s recommendation for soap & water
The second protocol was based on Oxfam’s recommendations for a soap and water rinse (Oxfam 2012),
illustrated in Figure 20. 1 L of water, a small amount of liquid dish soap, and 10 small pebbles were placed
in the contaminated container and shaken for ten seconds. After the soapy water and pebbles were poured
out, 1 L of water was added and shaken for ten seconds to remove the remaining bubbles. This water was
then poured out and the container was tested for any remaining bacteria.

Figure 20. Oxfam’s soap and water method.

4.3.3 Protocol 3: Oxfam’s recommendation for a bleach rinse
The third protocol was based on Oxfam’s recommendations for a bleach rinse (Oxfam 2012), illustrated in
Figure 21. 1 L of water and 5 mL of household bleach were poured into the container and shaken for 30
seconds. After the chlorinated water was poured out, 500 mL of water was added and shaken for ten seconds
to rinse remaining bleach residue. This water was then poured out and the container was tested for any
remaining bacteria.
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Figure 21. Oxfam’s chlorine rinse method.

4.3.4 Protocol 4: CDC’s recommendation for “Cleaning and Preparing Personal Water
Storage Containers”
The fourth protocol was based on the CDC’s recommendations for “Cleaning and Preparing Personal Water
Storage Containers” (CDC 2016), illustrated in Figure 22. Two shallow 40-L buckets were each filled with
20 L of water. First, the contaminated container was washed in the first bucket of water with liquid dish
soap and a sponge for ten seconds. Then, the container was rinsed in the second bucket of water for ten
seconds. Next, 1 L of water and 5 mL of household bleach were poured into the container and shaken for
30 seconds and then poured out. Lastly, 1 L of water was poured in the container to rinse the remaining
bleach residue. This water was then poured out and the container was tested for any remaining bacteria.

Figure 22. CDC’s method for “Cleaning and Preparing Personal Water Storage Containers.”

4.3.5 Protocol 5: CDC’s recommendation for “Cleaning and Sanitizing Containers After
and Emergency”
The fifth protocol was based on the CDC’s recommendations for “Cleaning and Sanitizing Containers After
an Emergency” (CDC 2017), illustrated in Figure 23. Four shallow 40-L buckets were each filled with 20
L of water. First, the contaminated container was washed in the first bucket of water with liquid dish soap
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and a sponge for ten seconds. Then, the container was rinsed in the second bucket of water for ten seconds.
Next, 250 mL of household bleach was added to the third bucket of water and the container was rinsed for
20 seconds in the bleach mixture. Lastly, the container was rinsed in the fourth bucket of water to remove
bleach residue for 10 seconds. After the final rinse, the container was tested for any remaining bacteria.

Figure 23. CDC’s method for “Cleaning and Sanitizing Containers After and Emergency.”

4.3.6 Protocol 6: Control (no cleaning procedure)
For this study, the control did not have any cleaning procedure on the container. Once the container was
“contaminated,” the control was then tested for E. coli concentration.

4.3.7 Methods in the field
This procedure for testing the efficacy of container cleaning procedures is also applicable in field settings.
In August 2017, three container cleaning procedures were tested to evaluate their effectiveness and
feasibility during a field study in Mbale, Uganda. The three procedures included (1) a simple water rinse
(Protocol 1), (2) the CDC protocol for Cleaning and Preparing Personal Water Storage Containers (Protocol
4) (CDC 2016), and (3) the CDC protocol for Cleaning and Sanitizing Containers after an Emergency
(Protocol 5) (CDC 2017). Ten containers, similar to the one shown in Figure 18, were contaminated with
water that was inoculated with animal feces collected from a nearby chicken coop (concentration not
calculated). Three replicates of each cleaning procedure and a control were then performed for ten
containers in a randomized order. After cleaning procedures were performed, 100 mL of the water samples
were filtered on Whatman® mixed cellulose ester filters (0.45 μm thickness, 47 mm diameter; GE
Healthcare) using a vacuum hand pump (Figure 24). The filters were placed on Petrifilm™ E.coli/Coliform
count plates (3M Corporation). 1 mL of water samples were directly pipetted on the Petrifilms™. Plates
were incubated for approximately 20 hours in a lunch thermos with an internal temperature between 35 –
39 °C monitored by a battery-powered thermocouple meter. Temperature in the incubating thermos was
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controlled by adding or removing hot water in a sealed container every few hours. Detailed method of field
testing is presented in Appendix C.

Figure 24. Materials in the field: (A) Filters, (B) Vacuum pump, (C) Plastic funnel, (D) Rubber stopper
and filter connector, (E) Rubber gloves, (F) Labeling materials, (G) Sterilized disposable pipettes,
(H) Ethanol, (I) Tweezers and lighter for sterilization, (J) Sterilized water, and (K) 3M Petrifilm™
E.coli/Coliform count plates.

Results
4.4.1 Laboratory results
In the laboratory at Oregon State, all protocols, with the exception of the water rinse (Protocol 1) and the
controls, showed no presence of colonies in any of the experimental trials while the water rinse showed
inconsistent results. The results of the controls were as expected with too many colonies to count. The
results each cleaning procedure is presented in Table 7.
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Table 7. Results from E. coli colony counts after decontamination procedures in the lab.
Methods:

(1) Water Rinse

(2) Soap &
Water

(3) Bleach
Rinse

(4) CDC:
Personal
Storage

(5) CDC:
Emergency
Sanitation

Control

Trial 1

87 CFU/100mL

<DL

<DL

<DL

<DL

TMTC

Trial 2

1000 CFU/100mL

<DL

<DL

<DL

<DL

TMTC

Trial 3

<DL*

<DL

<DL

<DL

<DL

-

*<DL = below the detection limit

4.4.2 Field results
In Mbale, Uganda, both CDC protocols showed no presence of colonies in any of the experimental trials
while the water rinse cleaning method showed the presence of a single colony in one trial. The control trial
had bacteria count of 5 colonies in 100 mL of water and 0 colonies in 1 mL.
Table 8: Results from E. coli colony counts after decontamination procedures in the field.
(1) Water Rinse

(4) CDC:
Personal Storage

(5) CDC:
Emergency
Sanitation

Control

Trial 1

<DL*

<DL

<DL

5 CFU/100mL

Trial 2

<DL

<DL

<DL

-

Trial 3

100 CFU/100mL

<DL

<DL

-

Methods:

*<DL = below the detection limit

Discussion
The methods presented above provide researchers with guidelines to compare the efficacy of various
container-cleaning procedures. In a laboratory setting, five different procedures were compared. Results
suggest cleaning the water storage containers with soapy and/or bleach water following any of the tested
protocols. However, simple water rinses were shown to be unreliable and an ineffective way to remove
contamination from containers.
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Conclusion and future work
As evident in the literature, recontamination of drinking water is an issue among households where water
is retrieved outside the home. One way to mitigate recontamination of collected clean water is by regular
cleaning of storage containers. Ultimately, this study highlights the importance of cleaning storage
containers with methods that use soap and/or bleach, rather than simple water rinses. We propose that, in
addition to focusing on water treatment solutions, practitioners evaluate local container cleaning habits and
promote cleaner and safer behaviors of water collection, storage, and container maintenance to individuals
vulnerable to recontamination of their drinking water. Future work includes evaluating how often containers
should be cleaned at the household level and researching what materials are available and appropriate for
specific communities and contexts.
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5 CONCLUSION
Computational modeling determined that operating this system with head levels between 3 and 4.5 meters
above the outlet of the Purifier will sufficiently kill E. coli at rates required by the US-EPA and WHO.
Experimental testing of the system with an average flow rate of 6.7 L/min determined a 5 log reduction
through the system and E. coli concentration below detectable levels in 100 mL samples, experimentally
meeting WHO guidelines but not US-EPA guidelines for drinking water. Modeling also determined some
shortcomings of this specific technology including unsafe operating conditions and inefficiencies in the
heat exchanger, heat-up coil, and kill chamber designs.
In addition to technical performance in laboratory and simulation environments, the system was
implemented at a dormitory in Eastern Uganda during the summer of 2017. Through a diffusion of
innovation framework, benefits of adoption identified by the study include time and fuel savings, reduction
of smoke, and increased water disinfection capacity. Possible barriers of adoption and/or sources of reduced
impact include potential lack of user trust, change in fuel size, and lack of outflowing water temperature
control. The results of this study also shed light on an additional conclusion about a more appropriate
location for implementation of the Purifier. In a situation with less access to biomass resources and more
demand for water, the Purifier would significantly reduce the fuel use per liter of water produced and
potentially meet an unmet demand for clean water.
Furthermore, as evident in the literature, recontamination of drinking water is an issue among households
where water is retrieved outside the home. One way to mitigate recontamination of collected clean water is
by regular cleaning of storage containers. This study of container cleaning procedures highlights the
importance of cleaning storage containers with methods that use soap and/or bleach, rather than simple
water rinses. In addition to focusing on appropriate water treatment solutions, practitioners evaluate local
container cleaning habits and promote cleaner and safer behaviors of water collection, storage, and
container maintenance to individuals vulnerable to recontamination of their drinking water.
Future work includes evaluating the product’s efficacy in different operating conditions and locations.
During future studies, I recommend that researchers use a mixed-method approach to assess benefits and
barriers of the technology within the specific context. Additional research during implementation could
include programmatic elements such as methods of education of water and energy usage, local
entrepreneurship models, behavior-change requirements and potential programming, and best practices for
successful water, sanitation, and hygiene interventions.
Ultimately, this thesis highlights the importance of method triangulation, including the use of experiments,
models, and ethnography to evaluate engineering solutions intended for global development. Triangulation
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of data from multiple methods is extremely useful to corroborate results and gain better understanding of
both the performance of the technology and characteristics of users within a specific context. Engineering
practitioners should become more comfortable applying ethnographic methods and analyzing qualitative
data to better evaluate their projects in the field. This study also highlights the importance for further
research in pasteurization of water from heat of combusted biomass as it is a feasible yet understudied
process. Further research should be done to quantify kill rates and D values of pathogens so that engineers
have accurate specifications to design more efficient pasteurization technologies that ensure pathogen-free
water for users. Because nearly 1.2 million people worldwide boil their drinking water, improving this
process has vast potential to improve both human and environmental health.
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APPENDIX A. Full list of materials and laboratory methods for container-cleaning
testing.

This appendix presents a list of materials and methods for laboratory testing of container cleaning
procedures:
Materials
• ATCC 25922 Escherichia Coli (E. Coli)
• Macconkey Agar
• 1x Phosphate buffered saline (PBS)
o 1000 mL of deionized (DI) water.
o 8 g of NaCl.
o 0.2 g of KCl.
o 1.44 g of Na2HPO4.
o 0.24 g of KH2PO4.
• 15 mL glass dilution tubes
• Glass spreader
• 70% ethanol
• Vacuum filtration setup
• Membrane filter paper
• Tweezers
• 35-gallon galvanized buckets (x10)
• 10-gallon Nalgene bottles (x10)
Preparation of E. Coli Broth
1. Collect a sample of stock ATCC 25922
2. Aseptically inoculate E. Coli into 30 mL of Luria-Benton (LB) broth in a 125 mL flask
3. Cap flask with foam stopper and cover with aluminum foil
4. Grow to log phase on a 37°C shaker table for 4 hours
5. Store at 4°C until ready for use.
Determination of Broth Concentration
1. Align 11 sterile dilution tubes in a test tube rack and label D0-D10
2. Add 9 mL of 1x PBS to tubes D1-D10
3. Add 10 mL of log-phase E. Coli broth to tube D0
4. Mix sample well by placing pipette tip into sludge sample to near the bottom of the tube, and
expelling air until the pipetter’s first stop. Remove tip from sludge and expel to the second stop.
Repeat 3 times total.
5. Collect 1 mL from E. Coli sample and add to D1 tube. Mix well following same mixing
technique as step 4.
6. Collect 1 mL from D1 and add to D2 and mix well. Continue for the remainder of dilutions.
7. Collect 6 Macconkey with Mug petri plates and label with dilution numbers D5-D10.
a. Note: Incubating E. Coli on a 37°C shaker table for 4 hours will give a concentration of
approximately 106-109 colony forming units (CFU) per mL. Only dilutions D5-D10
require plating
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8. Collect 100 µL of well-mixed D5 sample, remove lid off of appropriately labeled Macconkey
plate, and pipette onto the center of the plate
9. Dip glass spreader in 70% ethanol, flame sterilize, allow to cool and spread sample up and down
plate.
10. Rotate plate 60° and spread again. Repeat twice more, ensuring to spread to the edges of the
plate.
11. Cover lid and allow several minutes for sample to absorb to agar.
12. Repeat with all dilutions.
13. Incubate inverted at 35 °C for 24 hours.
14. Remove from incubator and place on sterile surface.
15. Count the CFUs on each plate and record. If count is greater than 200 colonies, report as too
many to count (TMTC).
16. Determine concentration using plate(s) with counts between 20-200 CFUs.
Contamination of containers
1. Pour 500 mL of PBS solution with 1 mL of E. coli broth into the water storage unit (resulting in a
solution of 10e6 CFU/mL).
2. Secure the cap on the water storage unit and shake for 10 seconds so that the solution comes in
contact with all the interior surfaces.
3. Remove the cap and sample 1 mL.
4. Pour out the solution and safely dispose of it.
6. Perform a sterilization procedure of the water storage unit.
7. Test the “cleanliness” of the water storage unit.
1. Pour 500 mL of PBS into the water storage unit.
2. Secure the cap on the water storage unit and shake for 10 seconds so that the solution
comes in contact with all the interior surfaces.
8. Sample 1 mL and 100 mL of the solution.
Determination of Contaminant Removal
1. Collect 30 small Macconkey agar petri plates. Label with appropriate sample information
2. Ensure vacuum filter assembly is set up properly.
3. Spray down filter base with 70% ethanol.
4. Ignite with lighter and allow ethanol to burn off. Note: Base will still be wet if using 70% ethanol
5. Spray top of filter assembly with 70% ethanol. Rinse with DI water 3 times to ensure complete
removal of ethanol.
6. Dip tweezers in ethanol and flame sterilize and allow to cool. Use tweezers to aseptically remove
sterile filter paper from individual packaging and place on filter base.
7. Turn on vacuum slowly, until filter paper is sucked firmly to filter.
8. Run sample through filter
• For 1 mL samples, pipette volume with a pipetter
• For 100 mL samples, slowly pour measured volume onto filter.
9. Allow vacuum to run until sample appears dry ad no water is dripping out of filter. Turn off
vacuum.
10. Re-sterilize tweezers, and remove filter paper slowly from filter. Place face up on appropriately
labeled agar plate.
11. Use tweezers to gently tap edges of filter paper to ensure all sections of the paper are stuck to the
agar.
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12. Repeat steps with all 1 mL and 100 mL samples, ensuring to sterilize filter setup between each
sample.
13. Run a negative control with autoclaved DI water after every 5 samples, to prove effectiveness of
sanitation procedure
14. Incubate plates inverted at 35°C for 24 hours
15. Remove from incubator and count colonies using same method as done with determining broth
concentration
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APPENDIX B. Detailed protocols for container-cleaning testing.

This appendix presents the five container cleaning protocols that were evaluated in this paper:
Protocol 1: Water Rinse
1.
Pour 2.5 L of tap water into the contaminated container.
2.
Secure the cap on the container and shake vigorously for 10 seconds.
3.
Dispose of the water from the container.
Protocol 2: Oxfam’s Recommendations for Soap & Water (Oxfam 2012)
1.
Add 1 L of tap water, 2 ml of dishwashing soap, and 5 small pebbles.
2.
Cap the container and shake vigorously for 10 seconds.
3.
Empty the soap and water mix and pebbles.
4.
Add 1 L of DI water and shake for 10 seconds.
5.
Empty the container and safely dispose of the contents.
Protocol 3: Chlorine Rinse
1.
Measure and pour 1 L of tap water into the container.
2.
Add 5 mL of household bleach to the container.
3.
Cap the container and shake for 30 seconds.
4.
Let the container rest for 30 seconds.
5.
Empty the contents of the container.
6.
Add 500 L of DI water and shake for 10 seconds.
7.
Empty the container and safely dispose of the contents.
Protocol 4: CDC’s Recommendations for Cleaning and Preparing Personal Water Storage
Containers
1.
Fill two shallow 40 L plastic buckets with 20 L of tap water. In one of the buckets, add 10 mL
of household liquid dish soap.
2.
Place the contaminated container sideways into the soapy water, allowing water to partially fill
the container. Use a sponge to scrub the outside, the opening, and the cap of the container.
3.
When the container is about ¼ full, secure the cap and shake the container for 10 seconds.
4.
Remove the cap and pour the soapy water back into the bucket - you will have to squeeze the
bucket and tap on the sides for bubbles to come out.
5.
Place the container sideways into the second shallow 40 L plastic bucket of 20 L of tap water,
allowing water to partially fill and rinse the container.
6.
When the container is about ¼ full, secure the cap and shake the container for 10 seconds.
7.
Sanitize the container with a solution made by mixing 5 mL of unscented liquid household
chlorine bleach in one quart (liter) of water.
8.
Cover the container and shake it well so that the sanitizing bleach solution touches all inside
surfaces of the container (Shake for 10 seconds)
9.
Wait at least 30 seconds and then pour the sanitizing solution out of the container.
10. Pour 1 L of tap water into the container. Close the cap and shake for 10 sec.
11. Dispose of the water.
Protocol 5: CDC’s Recommendations for Cleaning and Sanitizing Containers After and Emergency
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1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Fill two shallow 40 L plastic buckets with 20 L of tap water. In one of the buckets, add 10 mL
of household liquid dish soap.
Place the contaminated container sideways into the soapy water, allowing water to partially fill
the container. Use a sponge to scrub the outside, the opening, and the cap of the container.
When the container is about ¼ full, secure the cap and shake the container for 10 seconds.
Remove the cap and pour the soapy water back into the bucket - you will have to squeeze the
bucket and tap on the sides for bubbles to come out.
Place the container sideways into the second shallow 40 L plastic bucket of 20 L of tap water,
allowing water to partially fill and rinse the container.
When the container is about ¼ full, secure the cap and shake the container for 10 seconds.
Fill a third shallow bucket with 20 L of water and 250 mL of liquid bleach.
Place the container sideways into the bucket, allowing water to partially fill the container.
Rotate the container in the water so that all sides are covered for 5 seconds each.
Fill a fourth shallow bucket with 20 L of water.
Place the container sideways into the bucket, allowing water to partially fill the container.
Rotate the container in the water so that all sides are covered.
Empty the contents of the container back into the bucket.
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APPENDIX C. Methods for container-cleaning testing in the field.
The following protocol was used for testing containers in the field:
1. Contaminate water storage units
a. Contaminate a clearly-labeled jerry can filled with 10 L of water with feces from nearby
animals.
b. Pour 1 L of the contaminated water into the water storage unit.
c. Secure the cap on the water storage unit and shake for 10 seconds so that the water comes
in contact with all the interior surfaces.
d. Remove the cap, pour the contaminated water back into the original contaminated
container.
2. Perform a sterilization procedure of the water storage unit.
3. Test the “cleanliness” of the water storage unit.
a. Put on gloves.
b. Pour 1 L of clean well water into the water storage unit.
c. Secure the cap on the water storage unit and shake for 10 seconds so that the water comes
in contact with all the interior surfaces.
d. Remove the cap and sample 1 mL and 100 mL of the water before safely disposing the
container contents.
e. To plate 1 mL:
i. Place a labeled Petrifilm™ E.coli/Coliform count plate on a flat, clean surface.
ii. Sterilize tweezers by dipping the tips in ethanol and burning the ends with a
lighter.
iii. Using the tweezers, gently lift the top film of the Petrifilm™.
iv. With a sterilized pipette perpendicular to the Petrifilm™, place the 1 mL sample
on the center of the pink film.
v. Carefully roll the top film down to avoid trapping air bubbles.
f. To plate 100 mL:
i. Connect the plastic tubing and vacuum hand pump to the plastic beaker.
ii. Place the rubber stopper and plastic connector on the mouth of the plastic beaker.
iii. Connect the capped disposable filter cup filled with 100 mL sample to the
connector on the plastic beaker.
iv. Using the hand pump, suction the water in the cup through the filter paper and
into the plastic beaker.
v. Once all the water has passed through the filter paper, carefully remove the
plastic cup.
vi. Place a labeled Petrifilm™ on a flat, clean surface. Using a sterilized pipette,
place 1 mL of sterilized water onto the center of the pink film.
vii. With the left hand keeping the top film still open, use the right hand to sterilize
tweezers (you’ll need a partner to use the lighter) and carefully remove the filter
from the filtration unit using the tweezers.
viii. Slowly place the filter onto the water on the pink film and avoid trapping air
bubbles.
ix. Carefully roll the top film down to avoid trapping air bubbles (it can be helpful to
use tweezers to guide the film).
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g. Incubate all the samples in a sealed container in a lunch thermos. In the thermos, place a
cup of hot water to control the temperature inside the thermos. Use a thermocouple and
meter to monitor the interior temperature. For every incubation period, place a control
with known bacteria concentration so that you know growth on the plates was able to
occur.
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