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The health and environmental impacts associated with traditional methods of household

cooking and heating have driven the development and dissemination of many types of

improved cookstoves and fuels. However, adoption rates, household cooking practices,

and even household ventilation can directly influence the magnitude of a real-world

impacts. Given the highly contextual nature of a technological intervention’s impact,

monitoring multiple household metrics over an extended period of time is necessary to

fully understand performance in a given context.

Sensor-based monitoring can provide a means of capturing long-term, relatively ob-

jective data regarding a stove’s performance within context of use. Evaluation of several

metrics are needed, including adoption rates, fuel usage, and emission production. While

each of these metrics have been monitored previously using individual sensors in combi-

nation with more traditional monitoring methods, such as surveys and household visits,

monitoring of all three metrics simultaneously with sensors has not yet been possible.



A new integrated sensor suite has recently become available allowing for the au-

tonomous monitoring of household air pollution, stove usage, and fuel usage. The pur-

pose of this research was to evaluate this sensor suite as a tool for increasing accessibility

and capacity for stove monitoring and evaluation by in-country projects. Training ma-

terials, data processing algorithms, and cross-sensor analysis methods were developed.

The hardware used in this study were manufactured by Climate Solutions Consulting

and included a wireless handheld launcher and a sensor suite consisting of an EXACT

(temperature) sensor, HAPEx (particulate matter) sensor, and FUEL (fuel use) sensor.

Data regarding household stove use, air quality, and fuel use was collected in Nepal be-

tween February 2021 and April 2021 by partners with the Red Panda Network. Data

analysis included individual household level comparisons between monitoring periods

to determine the itervention’s impact on fuel consumption and household air pollution,

household fuel use verification via increases in stove temperature and particulate mat-

ter concentration, and identification of cooking initiation given particulate matter (PM)

concentrations.

Through cross-sensor analysis household PM data was used to verify cooking du-

ration and flag rises in PM concentration without the increase in stove temperature.

Furthermore, measured household fuel consumption using the FUEL system was verified

using both household PM and stove temperature data with FUEL system compliance

quantified with stove temperature data. Results suggest that the use of cross-sensor

data analysis allow for single sensor validation, a more comprehensive view of household

context, and an ability to develop insights on household stove performance despite data

loss and/or corruption. This new, comprehensive method of household stove monitoring

shows potential to increase transparency regarding real world stove performance evalua-

tion, allow for faster stove design and iteration, increase access to results-based financing



such as carbon credits, and develop more robust metrics regarding stove impacts on both

user health and the environment. Further development of the sensor suite system may

increase the capacity of local projects to perform stove monitoring by providing a more

accessible and effective means of data collection.
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Chapter 1: Introduction

Background

Approximately 40% of the world’s population still relies on open fires or simple stoves

fueled by biomass for their cooking and energy needs (WHO, 2018). The high levels

of exposure to emission from these forms of energy result in an estimated 1.6 million

premature deaths a year (Stanaway et al., 2018). Though the ultimate goal would be

ensuring all global citizens have access to clean energy, many at the bottom of the

socioeconomic ladder may never see that reality. With some projections stating that

approximately 2.6 billion people will still rely on traditional biomass for cooking by the

year 2030 (IEA, 2012), the need for intermediate technologies such as improved biomass

cookstoves and alternative fuels will persist for decades to come. Thus, there is a need for

objective data regarding performance in context of use allowing for better understanding

of household needs and behaviours, stove redesign or project redirection, and access to

stove performance metrics that can be used to obtain results-based financing such as

carbon credits.

The objective data regarding stove performance that is needed when conducting

stove projects are highly specific to context (Rhodes et al., 2014). Current methods

for data collection can be time consuming and expensive, limited in ability to provide

long duration insight, require significant skills and training, unable to capture all of

the metrics needed to fully evaluate stove performance (adoption rate, fuel usage, and

emissions), and susceptible to bias (Barnes, 2010). To address these issues, development
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of accessible and robust monitoring and evaluation (M&E) methods regarding stove

adoption and performance within their context of use are needed.

Sensor Suite

This need for accessible and robust methods of stove M&E was the driving motivation

for this research. Building on previous research at Oregon State University (Ventrella &

MacCarty, 2019; Ventrella, MacCarty, & Lefebvre, 2020; Ventrella, Zhang, & MacCarty,

2020), and with the continued partnership with Climate Solutions Consulting, a suite of

wireless sensors and associated data analytics were developed to provide a comprehensive

understanding of a stove’s performance in context of use. This suite, shown in Figure

1.1 provides a comprehensive view of household context through the monitoring of stove

use, household air pollution, and fuel consumption using the following sensors.

1. EXACT: Stove temperature sensor

2. HAPEx: Household air pollution sensor

3. FUEL: Household fuel consumption sensor
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Figure 1.1: Sensor suite deployed in the a Nepalese household.

International Partnership & the Global COVID-19 Pandemic

An international study was planned to deploy and evaluate this new monitoring system.

This research began with the intention that Oregon State researchers would travel to the

place of deployment to ensure that the best possible study outcomes could be achieved.

Unfortunately, the global COVID-19 pandemic prevented all international travel subse-

quently changing the nature of the study. Therefore, the study was expanded to evaluate

remote training capabilities and the potential for capacity building in local stove moni-

toring projects as well as the efficacy of the sensor system itself.

The Red Panda Network (RPN) is a non-profit organization that has been fight-

ing to save red pandas since 2007 and is currently implementing a “Community-based
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Red Panda Conservation” project in more than 50% of the red panda habitat in Nepal.

RPN is committed to protecting wildlife and preserving their habitat through the em-

powerment of local communities by adaptive community-based research, education, and

sustainable livelihood initiatives. One of their livelihood initiatives is the distribution

of an improved metal biomass cookstove with a chimney to rural communities that live

alongside red pandas and rely on the biomass in their habitats for their energy needs.

RPN chose to partner with Oregon State researchers on this study to produce clear stove

performance metrics for communication with their stakeholders.

Collaboration regarding development of study timeline and objectives was accom-

plished using through Zoom meetings. The written material developed for the training

of the RPN field staff, shared as Appendix A, was provided along with video content

as a guide for sensor use and appropriate research conduct involving human subjects.

All sensors needed for the research were sent to Nepal and, with the assistance of Cli-

mate Solutions Consulting, plans were made on how best to deploy sensors within the

households that would be monitored.

Once the field staff were trained and the study began, all sensor data were collected

and shared after each household visit. Data were then progressively analyzed at Oregon

State University. Upon the completion of the study, a report was developed for RPN

for the purpose of communicating the performance of their stove program to their stake-

holders which is shared as Chapter 2. Finally, a journal paper was developed to share

functionality of the sensor suite and is presented in Chapter 3.
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Data Analysis

Although the use of sensors in M&E for household energy projects is not a novel endeavor,

the use of an integrated sensor suite that autonomously monitors household air pollution,

stove usage, and fuel usage simultaneously over a prolonged periods is something that,

to our knowledge, has not yet been pursued. Beyond the deployment of the sensors, this

research aimed to develop a method for stove M&E that provided a potential increase in

local capacity by providing an accessible method of monitoring without the usual need

for the presence of a highly trained researcher and analyst. Accomplishing this objective

will require the development of a data analysis platform that allows users the ability

to upload sensor data files and retrieve stove performance metrics. My contribution to

this effort focused predominately on the development of data management and analysis

methods that can be implemented on this type of platform.

Two primary types of analysis were developed for this research. The first was general

sensor metrics which included household cooking time, fuel consumption, and particulate

matter readings. These values were used to evaluate differences in household contexts

as well as report changes in households from one monitoring period to the next. The

second method involved sensor validation through cross-sensor analysis. The FUEL

sensor, which involves direct user interaction, requires the most verification to ensure that

the system is being used properly by household participants. Additionally, identifying

cooking events and potential usage of other non-monitored stoves in a household has been

a difficult task using only single stove temperature sensors. Using cross-sensor analysis

I have developed a method for identifying the initiation of cooking events as well as

highlighting potential instances of cooking events that are occurring on a non-monitored

stove.



6

Researcher Positionality

It is important to recognize that my positionality in this research may have inadver-

tently led to bias and uncertainty. Although I have worked closely with our partners in

Nepal I have never been to households involved in this study nor have I spoken to any

of the participants. This along with the fact that I am physically, socioeconomically,

culturally, and racially distant from the participants results in my having a very limited

understanding of their lived experience. All of the analysis methods that I developed for

this study included assumptions that I made about cooking patterns and household real-

ities that I assumed based on discussion with our partners in Nepal, household pictures,

and educated guesses based on sensor data. I acknowledge the potential that some, if not

all, of the assumptions made in this research may not reflect reality and are subject to

debate. Furthermore, I acknowledge the power differential created between Oregon State

University and RPN may have resulted in bias regarding household selection and data

collection. To reduce this bias we did our best to support RPN throughout the study

process while also ensuring that they were aware that our support was not contingent

on the success of the study.

Thesis Contents

The remaining chapters of this thesis will proceed as follows. Chapter 2 will present a

report outlining initial results regarding changes in measured household fuel consumption

and household PM levels. This report was written to provide stakeholders of the Red

Panda Network with indicators regarding the impact of their cookstove implementation

project and does not include cross-sensor validation. Chapter 3 will present a paper in
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preparation for submission to Development Engineering regarding the insights generated

by the suite of sensors during collaboration with RPN as well as the feasibility of the

system as a tool capable of building local capacity for stove monitoring and evaluation.

Chapter 4 concludes with overall findings from this research with an appendix presenting

materials developed for training RPN field partners in the deployment of the sensor suite

and data collection.
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Chapter 2: Project Impact Report for Red Panda Network

Report prepared for stakeholders of the Red Panda Network

Authors: Heather Miller, Janam Shrestha, Olivier Lefebvre, and Nordica MacCarty

Abstract

The Red Panda Network and Oregon State University collaborated to monitor and ana-

lyze energy usage in households in two rural districts in the eastern Napalese mountain

range. The goal of the project was to quantify the impact of an improved metal stove

with a chimney on fuel consumption and indoor air quality in 48 households (22 in the

Taplejung district and 26 in the Panchthar district). Fuel consumption was monitored

using a Fuel Use Electronic Logger (FUEL) and relative particulate matter concentra-

tion was monitored using a Household Air Pollution Exposure (HAPEx) sensor. The

data show a percent change in average total household fuel use and fuel use per per-

son of -28.3% [-12.6%, -42.4%] and -30.5%[-10.48%, -47.9%] respectively following the

introduction of the RPN stove. The average 24 hr particulate matter concentration in

households were observed to have an average percent change of -54.2% [-36.2%, -69.2%].

There did appear to be disparities between the levels of impact between the two dis-

tricts. Households in the Taplejung district experienced greater fuel savings than the

those in the Panchthar district while households in the Panchthar district experienced

greater reduction in average 24 hr particulate matter concentration levels. These results

suggest that household context may play a role in the expected impacts of the RPN
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stove. Additional studies may be needed to verify these results and increase statistical

confidence over household types, time periods, and seasons.

2.1 Project Outline

2.1.1 Project Goals

The goal of this project was to quantify impacts of transitioning from traditional stoves

(Figure 2.1) to a metal biomass cookstove with a chimney (Figure 2.2) distributed by

the Red Panda Network (RPN) on both fuel consumption and indoor air quality in two

rural Nepalese districts.

Figure 2.1: Stoves observed in households prior to introduction of RPN stove
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Figure 2.2: RPN Metal Stove with Chimney.

2.1.2 Project Details

Fuel consumption and indoor air quality of 48 households in 2 districts were monitored.

Weight sensors (FUEL) were used to track fuel usage and household air pollution sensors

(HAPEx) were used to monitor indoor air quality. Each household was monitored for a

minimum of 10 days before the introduction of the RPN stove to establish a baseline for

fuel consumption and air quality within the homes. After the initial monitoring period,

the homes were provided with the RPN stove and given a minimum of 2 weeks to become

accustomed to using it. Sensors were then reinstalled in the households and the same

parameters were monitored again for a minimum of 10 days. Mid-monitoring check-

ins occurred during both monitoring periods to ensure that the sensors were operating
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correctly and to allow field staff the opportunity to address any questions the participants

might have had and correct any issues. During each household visit fuel moisture readings

were collected with a MO210 moisture meter. Table 2.1 shows the dates of sensor

deployments, check ins, and data collection for each of the monitoring periods in both

districts.

Table 2.1: RPN household monitoring dates in 2021.

Before RPN Stove After RPN Stove

District Households
Sensor

Deployment

Mid

Check-In

Data

Collection

Sensor

Deployment

Mid

Check-In

Data

Collection

Taplejung 22 Feb. 20th Feb. 28th March 5th March 25th April 2nd April 6th

Panchthar 26 March 8th March 15th March 22nd April 9th April 15th April 21st

2.1.3 District Details

Table 2.2 shows the number of households monitored in each district along with the

number of households that could be considered for analysis. Incomplete data was due

to sensor malfunction as well as absence of household members during data collection.

Table 2.2: Complete HAPEx and FUEL data availability

District # HH
HAPEx

Data

FUEL

Data

Fuel & Feeding

Data

Taplejung 22 19 15 15

Panchthar 26 19 24 23

The location of each district are shown in Figure 2.3. Household in both districts

exist within rural mountainous regions of eastern Nepal, however household context
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differs significantly. The Taplejung district is located on a popular tourist route with

many of the households represented in the sample being tea houses that cater to tourists

as they pass through. Alternatively, Panchthar district consisted of more traditional

households feeding only household members and occasionally using their cookstoves for

animal feed preparation. Because of this difference in context, households in Taplejung

district fed on average more people in total than those households in Panchthar district

(see Figure 2.4).

Figure 2.3: Locations of districts studied. Numbers representing the number of house-

holds in Taplejung district (22) and Panchthar district (26).
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Figure 2.4: Total number of standard adult equivalent people fed in each household

during each monitoring period.

2.2 Data and Analysis

2.2.1 Fuel Use

The fuel consumption in each household was measured using a Fuel Use Electronic Logger

(FUEL) (Ventrella & MacCarty, 2019; Ventrella, MacCarty, & Lefebvre, 2020; Ventrella,

Zhang, & MacCarty, 2020). The FUEL system, which was constructed and installed

in every household, monitors and records time stamped mass data every two minutes.

Study participants were asked to store any fuel they intended to use for cooking in the

FUEL system. They were also instructed to remove only what they planned to use for a

particular cooking event, to never put fuel back on the system after it was removed, and

to fill the system only when it was empty or close to empty. Assuming that participants

complied with these instructions, we are able to calculate the amount of fuel consumed
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over a given monitoring period. Figure 2.5 shows an example of the FUEL system in use

in a household with Figure 2.6 illustrating an example of the resulting sensor data.

Figure 2.5: A FUEL system installed in one of the Nepalese Households. Red square

indicates the actual FUEL sensor.
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Figure 2.6: Example of FUEL system data output.

2.2.2 Standard Adult Equivalent

Simply comparing the amount of fuel consumption before and after the introduction of

the RPN stove does not take into consideration the variation in the number of people fed

during each monitoring period. This variation may occur in households who entertain

visitors (like the tea houses described in the Taplejung district) or if a member of the

household is only present for a portion of the monitoring. To account for these variations,

each household was given a printed chart similar to that of Figure 2.7 and were asked to

indicate the category of age range and gender of each person fed. Having participants

track the people fed in this way allows the calculation of a standard adult equivalent

(see Table 2.3) each day of monitoring per standard methods in the Kitchen Performance

Test (Bailis, Smith, & Edwards, 2007). During mid-monitoring check-ins, the field staff

would check the list and remind participants to indicate how many had been fed each

day if they had forgotten. Although there is potential of recall bias, particularly in tea
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houses with many guests, these estimations allow for the approximation of both the

amount of fuel used per person fed as well as total fuel use.

Figure 2.7: Household feeding chart.

Table 2.3: Standard Adult Equivalence (SAE)

Gender & Age
Fraction of

Standard Adult

Child: 0-14 years 0.5

Female: over 14 years 0.8

Male: 15-59 years 1.0

Male: over 59 years 0.8
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2.2.3 Household Air Quality

Data regarding indoor air quality in households were collected using Household Air Pol-

lution Exposure (HAPEx) sensors. The HAPEx sensors are real-time, passive particulate

matter (PM) loggers that use light scattering technology to estimate PM concentrations

within a given space logging PM concentration units every minute. Figure 2.8 shows a

HAPEx sensor installed in a household with Figure 2.9 illustrating an example of the

PM data collected within a household during one of the monitoring periods.

Figure 2.8: Installed HAPEx sensor.
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Figure 2.9: Example of HAPEx sensor data output

Determining the concentration (µg m−3) of a specific aerosol (i.e. PM2.5) within a

household requires calibration of the light scattering against a gravimetric standard for

the specific type of aerosols present. Due to constraints in the project, we were un-

able to collect gravimetric measurements and so we will be reporting differences in the

estimated 24 hour particulate matter concentration units. While these measurements

cannot be used to consider compliance or non-compliance with the World Health Orga-

nization’s guidelines, it can provide insight on the magnitude of relative changes in PM

concentration before and after the introduction of the RPN stoves.

2.3 Results

2.3.1 Fuel Usage

Figures 2.10 and 2.11 illustrate the amount of total and per person fuel use respectively

in each district independently as well as combined.
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Figure 2.12 shows the actual dispersion of percent change in both total and per person

fuel consumption among the households. The Taplejung district households showed

a median change in per person fuel consumption of -72.5% and a median total fuel

consumption change of -56.3%. The Panchthar district households showed a median fuel

consumption change per person of 3.4% and a median total fuel consumption change of -

14.2%. When considering all monitored households a combined median fuel consumption

change per person of -21.1% and a median total fuel consumption change of -22.4% was

observed.

Figures 2.13 represent the expected average percent change in fuel use and fuel use per

person with a 95% confidence interval (CI) if we assume that the households monitored

are representative of other households within the larger rural Nepalease population.

These figures show that overall we would expect both the average total fuel consumption

and the average fuel use per person to change -28.3%[-13.1%, -42.3%] and -30.7%[-11.1%,

-47.8%] respectively. However, households with environments that more resemble those

in the Taplejung district may experience higher total fuel reductions with an average

percent change of -45.4%[-13.6%, -70%] and an average percent change of fuel use per

person of -68.0%[-47.4%, -83.6%]. Alternatively, we would expect households that more

closely resemble Panchthar district households to have an average percent change in total

fuel use of -16.9%[-2.0%, -30.5%] and an average percent change in fuel use per person

of only -1.0%[-21.0%, 21.3%].
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Figure 2.10: Total kg of fuel use measurements for both districts individually and to-

gether before and after the introduction of the RPN stove.

Figure 2.11: Total kg of fuel use measurements per standard adult equivalent person fed

for both districts individually and together before and after the introduction of the RPN

stove.
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Figure 2.12: Actual change in total and per person fuel consumption in both districts.

Median Fuel change per person, Taplejung: -72.5%, Panchthar:3.4%, Both: -21.1%.

Median Total Fuel Change, Taplejung: -56.3%, Panchthar: -14.2%, Both: -22.4%
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Figure 2.13: Percent change in fuel use per person and total fuel use after the introduction

of the RPN stove. The point represents the average percent change with the error bars

representing the 95% CI.

2.3.2 Particulate Matter

Figure 2.14 represents measured 24 hr PM concentration units in both districts whereas

Figure 2.15 represents the change in average 24 hr PM concentration units within in-

dividual households in each district. There was an observed average percent change in

average 24 hr PM concentration units across both villages of -54.2%[-36.2%,-69.2%] with

households in the Panchthar district experiencing a more pronounced average percent

change of -69.9%[-57.0%, -80.4%] and households in the Taplejung district experiencing

an average percent change of -35.3%[-3.90%, -65.3%].
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Figure 2.14: 24 hr particulate matter (PM) concentration unit measurements for both

districts before and after the introduction of the RPN metal stove with chimne.

Figure 2.15: Percent change in average Particulate Matter (PM) concentration units after

the introduction of the RPN stove. The point represents the average percent change of

24 hr PM concentration unit with the error bars representing the 95% CI.

Figure 2.16 represents the relationship observed between the average 24 hr PM con-

centration units and the average 24 hr fuel use recorded in each household. This shows
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the introduction of the RPN stove resulted in fewer occurrences of days with high PM

concentration units across all fuel amounts.

Figure 2.16: Average 24 hr particulate matter (PM) concentration unit measurements

and fuel use measurements for the same 24hr period for households in both districts

before and after the introduction of the RPN stove.

2.4 Conclusions

The data presented shows evidence that the introduction of the RPN metal stove with

chimney into Naplese households reduced both total fuel consumption and per person

fuel consumption by approximately 30%. There is evidence that households in the Ta-

plejung district experienced a greater average total as well as per person fuel savings

than households in the Panchthar district. This is likely due to the greater number of

people that Taplejung district households serve as well as the potential that some house-

holds in the Panchthar district used a portion of the fuel for animal feed preparations.
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Additionally, an average 24 hr PM concentration unit reduction of approximately 54%

was observed across all households. However, households in the Panchthar district expe-

rienced a greater reduction in their average 24 hr PM than households in the Taplejung

district. This is likely due to many households in the Taplejung district already having

access to other clean cooking stoves whereas households in the Panchthar district did not.

Because of this it is reasonable that households in the Panchthar district experienced

a greater change in PM concentration when compared to households in the Taplejung

district.

This analysis highlights the importance of understanding context of use when at-

tempting to quantify stove impact. Results suggest that households in both districts

experienced benefits in terms of fuel savings and improvement in indoor air quality,

however the magnitude of those improvements were influenced by the household con-

text.

2.4.1 Data Limitations

Although these data show promise for the RPN stoves to reduce household fuel consump-

tion and improve indoor air quality in rural Nepalese households, additional studies may

be needed to verify these results and increase statistical confidence over household types,

time periods, and seasons.
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Chapter 3: Evaluation of an integrated suite of sensors to monitor

fuel consumption, air quality, and usage of household cooking

stoves.

For submission to Development Engineering

Authors: Heather Miller, Janam Shrestha, Olivier Lefebvre, and Nordica MacCarty

Abstract

The rise in sensor-based monitoring in the clean cookstove sector has been driven by

the need for objective quantitative stove performance evaluation within the context of

use. Metrics including adoption rates and user exposure levels have been available previ-

ously through separate measurements such as stove temperature and particulate matter

concentration, while information regarding fuel consumption has been collected through

surveys and daily visits to households to conduct measurements. For many, these sepa-

rate data streams and methods have been prohibitively difficult to use and analyze. With

the advent of a suite of integrated sensors for stove use, air quality, and fuel consumption,

a comprehensive analysis of a stove intervention’s impact is now available. This research

explores the insights that can be gained from the use of these sensors individually and

in combination. Longitudinal performance metrics of an improved biomass metal stove

with a chimney within its context of use were obtained using sensor suites consisting of

stove temperature sensors (EXACT), household air pollution sensors (HAPEx), and fuel
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use sensors (FUEL) deployed in 48 households in the Taplejung and Panchthar districts

of eastern Nepal. Through cross-sensor analysis household PM data was used to verify

cooking duration and flag rises in PM concentration without the increase in stove tem-

perature. Furthermore, measured household fuel consumption using the FUEL system

was verified using both household PM and stove temperature data with FUEL system

compliance quantified with stove temperature data. Households were monitored for a

minimum of 10 days before and after the introduction the stove with results showing a

median reduction of 61.2% (n = 38) in household PM concentration and a median re-

duction of 16.5% (n = 37) in total measured household fuel consumption reported by the

FUEL sensor. Household context appears to have played a significant role in household

impact with households in the Panchthar district experiencing greater median reductions

in household PM concentrations while households in the Taplejung district experienced

greater median fuel reductions.

3.1 Introduction

Approximately 40% of the world’s population continues to rely on open fires or simple

stoves fueled by biomass for their cooking and energy needs (WHO, 2018). The high

levels of exposure to emission from these forms of energy are associated with increased

blood pressure, dyspnea, childhood pneumonia, lung cancer, low birth weight, and car-

diovascular disease (Pratiti, Vadala, Kalynych, & Sud, 2020). These health impacts

contribute to an estimated 1.6 million premature deaths a year (Stanaway et al., 2018).

Additionally, fuel collection/purchasing and its use can result in significant time, finan-

cial, and physical burdens for users. Though providing increased access to clean energy

alternatives would likely improve overall health outcomes as well as reduce environmen-
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tal impact (Rehfuess, 2006), the lack of affordable clean energy infrastructure has led

to projections that 2.6 billion people will still rely on traditional biomass for cooking by

the year 2030 (IEA, 2012). Technologies designed to reduce the health and environmen-

tal impact associated with traditional energy services without the need for large scale

infrastructure change may provide an intermediate solution.

Intermediate technologies such as improved biomass cookstoves designed to increase

combustion and heat transfer efficiency or stoves that use alternative fuels such as pel-

lets or LPG have been developed to reduce the many negative impacts of traditional

cooking methods (Manoj Kumar, Sachin Kumar, & Tyagi, 2013). In practice, many

variables regarding fuel supply, usability, and adoption rates may limit the magnitude

of an interventions impacts creating challenges for accurate measurements of real-world

performance. Objective performance data within context of use is needed for a more

holistic understanding of household needs and behaviours; technology and project de-

sign support; and obtaining results-based financing such as carbon or health credits.

Calls for stove performance metrics obtained within their context of use have grown

over the years (Wilson et al., 2016; Thomas, 2017; Abdelnour & Pemberton-Pigott, 2018)

but current methods for data collection can be time consuming and expensive, limited

in ability to provide long duration insight, require significant skills and training, unable

to capture all of the metrics needed to fully evaluate stove performance (adoption rate,

fuel usage, and emissions), and susceptible to bias (Barnes, 2010). A rise in sensor-based

monitoring in the clean cooking sector has led to new methods of stove monitoring and

evaluation (M&E) that have the potential for increased accountability and transparency

regarding real world stove impact while limiting subject reactivity (or changes in partic-

ipant behavior caused by observation) (Thomas et al., 2016). As these methods develop,

ensuring that they are accessible to stove project implementers has the potential to in-
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crease the efficacy of stove dissemination and ensure that stoves are reaching their design

impact potential. This research aims to develop existing sensor-based stove monitoring

methods and data analysis through the development and testing of the deployment of a

new wireless integrated sensor suite and its resulting data.

3.1.1 Stove Monitoring and Evaluation

Understanding a stoves performance within its context of use often requires that more

than one metric be monitored (Harrell et al., 2016). It is commonly accepted that

stove usage and displacement of traditional methods, household air pollution, and fuel

consumption are the three most important metrics in determining stove performance

and potential long term impact. Each of these metrics should be considered during stove

M&E either through more traditional methods or with sensor-based monitoring.

Stove usage is a key indicator of usability, desirability, and (when paired with effi-

ciency and emissions data) a predictor of impact. Usage sensors provide data on cooking

patterns and time spent cooking on one or more stoves (also known as stove stacking)

and can provide important insights on the level of displacement of traditional methods.

Though various temperature loggers are available, including iButtons, Geocene Dots,

and EXACT infrared sensors, all stove usage sensors require careful positioning to en-

sure robust response and prevent damage from heat (Ruiz-Mercado, Canuz, & Smith,

2012; Wilson et al., 2016).

Measuring household air pollution (HAP), specifically fine particulate matter (PM2.5),

carbon monoxide (CO), and black carbon (BC), can provide direct insight into impact

on both short and long term health outcomes for stove users. Large hood or portable

emissions capturing systems, which quantify emission factors by collecting and measur-
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ing multiple pollutants, produce reliable and detailed results but are not suitable for

long term exposure monitoring. Additionally, they require the prolonged presence of a

trained individual and large equipment in homes during cooking which can be expensive

and cumbersome for the users. Gravimetric systems are the standard for quantifying

health impacts against air quality guidelines. These systems utilize pump and filters to

provide accurate readings of average concentration over the monitoring duration. Al-

ternatively, real-time data from PM and CO sensors, such as devices like University

of California at Berkeley’s particle monitor (UCB) (Chowdhury et al., 2007) and the

Climate Solutions Consulting’s Household Air Pollution Exposure sensor (HAPEx), can

shed additional insight on the timing and nature of particulate exposure.

The fuel requirements associated with a household’s cooking and energy needs have

direct implications on household finances, time allocation for fuel collection, and health

outcomes. Furthermore, non-renewable biomass harvesting can lead to environmental

degradation and deforestation (Bailis, Drigo, Ghilardi, & Masera, 2015). Direct quan-

tification of changes in household fuel consumption following the introduction of a stove

can provide a stove performance metric important to both end users and stake holders

interested in stove impact. Beyond collecting fuel consumption data through kitchen

performance tests (KPT) (Bailis et al., 2007) or survey-based methods, the only sensor-

based monitoring tool currently available (to our knowledge) is the Fuel Use Electronic

Logger (FUEL) (Ventrella & MacCarty, 2019; Ventrella, Zhang, & MacCarty, 2020; Ven-

trella, MacCarty, & Lefebvre, 2020). This sensor requires users store their fuel supply in a

logging tensile or compressive scale, depending on the type of fuel. Although this system

requires user engagement and compliance to report accurate fuel consumption metrics,

it allows for the autonomous monitoring of household fuel consumption for longer dura-

tions than is possible through the KPT or other methods. This provides the capacity
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for greater data collection with less time commitment of both researcher as well as study

participants. Furthermore, the FUEL monitoring system could potentially reduce bias

by allowing for fewer household interruptions by stove monitoring enumerators.

3.1.2 Sensor Suite

With sensors available for autonomous monitoring of stove temperature, air quality, and

fuel consumption over long durations, there is potential for a more holistic and nuanced

understanding of performance within context of use. The partnership between Oregon

State University and Climate Solutions Consulting has resulted in the development of a

suite of wireless sensors that consists of 3 sensors:

1. EXACT: Stove temperature sensor

2. HAPEx: Household air pollution sensor

3. FUEL: Household fuel consumption sensor

Figure 3.1a illustrates the sensor suite deployed in a household. Figure 3.1b shows

the wireless hand held launcher used to deploy the sensors, check household compliance

regarding stove and FUEL system usage during mid-monitoring check ins, and sensor

data collection. The ability to check sensor performance and usage compliance in real

time allows for immediate sensor malfunction mitigation as well as directed engagement

with household members based on real time sensor use metrics. Additionally, this system

combines all household sensor data into a single file allowing for ease of data analysis.

These features were designed to allow field staff to perform household stove monitoring

at a larger scale while also reducing the time and cost traditionally associated with M&E

efforts.
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(a) (b)

Figure 3.1: (a) Sensor suite deployed in a Nepalese household. (b) Climate Solutions

Consulting sensor suite Launcher

3.1.3 Red Panda Network Partnership

For this study, Oregon State University researchers partnered with the Red Panda

Network (RPN), a non-profit organization that has been working to save red pandas

since 2007 and is currently implementing a “Community-based Red Panda Conserva-

tion” project in more than 50% of the red panda habitat in Nepal. RPN is committed

to protecting wildlife and preserving their habitat through the empowerment of local

communities by adaptive community-based research, education, and sustainable liveli-

hood initiatives. One of these initiatives includes the distribution of an improved metal

biomass cookstove with a chimney to rural communities that live alongside red pandas

and rely on the biomass from their habitat for energy. RPN’s goal in participating in
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this study was to determine their stove’s impact on household fuel consumption and air

pollution.

3.1.4 Research Objectives

To address the needs of both RPN and Oregon State researchers, this study had two main

research objectives; 1) To determine the impact of the RPN stove on rural household

fuel consumption and HAP and, 2) To determine the functionality and feasibility of

this sensor suite being deployed in rural households by field staff with limited previous

experience in sensor deployment and data collection. To address these objectives this

study looks to answer the following questions.

1. Does the introduction of the RPN stove reduce overall household fuel consumption

and HAP?

2. Can the implementation of sensors and data collection be reliably conducted by

field staff with limited prior experience in sensor deployment and data collection?

3. Can cross-sensor analysis improve and validate data from individual sensors?

3.2 Methods

This study was planned and conducted during the COVID-19 global pandemic, prevent-

ing Oregon State researchers from traveling to Nepal and working directly with RPN

partners. With limited direct project oversight by Oregon State researchers, it was pos-

sible to test of the usability of the sensor suite and its ability to build M&E capacity

in local communities using only remote training. Virtual meetings were held between
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RPN staff and OSU researchers to develop a study timeline, procedures, and to answer

questions regarding sensor use. All sensors needed for the study along with training

materials were provided by Oregon State researchers and Climate Solutions Consulting.

Data collection in two rural mountainous districts of eastern Nepal, the Taplejung

and Panchthar district (Figure 3.2) was overseen by OSU IRB 7257. Data were collected

on air quality, stove, and fuel usage for 10 days before and 10 days after the introduction

of an RPN metal biomass cookstove with a chimney (Figure 3.3f). The Taplejung and

Panchthar districts exist in similar climates but exhibit difference in income generating

activities that contribute to significantly differing household context. The households in

the Taplejung district rely primarily on hosting guests and tourists heading to worship

at the Pathibhara temple, whereas household monitored in the Panchthar district reflect

more of a traditional Nepalese household practicing livestock herding.

Figure 3.2: The districts in which households were located in this study. Green is the

Taplejung District and Orange is the Panchthar district.
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3.2.1 Stoves

Each household used a range (and at times combinations) of traditional cooking stoves.

Table 3.1 provides the names, descriptions, and number of stove observations in each

district while Figure 3.3 shows an example of each stove type along with the RPN stove

that was disseminated to the households.

Table 3.1: Biomass stoves monitored in study households.

Stove Type Stove Description Taplejung Panchthar

Traditional

Open Fire

A metal frame open fire

indoor cookstove (Figure 3.3a).
7 7

Three Stone

An open fire cookstove

constructed of three large

stones. Both indoor and outdoor (Figure 3.3b).

0 8

Mud Stove

Stove made of stone

and mud, often attached to

a specific place within household.

Can be located in or outside (Figure 3.3c).

4 10

Metal Frame

Mud Stove

Framework made of iron

surrounded by mud on three sides.

Cement occasionally used as an

alternative (Figure 3.3d).

10 0

Mud Stove

with Chimney

Similar to a mud stove but with

an inbuilt chimney (Figure 3.3e).
1 1
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(a) (b) (c)

(d) (e) (f)

Figure 3.3: Study stoves. (a) Traditional Open Fire (b) Three Stone (c) Mud Stove (d)

Metal Frame Mud Stove (e) Mud Stove with chimney (f) RPN stove

3.2.2 Monitoring Timeline

Before the collection of data, a community workshop was arranged in both districts.

These workshops were held to inform study participants of the purpose of the study,

gain their initial consent in study participation, and provide instructions on how to

properly install and use the stoves. Participants were also provided with a pictorial user
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manual (“Installation and User Manual of Metallic Improved cookstove”) that included

instructions on RPN stove installation and usage. A fully installed RPN stove was set up

for participants to observe, consult and follow instructions to encourage proper usage.

Sensors were deployed in households between February 2021 and April 2021. Table

3.2 provides detailed date ranges regarding the monitoring periods for the 22 Taplejung

district households and the 26 Panchthar district households. Households were monitored

using the sensor suite for 10 days before the introduction of the RPN stove to develop

a baseline metric for household fuel consumption, cooking patterns, and HAP. After

the introduction of the stove the households were given a minimum of 14 days to grow

accustomed to the stove before the sensor suite was re-installed in the households for

another 10 days.

During each monitoring phase, households were visited 3 times. The initial visit

involved sensor installation, deployment, and training on sensor use. Explicit instructions

shared with households’ members regarding FUEL sensor usage included:

• All firewood for cooking must be stored in the holder before using it in a stove.

• The holder must be filled with as much firewood as possible and only refilled when

near empty.

• Do not put firewood back in holder after its removal including the partially burnt

firewood (leave out for next cooking event).

• If additional wood is added, it must be in holder for at least 1 minute before

removal for cooking.

A mid-monitoring check-in was performed to ensure proper sensor performance and

as a means of providing guidance to households as needed. The final check-in was focused
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on data collection and sensor removal. Fuel moisture readings were collected by taking

three moisture readings each on three pieces of wood and reporting the average value

during each household visit.

Table 3.2: RPN household monitoring dates in 2021.

Before RPN Stove After RPN Stove

District Households
Sensor

Deployment

Mid

Check-In

Data

Collection

Sensor

Deployment

Mid

Check-In

Data

Collection

Taplejung 22 Feb. 20th Feb. 28th March 5th March 25th April 2nd April 6th

Panchthar 26 March 8th March 15th March 22nd April 9th April 15th April 21st

During the initial visits, households were provided with a feeding chart and asked

to track the number of people fed each day in each category. Figure 3.4 shows an

English translation of the charts provided to the household participants. These data

were collected to estimate standard adult equivalence when calculating fuel usage per

person fed (Bailis et al., 2007). During the mid monitoring and final visits these charts

were checked for completion. If the households had not consistently tracked people fed,

the field staff assisted the households in filling in the charts as accurately as possible.
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Figure 3.4: Household Feeding Chart

After the study, RPN field staff were provided with a survey that asked for their feed-

back regarding the provided training materials, sensor use, sensor deployment, household

training, and data collection.

3.2.3 Equipment Deployment

Deployment of the EXACT sensors (Figure 3.5a) in households were done using either

metallic U-nails, tent stakes, or metallic tape depending on the type of stove being

monitored and the household configuration. HAPEx sensors (Figure 3.5b) were zeroed

prior to their household deployment following the procedure outlined in the user manual

(Climate Solutions Consulting, 2018). Once in households, HAPEx sensors were hung in

the cooking area of a home within 1 m of the stove and 1 m above the ground away from

any windows or ventilation. FUEL holders used in the FUEL system shown in Figure
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3.5c were manufactured in the local villages using rice jute sacks and nylon rope. Prior to

installation, household participants were asked to specify their preferred location for the

FUEL system to ensure ease of use. The FUEL systems were then installed by hanging

the sensors on preexisting support beams.

Once installed, all sensors were deployed with the launcher initiating monitoring. Sen-

sor data were checked and collected during mid-monitoring check-ins using the launcher

to ensure that all sensors were working properly. If a sensor was found to be not func-

tioning, the field staff first attempted to relaunch the sensor; if this was unproductive,

the sensor was replaced when possible. Due to limited resources, all sensors were re-

moved from households in between monitoring periods for use in other households, then

replaced and relaunched during the following monitoring period.

(a) (b) (c)

Figure 3.5: Household sensor deployment. (a) EXACT, monitoring stove use; (b)

HAPEx, monitoring household air pollution; (c) FUEL, monitoring fuel consumption.
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3.2.4 Data Analysis

3.2.4.1 EXACT

Consistently identifying cooking events using stove temperature data can be challenging

and is an ongoing research question in the cookstove sector (Ruiz-Mercado et al., 2012;

Wilson, Williams, & Pillarisetti, 2020). The EXACT sensors contain internal software

that identify cooking events when a temperature threshold is reached. This is then

reported as a binary usage metric (1 for cooking and 0 for non-cooking) so that field

staff can see in real time if a stove has been used. Once complete data were retrieved,

cooking event identification was performed using a the ”fire-finder” method (Wilson et

al., 2020). The main steps involved in cooking event identifications are;

1. Assume no data points are cooking.

2. Assume all points above a temperature threshold are cooking.

3. Assume points with long run of negative (or null) slope are not cooking.

4. Assume points with very positive slope are cooking.

5. Assume points with very negative slope are not cooking.

6. Merge cooking events that are separated by non-cooking periods shorter than min-

imum inter-event threshold.

7. Delete cooking events that shorter than minimum event cooking time threshold.

The previously obtained stove usage metrics were adjusted to match the cooking

events identified using the method above. Stove usage metrics were then used in all

cross-sensor analysis for ease of cooking event association.
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3.2.4.2 HAPEx

The HAPEx sensors produce a unitless measure of PM concentration in a given space

using light scattering technology. Obtaining the concentration (µg m−3) of a specific

aerosol (i.e. PM2.5) requires a gravimetric system be co-located with the HAPEx sen-

sor to determine the particulate scattering coefficient. Due to limited resources and

challenges of filter handling, no gravimetric systems were used during data collection.

Subsequently, all PM data presented in this study will be presented as Concentration

Units (CU). Although this limits our ability to report on a stoves ability to meet WHO

recommendation based on absolute household PM2.5 levels, it does allow for compari-

son of the magnitude of HAP before and after the introduction of the RPN stove and

correlation with cooking events and fuel usage.

3.2.4.3 FUEL

Household fuel consumption is based on decreases in weight (greater than a minimum

threshold value) logged by the FUEL system. The FUEL system will also log any bumps

or unintentional tugs which must be accounted and adjusted for to ensure accurate

calculations (Ventrella, MacCarty, & Lefebvre, 2020). Figure 3.6 shows an example of

FUEL system data with a highlighted spike that can be assumed to be the result of

the system being unintentionally bumped or pulled. Adjusting these inaccurate data

were accomplished by comparing surrounding data points. If there was a sudden weight

increase that immediately returned to the previous value or fell below it, the value

would be adjusted to the previous value (Example: y1 = 10 kg, y2 = 15 kg, y3 = 8

kg; y2 adjusted = 10 kg). Alternatively, if the weight increase was proceeded with a
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decrease that did not return to the original value but remained constant the value was

adjusted to match the subsequent values (Example: y1 = 10 kg, y2 = 20 kg, y3-10 = 15

kg; y2 adjusted = 15 kg). This process was mirrored to adjust sudden negative changes

in weight.

Figure 3.6: Fuel data with a highlighted fuel change indicative of the sensor being

knocked or tugged highlighted.

One concern regarding the use of the FUEL system as a method of monitoring house-

hold fuel use, is the degree to which households comply with the FUEL system usage

instructions. FUEL system compliance includes two different aspects; 1) whether the

fuel removed from the system was used in a monitored stove (this will be discussed in

section 3.3.4.2); and 2) whether fuel was used in a monitored stove that was not first

measured by the FUEL system. Although the amount of unmeasured fuel use can not

be reported, household compliance can be investigated by identifying cooking events for

which no weight changes occurred.

Household fuel usage was adjusted for moisture in two methods and compared; 1)

moisture was attributed to fuel changes based on their temporal proximity to a particular
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moisture reading and 2) all household moisture readings for a monitoring period were

averaged and applied evenly to all household fuel changes.

3.3 Results & Discussion

To address whether the implementation of the sensor suite and data collection can be

reliably conducted with limited prior experience, data loss/corruption and its impact on

sample size will be discussed. The remainder of this section will explore individual as

well as cross-sensor data analysis and validation methods.

3.3.1 Sample Sizes

Figure 3.7 is a visual representation of the resulting number of households for which

there are usable data (i.e. a minimum of 10 full days of consecutive sensor data) in each

monitoring period as well as the number of households with complete data (i.e. usable

data for both monitoring periods).
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(a) (b) (c)

Figure 3.7: A visual representation of the number of complete household sensor data

(represented by the boxed numbers) available given each combination of sensor type. (a)

Sensor data available for monitoring period conducted before the introduction of the RPN

stove. (b) Sensor data available for monitoring period conducted after the introduction

of the RPN Stove. (c) Sensor data available for monitoring period conducted before and

after the introduction of the RPN stove. *EXACT data including complete data for

both traditional and RPN stoves.

The extensive loss in EXACT temperature data seen in the monitoring period con-

ducted after the introduction of the RPN stove was caused by two main factors. 1) The

RPN stove’s chimneys are made of a shiny metallic material; because the EXACT sen-

sors use infrared technology this limits the sensors ability to detect temperature changes

when pointed at a reflective surface. The monitoring of the RPN stoves were conducted

by adhering the EXACT sensors to the chimneys and no instructions were provided to

scuff or blacken out the portion it was pointed at. This resulted in minimal usable EX-

ACT data for the RPN stove. 2) During remote RPN field staff training, it was not made

clear enough that all stoves that may be used in a household must be monitored in order

to obtain a comprehensive understanding of the household environment. This resulted

in many traditional stoves not being monitored after the introduction of the RPN stove.
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Other events that resulted in data loss included households moving sensors, participants

leaving their residence for an extended duration during the monitoring period, and errors

in sensor launching.

3.3.2 Household Air Pollution

Figure 3.8 illustrates the percent change in median household daily average PM after

the introduction of the RPN stove within each district. While some households in the

Taplejung district experienced increases in median daily average PM, approximately 70%

of the households (n=17, median -45.7%) experienced some kind of reduction while all

of the households in the Panchthar district (n=19, median = -64.5%) experienced a

reduction. These results are further explored in Figure 3.9 which shows the distribution

of daily average PM in each district before and after the introduction of the RPN stove.
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Figure 3.8: Percent change in household median daily average PM in each household.

Taplejung (n = 17, med = -45.7%); Panchthar (n = 19, median = -64.5%); Total (n =

36, median = -61.2%)

Figure 3.9: The distribution of average daily PM measured in each district before and

after the introduction of the RPN stove.
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3.3.3 Stove Usage

Limited data on stove usage was retrieved after the introduction of the RPN stove, how-

ever the baseline monitoring of households has the potential to shed insight on household

context and cooking patterns. Figure 3.10 shows the difference in average daily cooking

time in households from each district. Households in the Taplejung district reported a

much larger number of people of fed each day. This is reflected in the data as Taplejung

households spent more time on average cooking but much less time cooking per person

fed.

Figure 3.10: The average daily cooking time and the average daily cooking time per

person fed in each household before the introduction of the RPN Stove.
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3.3.3.1 Stove Usage and Household PM Data

One of the challenges of stove temperature sensors is accurately identifying the beginning

and end of a discrete cooking event. Data from households in both districts showed a

clear agreement between cooking events and PM measurements. Figure 3.11a illustrates

how the sensor data from the HAPEx and EXACT sensors mirror one another while

Figure 3.11b and Figure 3.11c show the rate of change and absolute rate of change

respectively for the same data further illustrating their agreement.
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(a)

(b)

(c)

Figure 3.11: HAPEx and EXACT sensor agreement. (a) Direct sensor values; (b) Rate of

change in sensor values; (c) Absolute rate change in sensor values. Household median PM

rate of change (2.0 CU/min) indicated with the blue horizontal lines. *Note: Household

2 before the introduction of RPN stove.
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The absolute rate of change in household PM reliably increases with the increase in

stove temperature due to naturally rapid fluctuation in PM concentration inherent to

biomass combustion. However, the magnitude of that change differs depending on the

stove and fuel in use as well as the household ventilation and cooking practices (Sharma

& Jain, 2019). Due to HAPEx sensors logging continuously, including overnight, there

will naturally be more PM data logged during non-cooking periods than during times

when stoves are being used. Considering that household PM concentration is constantly

fluctuating, values below the median rate of change in PM within a household should be

representative of a non cooking period. The blue lines in Figure 3.11b and Figure 3.11c

represent the household median rate of change in PM, illustrating that the absolute rate

of change in PM data occurring outside of a cooking event rarely exceeds this value.

By determining the median rate of change in household PM it is possible to determine

the start of a cooking event, identify cooking duration, and flag rises in PM that occur

outside of stove temperature identified cooking events. Similar to the “fire finder” method

used to identify cooking events, Figure 3.12 illustrates the results of the following method

used for verifying cooking duration and any extraneous heightened PM concentration

events.

1. Assume no data points occurred during cooking.

2. Assume all PM data points with an absolute rate change greater than the median

household PM rate change to have occurred during cooking.

3. Merge all assumed cooking events that are separated by non-cooking periods shorter

than minimum inter-event threshold.

4. Delete all cooking events shorter than minimum event cooking time threshold.
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5. For each cooking event identified, flag any event with no corresponding stove tem-

perature rise during the duration of the event.

Figure 3.12: Cooking duration verification using absolute PM data rate change. High-

lighted blue squares indicate identified cooking events, with blue arrows indicating

flagged extraneous heightened PM concentration events. *Note: Household 2 before

the introduction of RPN stove.

3.3.4 Fuel Usage

One of the most important impact metrics of projects is the change in fuel consumption

after introduction of the new stove. Figure 3.13 illustrates the percent change in house-

hold fuel consumption after the introduction of the RPN stove if all weight changes (post

data cleaning) that occurred during the monitoring periods are assumed to be reflective
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of actual household fuel consumption. Households in the Taplejung (n = 15) district that

experienced fuel reduction experienced larger reductions in both total fuel consumption

(median = -44.6%) and fuel consumption per person fed (median = -69.8%) when com-

pared to households in the Panchthar district (n = 2, median Total = -15.2%, median

Per Person = -3.22%).

Figure 3.13: Percent change in total and per person fuel consumption in households after

the introduction of the RPN stove. These values were adjusted for fuel moisture content

by taking the average of all moisture readings within a household during a particular

monitoring period. Taplejung (n=15): median (Total = -44.6%, Per Person = -69.8%);

Panchthar (n=22): median (Total = -15.2%, Per Person = -3.22%); Both (n= 37):

median (Total = -16.5%, Per Person = -16.1%)

3.3.4.1 Impact of Moisture Content

While the measurement of moisture content and the adjustment of fuel weight to account

for it may provide more accurate measures of the magnitude of energy consumption, it
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shows a limited influence when determining the percent change of total fuel consumption.

Figure 3.14 shows a maximum difference in calculated percent change in measured fuel

consumption occurring when moisture content is applied to the fuel changes based on

their temporal relationship to moisture readings (Adj 1) as apposed to even distribution

of average household fuel moisture content to all fuel changes (Adj 2). The effects of

these adjustments ranged from 2.7% to 4.9%.
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Figure 3.14: The difference in the percent change of total household fuel consumption for

Taplejung(n = 16, Raw Med = -36.7%, Adj 1 Med = -33.0%, Adj 2 Med = -34.0%) and

Panchthar (n = 23, Raw Med = -20.1%, Adj 1 Med = -15.2%, Adj 2 Med = -17.5%))

households with and without fuel adjusted for moisture content. Raw indicated the

change in fuel consumption if moisture content is not accounted for; Adj 1 indicated the

change in fuel consumption when the moisture readings collected at each household visit

are assigned to fuel consumption based on moisture reading it was closest to in time; Adj

2 indicates the change in fuel consumption when all moisture readings for a household

are averaged over the monitoring period and applied evenly to all fuel consumption.
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3.3.4.2 FUEL system Compliance

One question about the use of the fuel sensor is whether users are using it as directed

as far as 1) burning the fuel from the holder in the monitored stove only, and 2) always

placing the fuel in the holder before burning it in the monitored stove. With cross-sensor

analysis, there are two methods to check for both of these scenarios: correlation with

temperature data, and correlation with PM data.

Verifying that fuel from the holder is being burned in the monitored stove only

can be accomplished through association with identified cooking events using EXACT

temperature data. Any lack of correlation using this method could be due to stove

stacking, improper FUEL system usage (such as removing fuel before intended use), or

improper EXACT sensor placement (resulting in cooking events missing or appearing

shorter than they actually were).

Alternatively, verifying that fuel from the holder is being burned in the household can

be accomplished through correlation with rises in PM emissions as measured by HAPEx

sensors. As described in section 3.3.3.1, a household’s PM median rate of change can be

assumed to represent a non-cooking period. Following a similar method to temperature

identification, a fuel change can be verified if the rate of change in PM is greater than

the median within 30 minutes of the fuel change.

Looking at all identified fuel changes (n = 1785) in households (n = 26) prior to the

introduction of the RPN stove with complete EXACT and HAPEx data, the temperature

verification method was able to verify 72.8% of all fuel changes (77.0% of total fuel

measured) where as the PM verification method was able to verify 96.9% of all fuel

changes (97.3% of total fuel measured). Figure 3.15 shows how this affected the total

percentage of measured household fuel use in each of the two districts that were able to
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be verified using each method.

Figure 3.15: Percent of total household fuel (kg) that could be verified using the tem-

perature and PM verification methods. Taplejung (n = 10, Temp Verification median =

85.0%, PM Verification median = 99.1%); Panchthar (n = 16, Temp Verification median

= 82.2%, PM Verification median = 98.9%); *Note: includes data only collected prior

to the introduction of the RPN stove in household with complete EXACT and HAPEx

data.

As it is impossible to quantify what was never measured, it is not possible to verify

that only fuel placed in the FUEL holder was used in household cooking events. How-

ever, it is possible to quantify FUEL system compliance by identifying cooking event

occurrence without the occurrence of FUEL system weight changes. Using household

PM data the initiation of cooking events were identified as described in section 3.3.3.1.

Fuel changes were then associated to cooking events if they occurred during or within

30 minutes prior to the initiation of a cooking event. For consistency fuel changes were

only associated with single cooking events (i.e. if a large fuel change occurred and was
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followed by multiple cooking events with no other fuel changes the fuel was attributed

to only the first event). Using this method, Figure 3.16 shows the percentage of FUEL

system compliance in terms of total cooking time with fuel association in households

from both districts. A median FUEL system compliance of 78.4% was observed for all

households while households in the Taplejung district experienced slightly higher com-

pliance rates with a median of 80.4% when compared to households in the Panchthar

district (median = 68.6%). These results reflect similar findings to those reported by

Ventrella & MacCarty (2019) that indicated correct household FUEL system usage for

85% of monitoring days.

Figure 3.16: Percentage of total household cooking time with fuel association before the

introduction of the RPN stove. Taplejung (n=10): median = 80.4%; Panchthar (n=16):

median = 68.6%; Total (n= 26): median = 78.4%.
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A low percentage of total household cooking time with fuel association indicates that

measured household fuel consumption may not represent actual household fuel consump-

tion or that the household may simply be using the FUEL system incorrectly. Figure 3.17

shows a households with low FUEL system compliance (42.8%) and a household with

high FUEL system compliance (96.4%) in terms of total percentage of household cooking

time with fuel association. Although the low compliance household does show two long

periods of non-compliance (i.e multiple cooking events with no fuel association), cooking

events with high fuel associations are regularly followed by cooking events with no fuel

association. When instructed on FUEL system usage, households are told to never place

fuel back in the FUEL system once it is removed. This shows that households are likely

following those instructions but may be removing more than is necessary for a given

cooking event. It is possible that adding clarification within the FUEL instructions that

stresses the importance of taking out only what is necessary for a cooking event may

justify these issues. By setting a desired household compliance level, households with

compliance levels that fall below the threshold can be investigated as shown in Figure

3.17 and subsequently removed from analysis used for reporting if it is determined that

the FUEL system was not used properly.
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Figure 3.17: Fuel (kg) associated with each cooking event (represented by the points) in

a household with a low and high percentage of total cooking time with fuel associated.

The high compliance household (Taplejung, household 6) had fuel associated with 96.4%

of its total cooking time. The lowest compliance household (Taplejung, household 4)

had fuel associated with 42.8% of its total cooking time.

3.3.5 Feasibility of Remote Training for Local Capacity Building

The feedback provided by the RPN field staff responsible for sensor deployment and data

collection indicated that they felt as if the remote training materials provided were suf-

ficient and that all necessary information was included. However, it was indicated that

occasional launcher and sensor malfunctions prolonged time spent in the field and in-

creased the difficulty of sensor deployment and data collection. Although lack of explicit

instructions on installation of the EXACT sensors on chimneys and miscommunication

regarding continued monitoring of traditional stoves resulted in extensive loss of stove
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temperature data, there were few other errors in sensor deployment or data collection.

Given the novel nature of this monitoring method and the difficulties associated with

the remote training of partners, the limited numbers of errors suggests the feasibility of

this system for capacity development.

3.4 Conclusions

The households monitored in this study experienced a median reduction of 61.2% (n =

38) in their daily average PM levels following the introduction of the RPN stove with

households in the Taplejung district (n = 17, median = 45.7%) experiencing lower median

reductions than those in the Panchthar district (n = 19, median = 64.5%). The overall

median fuel reduction for both total and per person measurements was approximately

16% following the introduction of the RPN stove. However, households in the Taplejung

district (n = 15) experienced greater median reduction in both total and per person fuel

consumption (total median = 44.6%, per person median = 69.8%) than households in

the Panchthar district (n = 22, total median = 15.2%, per person median = 3.22%).

The large differences in stove impact on both daily average PM levels and total fuel

consumption between districts is likely due to household context. Households in the

Taplejung district rely primarily on hosting guests and tourists heading to worship at

the Pathibhara temple for their income generation. This results in cooking for longer

durations of time for much larger numbers of people on a daily basis. Alternatively

households in the Panchthar district represent more traditional household settings pre-

dominantly relying on livestock herding for income generation and often only preparing

food for those who live in the household. These differences in context explain why

households in Taplejung experienced greater fuel savings (likely through economy of
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scale) where as households in Panchthar experienced greater reductions in household air

pollution (HAP) (likely due to spending less time overall cooking, limiting the potential

production of PM). Validation of these results should be pursued through the study of

the RPN stove in households of different context, throughout different seasons, and for

longer duration to ensure that these results represent real world stove outcomes.

Based on both the RPN field staff feedback as well as the quality and quantity of

resulting study data, further development of the sensor suite training material is needed

before it can be reliably implemented by individuals with limited prior experience. How-

ever, as is common in sensor-based stove monitoring, the temperature sensors were the

main source of data loss and corruption. It is anticipated that further stove studies

involving the sensor suite and continual development of the training material will pro-

duce a robust and reliable tool capable of building local capacity for household stove

monitoring projects.

Through cross-sensor analysis household PM data was used to verify cooking du-

ration and flag rises in PM concentration without the increase in stove temperature.

Furthermore, measured household fuel consumption using the FUEL system was verified

using both household PM and stove temperature data with FUEL system compliance

quantified with stove temperature data. This research shows that the presence of mul-

tiple sensors in a household provides the potential for extended insight on multiple key

stove performance metrics while also providing a means for single sensor measurement

verification.
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3.4.1 Limitations

The monitoring of stove usage within their context of use will inevitably involve potential

error and missing data. In this study, our ability to report on stove usage was limited

by incorrect or missing sensor placement due to miscommunications and/or confusion

within the newly-developed remote training environment. The lack of a gravimetric

system co-located with the HAPEx sensors allowed only for reporting relative changes

in household PM concentrations rather than absolute magnitude of in specific aerosols

such as PM2.5. Although we are able to report on the changes in total fuel consumption

measured, it is possible that fuel was used in study participants households that was not

captured by the system.
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Chapter 4: Conclusion

This work has resulted in the testing of a novel integrated sensor suite developed to pro-

vide a more holistic understanding of household level stove performance. To collect and

interpret sensor data and illustrate the sensor suites capacity, training, data processing,

analysis, and visualization methods were developed and implemented. Chapter 2 of this

thesis provided initial performance metrics regarding HAP and fuel usage of the RPN

stoves in a report developed for the expressed purposed of communicating stove house-

hold impact regarding fuel savings and household air pollution to project stakeholders.

Chapter 3 provided a more in depth analysis of the data and presented novel methods

of cross-sensor to allow for single sensor verification and the development of insights

on household stove performance despite data loss and/or corruption. This chapter also

explored the feasibility of using this integrated sensor suite as a tool capable of building

local capacity for stove monitoring projects. Attached as an appendix are the materials

developed for the remote training of our RPN field partners in the deployment of sensors

and collection of data.

Cross-sensor analysis methods used in in this study proved to be useful in the vali-

dation of single sensor readings which will allow for increased accuracy in reporting of

stove performance metrics. This allowed for a more holistic and comprehensive view of a

household then previously capable with single sensor stove monitoring. While absolute

concentrations of household particulate matter (PM) could not be reported, the data

captured regarding general PM concentrations allowed for verification of cooking event

duration, flagging of elevated PM concentrations outside of identified cooking events,
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and verification of household fuel usage. Stove usage data was also used to both verify

fuel usage and quantify household FUEL system compliance.

The data collected for this study found that the introduction of the RPN stove into

rural mountainous households in the Taplejung and Panchthar district resulted in an

overall reduction in both household air pollution (HAP) and fuel consumption. The

data also showed that household context (i.e household income generation, stove type,

cooking patterns, and household structure) likely plays a significant role in the magnitude

of the stoves impact.

The data collected during this study illustrates the potential of the sensor suites as an

accessible tool capable of building local capacity in stove monitoring projects. Working

to develop this capacity shows promise in reducing the time, cost, and technical training

required in the attainment of real-world stove performance metrics. Furthermore, ensur-

ing the accessibility of this tool would allow for more transparency in the clean cooking

sector and support opportunities for result-based financing making it possible to provide

more high performing stoves to those who need them most.

During this research a data analysis platform was also developed. This platform is

being designed to allow sensor suite implementers to upload data from monitoring cam-

paigns aiding in data management, visualization, and analysis. The methods developed

for the data analysis in this study will be integrated into this platform to increase the

accessibility of this sensor suite tool. Furthermore, it is expected that this database will

eventually allow for the ease of comparison of stove performance between stove types

and regions.

Though not explored directly within this work, the FUEL system is capable of mon-

itoring many different fuel types, including liquid fuels, with the use of a compressive

scale. Future work will include developing robust methods for analysis of data produced
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using the compressive scale, completing integration of all data processing and analysis

methods into the data analysis platform currently under development, and conducting

further studies involving the sensor suite and its deployment in different cultural and

geographic regions to allow for its validation in varying contexts.
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Contents

1 Introduction 1
1.1 Before Going to a Household . . . . . . . . . . . . . . . . . . 2
1.2 Pilot Period . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Training Enumerators 2
2.1 Informed Consent . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Privacy and Confidentiality . . . . . . . . . . . . . . . . . . . 4
2.3 Certification of Collaborator . . . . . . . . . . . . . . . . . . . 5

3 Sensors 5
3.1 The Launcher . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.2 FUEL Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 HAPEx and EXACT . . . . . . . . . . . . . . . . . . . . . . . 9
3.4 GPS Loggers . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5 Moisture Meter . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Study Procedure 26
4.1 Initial Visit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Follow Up Visit . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.3 Final Visit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1 Introduction

This document is meant to serve as a reference document for each stage
of the project. In this document you will find information on what to do
and consider at each stage. Please be sure that you understand all of
the material in this document before you begin the project. All reference
documents, tools, and videos can be found on the provided microSD.
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If you have any questions feel free to contact Dr. Nordica MacCarty.

1.1 Before Going to a Household

Before any household is visited for this project it is imperative that all enu-
merators are properly trained in privacy and gaining consent, a clear an
executable plan is in place for how the FUEL sensors will be installed in
the households, and that the sensors are prepared properly and everyone
working with them understands how they function.

Each household will be equipped with sensors that monitor stove use, fuel
use, and air quality. These sensors will be launch and the data they collect
will retrieved using a launcher. Each household will also be given a GPS
logger to take with them on fuel gathering trips and each enumerator will
need to know how to use a moisture meter to record the average moister
content of the fuel that a household is using.

It is very important that an effective system for keeping track of house-
holds is developed. A numbering system that connects each household to
a number, name, and location will be critical to ensure that all longitudinal
data can be correlated.

1.2 Pilot Period

Before the official study begins it is important that a subset of household
(5-10) should be monitored with these sensors for a few days to ensure
that all methods are understood and appropriate. This would ultimately
serve as an opportunity for all enumerators to get a better understanding
of how all of the sensors are meant to operate with one another, determine
if any adjustments need to be made to the procedures, and get any and all
questions they may have about the process of deploying the sensors and
downloading the monitoring data out of the way.

2 Training Enumerators

It is critical to ensure that all enumerators are trained in privacy and gaining
consent. This is a requirement in the review and publication process for
ethical treatment of human subjects. Training should include the following:
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2.1 Informed Consent

Subjects in the study must participate willingly. Informed Consent is a
voluntary agreement to participate in research. The goal of the informed
consent process is to provide sufficient information so that a participant
can make an informed decision about whether or not to enroll in a study or
to continue participation. Informed consent is essential before enrolling a
participant and ongoing once enrolled. Obtaining consent involves inform-
ing the subject about his or her,

1. Rights

2. The purpose of the study

3. The procedures to be undergone

4. The potential risks and benefits of participation

Before beginning the study please ensure that all enumerators understand
each of the following points about informed consent and what each means
in regards to their conversations with potential participants.

• The informed consent process must be a dialogue of the study’s pur-
pose, duration, experimental procedures, alternatives, risks, and ben-
efits.

• The informed consent process should ultimately assure that the sub-
ject understands and really “gets” what they are signing up for.

• Information must be presented to enable persons to voluntarily decide
whether or not to participate as a research subject and they must
verbally agree to consent if they choose.

• The process of consenting is ongoing and must be made clear to the
subject that it is his or her right to “withdraw” or “optout” of the study
or procedure at any time, not just at the initial signing of paperwork.

• Vulnerable populations (i.e. prisoners, children, pregnant women,
etc.) must receive extra protections.

• The legal rights of subjects may not be waived and subjects may not
be asked to release or appear to release the investigator, the sponsor,
the institution or its agents from liability for negligence.

• The location where the consent is being discussed, the subject’s phys-
ical, emotional and psychological capability must be taken into con-
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sideration when consenting a human subject.

• Any compensation that is provided to the participant must be reason-
able and appropriate such that the person does not feel coerced or
otherwise financially motivated to participate in research they may not
be comfortable with.

2.2 Privacy and Confidentiality

Privacy and Confidentiality

During the informed consent process, if applicable, subjects must be in-
formed of the precautions that will be taken to protect the confidentiality
and privacy of participants. Confidentiality and privacy are important as-
pects of ethical research because a participant ought to have control over
whether it becomes public knowledge that they participated in a research
study, as well as over the information that they provided while participating
in the research. In this context, confidentiality can be thought of as keeping
the identity of the participant away from public view, while privacy can be
understood as keeping the participant’s information away from public view.
Confidentiality often comes down to one or more ways of de-identifying par-
ticipants, and privacy often comes down to one or more ways of securing
information. Confidentiality may be maintained by:

• Giving participants pseudonyms or using initials rather than full names.

• Not writing down any identifying information in the first place, even if
the researcher knows participant names.

• Arranging to interact with participants in such a way that the researcher
never knows the participants’ names in the first place; this is some-
times known as anonymity.

• Removing certain demographic information from research.

• Using a consent process where a participant consents without their
name being captured either on paper or on a recording.

• Privacy can be maintained by:

– Not leaving questionnaires, interview transcripts, or field notes
with participant identifications sitting out where others might see
them but rather locking them up
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– Using electronic data security measures to lower the odds that,
even if one’s laptop is stolen, information on it will be easily read-
able; this might include password protection, encryption, or other
measures

2.3 Certification of Collaborator

Before an individual engages with any households participating in the study
it is important that they receive verbally administered training on how to
gain consent and protect participants privacy. Once they have received
the training they must sign a certificate of collaboration acknowledging that
they have received and understand the training. Upon completion, this doc-
ument should be immediately sent to Nordica MacCarty.

Within the Training Documents there is a folder Labeled ”IRB Human Sub-
jects”. This folder contains the following three documents,

1. Brief consent and privacy training : Training material to verbally ad-
minister to all enumerators and data collectors.

2. Certification of Collaborator1 : Must be signed by all enumerators as
well as anyone else involved in collecting data.

3. Verbal Consent Guide2 : A guide on what specifically to say to gain
consent from study participants.

3 Sensors

3.1 The Launcher

These videos will introduce you to the basic functionality of the launcher,
how to launch sensors using the launcher, and finally how to retrieve data
from the sensors using the launcher. When assigning a name to a sensor
in the launcher it is important that the name does not exceed a length of
8 characters. Any names exceeding 8 characters will be truncated in the
data files.

1. Intro Launcher

2. Launcher START
17257 MacCarty certification of collaborator 10.9.20
27257 MacCarty VerbalConsentGuide Combined 10.9.20
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3. Launcher DOWNLOAD

Figure 1: Launcher

3.2 FUEL Sensor

It is important to have a plan in place for how the FUEL sensors will be
installed BEFORE they are taken to a household. To best understand what
kind of materials you will need and what you should consider please watch
the following videos. For additional information on how to operate the FUEL
sensors please review the FUEL User Manual3.

**Note**: When launching the FUEL sensor in the field be sure to zero the
sensor before any fuel is placed on it NOT after.

3FUEL User Manual 11 23 2020.pdf can be found in the FUEL folder in the Training
Documents
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Figure 2: FUEL Sensor: Tensile Version
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Figure 3: FUEL Sensor: Compressive Version

3.2.1 Video 1: FUEL Overview and How it Works/ Resumen de FUEL
y Como Se Funciona

This video covers the purpose of FUEL, how it can be used with single or
multiple stoves and fuels, and what the data will show.

English: FUEL Overview
Español: Resumen de FUEL

3.2.2 Video 2: Installing FUEL/ La Instalación de FUEL

This video shows how and where to hang the sensor, including the variety
of structures that the sensor can be hung from and vessels that can be
used.

English: Installing FUEL
Español: La Instalación de FUEL
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3.2.3 Video 3: Training Participants to Use FUEL/ Capacitación de
Participantes para Usar FUEL

This video covers how to train cooks and others in the households to use
FUEL by storing their fuel supply in the holder and ensuring that only fuel
that has been in the holder is consumed in the stove.

English: FUEL Training
Español: Capacitación de FUEL

3.3 HAPEx and EXACT

This video provides a quick overview of these sensors and how they can
be accessed using the Launcher. HAPEx EXACT features

3.3.1 HAPEx

The HAPEx sensor is a air quality sensor (specifically PM2.5) that can either
be mounted in a home or worn by a study participant. Before the HAPEx is
used it should be zeroed. This video (HAPEx Zero) will explain this process.
For additional information on how to operate the HAPEx sensors please
review the
HAPEx User Manual4.

4HAPEx v4 User Manual 1 10 2019.pdf can be found in the HAPEx folder in the Train-
ing Documents
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Figure 4: HAPEx Sensor

3.3.2 EXACT

The EXACT is a temperature sensor that should be mounted on each stove
that will be used in a household. The mounting of these sensors may look
different depending on both the household and the stove. However a con-
sistent placement between households in a study is key to collecting consis-
tent data. Please make sure that there is a plan in place on how to properly
install the EXACT sensors on the stoves before the study begins. Below
are a few potential options for mounting the EXACT sensor. If you have
additional questions about how to best mount the sensor please contact
Olivier Lefebvre (olivier@climate-solutions.net).

For more details on how to operate the sensor please review the Exact User Manual5.
5EXACT User Manual v4 1 9 2019.pdf can be found in the EXACT folder in the Training

Documents
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Figure 5: EXACT Sensor

Placement

The placement of the EXACT sensor is very important when measuring
stove usage. If the sensor is placed too far away the sensor may not be able
to accurately identify temperature increases. The sensor can withstand an
internal temperature of 85C. Because of their mounting system, that means
they can be placed on surface that will be as hot as 300C. Depending on
the stove type the placement may vary but the placement of the sensor
should be the same for all stoves of the same kind within a study. However,
it is important that the sensors not be exposed to direct flame as this could
result in the sensors components to over heat and potentially explode.

Metallic Tape

If you are trying to attach the EXACT sensor to a chimney it may be best to
use a metallic tape that is rated to at least 100C (Figure 6). Before putting
the tape on it is important to clean the area with rubbing alcohol (70% or
higher) or IsoPropyl Alcohol and let the alcohol dry. This will ensure that
the tape sticks to the chimney.
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Figure 6: Metallic tape used to attach the EXACT sensor to a chimney. The
tape should be rated to at least 100C.

Stakes

Heavy duty tent stakes (Figure 7) can be used when working with mud and
three stone fires by placing them in the ground next to the stove as seen in
Figure 8.
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Figure 7: Heavy Duty Tent Stakes

Figure 8: Placement examples when using tent stakes with stoves.

U-nails

For metallic stoves, floors that do not allow for stakes, or stoves that are too
high off the ground you may be able to use U-nails (Figure 9) to attach the
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EXACT directly to the stove (Figure 10). The U-nail should go through the
2 holes in the mount of the sensor.

Figure 9: U-nails
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Figure 10: EXACT sensor attached directly to a stove using U-nails.

Epoxy

If you are monitoring a metallic stove and none of the above options are
applicable you may need to use an epoxy putty that is provided with the
sensors. The epoxy putty provided with the sensor is rated for 250C so it
best to place the sensor in a location that will not get hotter than 250C. If
you choose to use this method please be aware that the bond created will
create a very strong bond which may be very difficult to remove at the end
of the study and could possibly result in damage to the stove. To use the
epoxy putty please follow the procedure below.

1. Clean the surface of the stove with the alcohol wipe provided
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2. Sand the surface with the sand paper to roughen it

3. Clean the surface with another wipe (wait a minute for the alcohol to
dry)

4. While the alcohol dries, cut a piece of epoxy putty

5. Knead the putty thoroughly during one minute (use plastic gloves)

6. Place the putty on the sensor mount and press it firmly against the
cleaned stove area

7. Cut a piece of the high temperature tape provided and place it on top
of the sensor mount and epoxy to reinforce the initial bond.

8. The epoxy has a 5 minutes working time and a 1-hour full cure time.

9. If possible place the sensor will the stove is not too hot.

3.4 GPS Loggers

The GPS loggers (see Figure 11 will be used to collect data on fuel wood
collection. These loggers will be taken with participants as they collect their
fuel as a way to measure how far people travel, where they go to collect fuel,
and how much time they spend collecting fuel. For additional information on
how to operate the GPS sensor and how to access the data please review
the DG-500 user manual6.

6DG-500 QSG ENG V1.3 20170105.pdf can be found in the GPS Logger folder in the
Training Documents
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Figure 11: DG-500 GPS Logger

3.4.1 GPS Logger Introduction

GPS Logger

3.4.2 GPS Logger Data Retrieval

In order to download data from the GPS loggers you will first need to gain
access to the Global Sat DG-500 Tool. There are two main ways to accom-
plish this. In the materials sent you there will be a microSD card which we
have downloaded all of the documentation on. In the documentation there
will be a file for the GPS Logger which contains the setup files for both win-
dows and mac products. Using these you will be able to download and set
up the tool on your device. If you would prefer to not download the tool on
your device you may also access the tool while the microSD card is plugged
into your device (Please note that you will also need to plug the device in
so you will need a device with a minimum of 2 USB ports for this option).
Alternatively you may navigate to this GloablSat web-page and download
the tool from here. To download the tool and navigate to the bottom of the
web page where you will find the download section that looks like Figure
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12.

Figure 12: Downloading the GlobalSat Tool

This video (GPS Data Download) will show you how to download the data
from the GPS logger. Below are the steps that are covered in the video.

1. Once the tool is downloaded, navigate to the tool and open it.

Figure 13: GlobalSat Tool

2. Once a GPS Logger is plugged into the device the top task bar should
resemble the task bar seen in Figure 14. Please do not use the red x
icon as this will delete all data on the device. Additionally please do
not alter any of the settings.

Figure 14: GlobalSat Tool Task Bar.

3. Select the Green arrow on the task bar. This will pull up a window that
shows all files that are currently being stored on the document (Fig-
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ure 15). As these sensors will likely be used by multiple households
please be sure to only select the files that have dates that correspond
to the most recent study period. For example, if I began a study on
11-11-20 I would select the files as seen in Figure 16.

Figure 15: GPS Logger Files

Figure 16: Select files that correspond to most recent study period.

4. The files will now be imported into the GlobalSat Tool and will show
up in the left panel of the tool. Be sure that all files are selected (see
Figure 17) and select the floppy disk icon next to the looking glass on
the task bar.
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Figure 17: Select ALL of the files that have been imported.

5. This will produce a window that will allow you to choose the name,
file type, and location of the file. Please be sure to save the file in
an easily accessible location as a .csv file with an appropriate name
(Figure 18). To name the file we ask that you include the last three
digits found on the back of the GPS logger under the bar code and the
household number associated with the data, Sensor# H#.csv (ex. If
I was using the sensor shown in Figure 19 and the data was from a
household that we had assigned to 12 the name of the file would be
507 H12.csv).

Figure 18: Saving the files with the appropriate name.
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Figure 19: Back of Sensor 507.

6. Once this process is completed please be sure to zip all of the files
together before sending them to Dr. Nordica MacCarty.

3.5 Moisture Meter

When you go to a household you will need to collect data on the moisture
content of the fuel that they are using (*Note: These moisture meters should
only ever be used on wood). This video (Moisture Meter) will introduce you
to the moisture meter, show you how to properly prepare the meter before
going into the field, and how to use it once you are in the field.
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Figure 20: MO210 Moisture Meter

When using the Moisture meter there are some steps that should be taken
before you take it into the field.

Before Use

1. The moisture meter should have arrived in a package that contained
3 individual lithium batteries, a baggy full of replacement electrode
pins, and a small screw driver. If any of these items are not there
please contact us and make sure you have them before you need to
take the meter into the field.

22

93



Figure 21: MO210 Moisture Meter and Supplies

2. The moisture meter will have arrived to you without the batteries al-
ready inside. Using the small screw driver remove the back panel of
the moisture meter, place the batteries into the device, and replace
the back panel. (*Note: The batteries should be placed in with the
positive [shiny side] facing outward).

Figure 22: Installing Batteries in Moisture Meter

3. The moisture meter switch should always be kept on wood (as shown
in Figure 20) and should never be used while in building mode.
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4. The device automatically shuts down when the cap is on. Remove
the cap to turn on the device.

5. With the device on it is not time to test that both the device and the
batteries are working properly.

Figure 23: Moisture Meter Testing Diagram

6. To verify that the device is working properly, touch the pins to the
testing spots on the cap that are labeled 1 and 2 in Figure 23. The
read out should be between 25% and 29%. If the read out does not
say this it means the device may need repair. Please contact us if this
happens.

Figure 24: Moisture Meter Testing

7. To check the batteries you will repeat the above process with the pins
on the testing spots 3 and 4 shown in Figure 23. The readout should
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be between 42% and 46%. If this is not the case please replace the
batteries and repeat this step.

Figure 25: Moisture Meter Battery Test

8. If at any point the electrode pins begin to show signs of wear or build
up please replace them. This can be done by simply unscrewing the
old pins and installing new ones.

Using the Moisture Meter in the Field

1. To take a a moisture reading press the electrode pins of the moisture
meter into a piece of wood as far as they can go (do not force so hard
that it might cause damage). When placing the electrode be sure that
you are pressing them in perpendicular to the grains of the wood (see
Figure 26). If the pins are placed in the same direction that the grains
run the reading will not be accurate.
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Figure 26: Taking Moisture Readings

2. Repeat this process 3 times with 3 randomly chosen pieces of wood.

3. Record all moisture readings in your household visit checklist.

After Use

Once you have finished using the moisture meter placed be sure to store it
with the cap on and the batteries removed to conserve their life span.

For additional information on how to operate the Moisture Meter please
review the Moisture Meter User manual7.

4 Study Procedure

Once there is a clear plan in place for sensor placement, all enumerators
have been trained on gaining consent, and the pilot period has been com-
pleted the study can begin. It is important that a checklist be completed
during each visit to a household and the information collected saved for
analysis.

7MoistureMeter MO210 UserGuide.pdf can be found in the Moistre Meter folder in the
Training Documents
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4.1 Initial Visit

In the initial visit to the household the enumerators will be gaining consent,
setting up the sensors, explaining to the participants how to properly use
the sensors, launching the sensors, and taking fuel wood moisture mea-
surements. Figure 27 shows the checklist that should be completed at
each household. It is very important that the assigned household number
as well as the GPS ID is recorded along with the fuel moisture content and
the anticipated number of people who will be fed during the monitoring (it is
ok if this is not the same every day, just ask the participant to give their best
estimation). This information should be saved and sent with all the other
data.

Figure 27: First Home Visit Checklist
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4.2 Follow Up Visit

After the participants have had a few days to get to know their sensors it
is useful to do a follow up visit. This will allow for the participants to ask
any questions and voice concerns if they have them. Figure 28 shows the
checklist that should be taken to each household and filled out during the
visit. Again it is important to record the household number and the GPS ID
to ensure that the correct data is assigned to the appropriate household.
Please again record the fuel moisture content as well as asking the partic-
ipants to give an estimate of the number of people in each category they
anticipate to feed (please fill this in even if it has not changed).

Figure 28: Follow Up Home Visit Checklist

Using the Launcher (3.1) you will be able to look at summary data for the
FUEL and HAPEx sensors, please be sure not to stop the sensors (see
Launcher DOWNLOAD video). This will tell you whether the participants
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have been engaging with the sensors. If you notice that there is very little or
no data ask the participant if they have been having issues with the sensor.
If they have any issues or questions about how best to use the sensor be
sure to do your best to answer them and record their issues/questions.

4.3 Final Visit

With the monitoring duration complete it is now time to collect the sensor
data and the sensors themselves. Figure 29 shows the checklist that should
be taken with and used for this visit. Again be sure to record the household
number, the GPS ID, fuel wood moisture content, and how many people on
average have been fed each day.

Figure 29: Final Home Visit Checklist

Using the Launcher (3.1) you will be able access and download the data for
the FUEL, HAPEx, and EXACT sensor (see Launcher DOWNLOAD video).
Once you see all of the sensors in the household on the screen you may
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select the ”Stop & Download” button. The sensor reading will turn green
once it has downloaded successfully. Once all of the sensor reading have
turned green you may turn off the Launcher and collect the sensors.
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