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Abstract
Solving the Air Pollution Crisis: Mitigation and Monitoring
by
Julien Jacques Caubel
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley

Professor Alice Agogino, Co-Chair
Professor Ashok Gadgil, Co-Chair

Air pollution is one of the world’s greatest environmental health risks, responsible for
over 7 million premature deaths annually. Around half of these premature mortalities are linked
to biomass cooking fires that release harmful air pollutants into people’s homes, such as
particulate matter (PM). Although nearly 3 billion people worldwide depend on biomass cooking
fuels, relatively little scientific research exists on mitigating the smoke they generate. One
promising approach for reducing emissions is the injection of secondary air into the biomass
cookstove’s combustion chamber. However, cold secondary air can also quench the combustion
process when improperly injected, and so many secondary air injection cookstove designs do not
actually reduce harmful smoke emissions relative to a traditional three stone fire (TSF).

Since wood is a common cooking fuel throughout the world, this dissertation presents an
experimental wood-burning cookstove platform, dubbed the ‘Modular (MOD) stove’, to identify
and optimize secondary air injection parameters that reduce the emission of harmful pollutants.
The MOD stove enables systematic, repeatable experiments in which various secondary air
injection design features, such as flow rate and location, can be quickly and easily adjusted. Over
130 experimental trials were conducted, demonstrating that wood combustion is highly sensitive
to small changes in the secondary air injection parameters. Using a systematic experimental
approach, an optimal design configuration was identified that reduces mass emissions of PM; s,
carbon monoxide (CO), and black carbon (BC) by ~90% relative to a traditional TSF, while also
improving thermal efficiency.

Using an updated version of the MOD stove, an additional 111 performance tests were
conducted to quantify the practical design requirements (e.g., secondary air pressure and
temperature) to achieve > 90% mass emission reductions relative to a TSF. Using this
experimental data, I demonstrate that low-cost (<$10) fans and blowers are currently available to
drive the secondary flow, and this hardware can be independently powered using an inexpensive
thermoelectric generator mounted nearby. Furthermore, size-resolved PM measurements
demonstrate that secondary air injection effectively inhibits particle growth, but the total number
of particles generated remains relatively unaffected. I investigate the potential impacts for human
health and explore methods to mitigate the PM formation mechanisms that persist. As a whole,
the MOD stove platform demonstrates that secondary air injection is a practical, effective, and



potentially economical method for meaningfully reducing smoke emissions from biomass
cookstoves. However, designs should be experimentally validated and optimized, and further
research is needed to eliminate the persistent formation of ultrafine particles that are particularly
harmful to human health.

Ambient air pollution is also widespread, and linked to significant adverse health
outcomes. Over 90% of the world’s population lives in areas where ambient air pollution
concentrations exceed World Health Organization recommendations, resulting in ~4 million
premature deaths annually. The health impacts of ambient air pollution are particularly acute in
urban settings. In 2010, premature deaths due to ambient air pollution were about 50% more
common in urban than in rural environments, and this could increase to nearly 90% by 2050.
Although ground-based air quality measurements are needed to address this growing health crisis,
traditional regulatory monitoring networks do not provide sufficient spatial coverage and
resolution to adequately assess air pollution exposures in urban environments. Distributed
networks of low-cost air quality sensors are emerging to fill this gap.

Black carbon (BC) is an important component of PM pollution, strongly linked to adverse
human health outcomes and climate change, but low-cost sensors for monitoring this critical
pollutant are lacking. This dissertation presents the Aerosol Black Carbon Detector (ABCD),
specifically designed for distributed air quality monitoring networks. As such, the ABCD
integrates a compact weatherproof enclosure, solar-powered rechargeable battery, and cellular
communication to enable long-term, outdoor deployments. Most importantly, the ABCD
incorporates a number of novel design features to provide uniquely accurate BC concentration
measurements in tough operating environments that debilitate existing commercial instruments.
Over 100 ABCDs were operated outdoors, and their measurement performance was comparable
to that of a commercial BC instrument collocated inside a regulatory monitoring station.

The validated fleet of ABCDs was deployed to 100 sampling sites in West Oakland,
California — a neighborhood disproportionately affected by air pollution associated with the
nearby Port of Oakland and surrounding highways. Over 100 days, the wireless sensor network
successfully collected 84.0% of the 240,000 hourly BC concentration measurements desired (100
sampling sites x 2,400 hours). The widespread failure of miniature vacuum pumps was
responsible for most missing measurements. The resulting BC concentration maps demonstrate
that concentrations vary sharply over short distances (~100 m) and timespans (~1 hour), and
generally depend on surrounding land use, traffic patterns, and location relative to prevailing
winds. BC concentrations at each sampling site are highly repeatable over the diurnal and weekly
cycles, and periodic trends are analyzed throughout the community. Using these trends as a
reference, unusually polluted locations are detected, and likely emissions sources nearby are
identified. In this way, the 100x100 Network demonstrates the value of low-cost sensor networks
to accurately characterize urban air pollution distributions, and provide regulatory agencies,
governments, and community stakeholders with actionable insights to mitigate the sources.

Air pollution is a pervasive and persistent health threat that can only be tackled if we
work to both mitigate and monitor emission sources. As such, the MOD stove studies presented
here are targeted towards abating the world’s deadliest polluters. However, even the best of
emissions reduction efforts are left blind without accurate measurements of the resulting air
quality. The ABCD meets this need, providing accurate BC monitoring capabilities in a uniquely
practical and economical package. Together, these complementary technologies will help
underpin more comprehensive, data-driven efforts to quantifiably reduce harmful air pollution
exposure throughout the world, and ultimately prevent millions of premature deaths.



We still think of air as free. But clean air is not free, and neither is clean water.
The price tag on pollution control is high. Through our years of past carelessness we
incurred a debt to nature, and now that debt is being called.

- Richard M. Nixon
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filtered inlets, as a function of the slope ratio’s absolute deviation from unity (|Mgmp1/Mrer—
1)). The MAE of 60-minute time base BC concentrations is evaluated relative to 0 ug m™.43

Figure 22. Five ABCD units operating outdoors atop a Bay Area Air Quality Management
District roadside monitoring station: (a) Uncompensated black carbon (BC) concentrations;
(b) Temperature compensated BC concentrations; (c) Optical cell temperatures. Also shown
are BC concentrations reported by a Magee Scientific AE33 housed inside the monitoring
station (black). All data is provided on a 60-minute time base. For each ABCD, the legend
shows the slope ratio of the optical cell and mean absolute percent error (MAPE) of the BC
concentrations, the latter of which is based on deviations from BC concentrations reported
by the AE33 reference instrument. The ABCDs shown in this figure are different than those
presented 1N FIGUIE 20. civveieissercsssnicsssnncssanssssanssssssssssssssssssssssssssssssssssssssssssssssssssnsssssasssssassssss 44

Figure 23. Five ABCD units operating atop a Bay Area Air Quality Management District
roadside monitoring station: (a) Precision of uncompensated black carbon (BC)
concentrations; (b) Precision of temperature compensated BC concentrations; (¢) Accuracy
of uncompensated BC concentrations; (d) Accuracy of temperature compensated BC
concentrations. All data is provided on a 60-minute time base. Precision is evaluated
relative to the mean of BC measurements from all 5 ABCD units, while accuracy is
evaluated relative to the AE33 reference instrument. Accuracy plots (c¢) and (d) also provide
the least-square linear regression of the aggregate ABCD data set to the AE33. ...cceevueeeennes 45

Figure 24. Mean absolute percentage error (MAPE) of uncompensated (Raw) and temperature
compensated (TComp) black carbon (BC) concentrations reported during field operation of
105 ABCD optical cells, as a function of the slope ratio’s absolute deviation from unity
(Imgmp/myes— 1[): (a) Precision evaluated relative to the mean ABCD response; (b) Accuracy
evaluated relative to the AE33 reference inStrument...cceeeeeeeseecsseecssecseessancsecsssecsnnsssnessanens 46

Figure 25. (a) Map of West Oakland indicating the location of all sampling sites in the 100x100
BC Network in relation to designated truck routes, freeways, and streets where truck traffic
is prohibited (as provided by the City of Oakland). A wind rose of hourly wind direction
and velocity measured at the BAAQMD monitoring station (site 3) during the 100-day
study is also shown. Pictures of ABCDs deployed at: (b) a residential collocation site, (c) a
traffic intersection, (d) an upwind site near the San Francisco Bay. (e) Screenshot of sensor
status map from the network maintenance website, as accessed on a mobile device in the

Figure 26. 100x100 BC Network sites assigned to each of the six location categories: (1)
Upwind, (2) Residential, (3) Industrial, (4) Near Highway, (5) Truck Route, and (6) Port.
The location of the BAAQMD’s regulatory monitoring station (site 3) in West Oakland is
A1SO SHOWIL. weeeriiiuiiitiisuinstictiisticseinticseisstssseessesssessstssssssssssssassssnssssssssssssassssessssssssnsssasens 53
Figure 27. Network data collection performance, shown as the fractions of hourly BC mass
concentration measurements collected, lost, or discarded over the 100-day campaign. All
percentages are evaluated relative to the 240,000 hourly-average BC measurements ideally
generated by 100 sampling sites over 100 days (2400 hOUTS). cececraresseressnsesssnsssssssssnsssssnssss 54
Figure 28. BC concentration trends at the six location categories: (a) Hourly-average BC
concentrations over the diurnal cycle, (b) Daily-average concentrations over the weekly
cycle. Bold lines represent the mean of hourly- or daily-average BC concentrations
measured at all sites assigned to each location category and shaded areas representing the
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corresponding 90% confidence intervals. Average BC concentrations are also shown for the
West Oakland neighborhood as a whole. The number of sites assigned to each category (N)
is provided in the legend. Plot generation details are provided in Appendix D. ...cceeveeresennees 55
Figure 29. BC concentrations in West Oakland over the 100-day sampling campaign: (a)
Hourly-average BC distributions measured at 00:00, 8:00 and 18:00; (b) Daily-average
distributions measured on Sunday, Wednesday, and Friday. Some sampling sites were
shifted slightly from their true geographical location to ensure that all BC concentration
MAarkers are Clearly VISIDIE. cuvuicecsercssserssssnrsssnnssssnssssanssssanessansssssnssssssssssssssssssssssssssnsssssssssnnns 56
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BAAQMD regulatory monitoring location (site 3), and two sites that stand out amongst the
others: (a) Hourly-average BC concentrations over the diurnal cycle, (b) Daily-average
concentrations over the weekly cycle. Bold lines represent the mean of hourly- or daily-
average BC concentrations measured at each site or set of sites, with shaded areas
representing the corresponding 90% confidence intervals. Site ID numbers and the number
of sampling sites in the neighborhood (N) are indicated in the legend. ....cceeeeeeeesercuecnenee 58

Figure Al. Three adjustable bolts that support the pot (left). Bolt height can be adjusted to
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and side views of the tunnel are Provided. ..iceeiecseicssssecssnicssanesssanesssanssssssssssssssssssssssssssnssss 82
Figure A6. Two air injection patterns implemented during parametric testing: (1) Pattern 1 with
12 holes total; (2) Pattern 2 with 15 holes total. All holes have a diameter of 1.59 mm
(0.0625 inches), and are evenly distributed around the circumference of the conical
MaNIfold. (INOt t0 SCAIE) ceurersreressrarcsssarssssnnsssannssssnssssanssssasssssasssssassssssssssssssssssssssssssssnssssssssssnans 86
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start (normalized by the average cooking power) for all six parametric configurations tested.
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Figure A9. Size distributions of total particle number and volume emitted over the cold start,
normalized by the average cooking power, for both air injection velocities tested at a
secondary air flow rate of 21 LPM. Distributions are measured by FMPS (A and B) and
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secondary air flow rate of 35 LPM. Distributions are measured by FMPS (A and B) and
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(kWd); (d) Time to boil (min); (¢) Combustion Efficiency (%); (f) CO emissions (g/KWd);
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injection Pattern 2). Confidence are omitted here for clarity, and instead provided in Figure
B18 and Figure B19 for all secondary flow rate settings. All data presented is block-
averaged on @ 20-SeC tIME DASE. wievveressssrsssssrssssnssssssssssnssssasssssasssssasssssassssssssssssssssnsssssasssssans 136
Figure B18. (a) Count median diameter and (b) count volume diameter of PM; s emissions from
the MOD?2 stove over the first 18 minute of the cold start. Each bold line represents the
mean of replicate test measurements collected at secondary flow rate settings of 5.3, 8.5,
and 12 SLPM (using air injection Pattern 2), while shaded areas represent the corresponding
90% confidence interval. All data presented is block-averaged on a 20-sec time base. .....137
Figure B19. (a) Count median diameter and (b) count volume diameter of PM; s emissions from
the MOD?2 stove over the first 18 minute of the cold start. Each bold line represents the
mean of replicate test measurements collected at secondary flow settings of 7.2, 10, and 14
SLPM (using air injection Pattern 2), while shaded areas represent the corresponding 90%
confidence interval. All data presented is block-averaged on a 20-sec time base...ccceeesenes 138
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the Bay Area Air Quality Management District (BAAQMD) roadside monitoring station in
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Figure D6. Screenshot of the Graphical User Interface (GUI) used for quality assurance
screening of data collected by the 100x100 Network. The GUI is presented with data
collected by ABCD unit 29 at sampling site 60, and provides the corresponding BC mass
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mass concentration measurements on an hourly time base, overlaid with BC measurements
from the commercial BC monitor (Magee Scientific, Model AE33) housed in the
BAAQMD’s West Oakland monitoring station. The three GUI options (Trim, Delete, Next)
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Figure D16. Satellite image of the area surrounding sampling site 94 on Maritime Street along
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Chapter 1 — Introduction
1.1 The Air Pollution Crisis

Over 90% of the world’s population breathes polluted air, residing in areas where air
pollution concentrations persistently exceed World Health Organization (WHO)
recommendations." Chronic exposure to airborne pollutants, particularly PM,s (particulate
matter with an aerodynamic diameter < 2.5 pum) increases the incidence of respiratory and
cardiovascular diseases that reduce life expectancy.”* As a result, air pollution is a leading
environmental health risk, responsible for over 7 million premature deaths annually (or ~1 in 9
deaths, globally)." Low- and middle-income countries (LMICs) are disproportionately burdened
by the health impacts of air pollution, and account for over 90% of premature deaths attributable
to air pollution."”” In these developing regions, ambient air pollution concentrations have
increased over the last several decades, particularly in growing urban centers.*®’ Furthermore,
billions of poor households depend on crude biomass fires for heating and cooking, and suffer
from the toxic smoke released into their homes.”!" If current trends continue, ambient air
pollution’s global contribution to premature mortality could double by 2050.® Moreover, the
number of people who rely on solid biomass fuels for household energy is predicted to increase
in many LMICs, and so the health impacts associated with indoor air pollution can also be
expected to increase unabated.'*'?

While global air pollution concentrations have generally increased over the last several
decades, high income countries (HICs) have made considerable strides in improving air
quality.®’ In the United States and the European Union, effective regulatory measures have
helped to drive significant reductions in the ambient concentration of harmful air pollutants, and
premature deaths attributable to air pollution exposure have correspondingly diminished."'>'*
These regulatory measures, such as the United States’ Clean Air Act of 1970, specify maximum
acceptable concentrations of key air pollutants, outline standard methods for monitoring these
pollutant levels, and provide the legislative mandate to implement and enforce policies targeted
towards their reduction.'””” Furthermore, households in HICs generally have access to clean
sources of household energy (e.g. electricity).'®'® As a result, over half of infantile respiratory
infections in LMICs are attributable to air pollution, but this health risk is negligible in HICs."

Despite the significant air quality gains achieved in many HICs, air pollution continues to
be a major environmental health risk in even the most economically developed regions.” In the
US, nearly 100,000 premature deaths are still linked to air pollution every year, largely in urban
areas exposed to harmful emissions from transportation and power generation.*'**' Globally,
urban populations are particularly vulnerable to ambient air pollution. In 2010, premature deaths
due to ambient air pollution were about 50% more common in urban than in rural environments,
and this could increase to nearly 90% by 2050, if urban populations and air pollution
concentrations both continue to grow at current rates.® Ambient air quality measurements are
needed to address this rising number of mortalities, but traditional monitoring technologies, such
as dedicated ground stations and satellites, do not provide measurements with sufficient spatial
and temporal resolution to accurately quantify the highly variable air pollution concentrations
typical of urban environments.””** In most LMICs, air quality monitoring infrastructure is
entirely lacking, largely due to the prohibitive purchase and operational costs associated with
traditional air pollution measurement technologies.”> As a result, air quality management policies



in LMICs and cities around the world have suffered for lack of accurate, actionable information
on air pollution exposure. "*'>*

In order to tackle the mounting air pollution crisis facing our global society, current
mitigation and monitoring techniques must be expanded and adapted to address a new set of
polluters and infrastructural challenges, particularly in today’s rapidly developing regions.
Perhaps most importantly, new clean combustion technologies should be developed to
significantly reduce toxic pollutant emissions from biomass cooking fuels, as these account for
over half of all premature deaths attributable to air pollution exposure.™”® Furthermore,
economical, practical, and scalable air quality monitoring techniques are needed to inform and
validate emissions reduction interventions. Without accurate and expansive monitoring of air
pollution levels, governments and regulatory agencies are effectively left blind, and mitigation
efforts necessarily suffer. However, by working to both mitigate and monitor air pollution
emissions simultaneously, an information feedback loop is established, whereby the benefits of
technological interventions and regulatory actions can be immediately quantified, and thereby
further improved. In this dissertation, I explore how this comprehensive, data-driven approach
can help to quantifiably reduce harmful air pollution exposure throughout the world, and mitigate
millions of preventable deaths.

1.2 Targeting the Deadliest Polluters: Biomass Cookstoves

Over 3 billion people (~40% of the world’s population) rely on solid biomass fuels, such
as wood or charcoal, for their daily cooking needs.'”'®**® Often, households use traditional
cookstoves, consisting of little more than a cooking pot crudely supported above a burning bed
of biomass with stones or clay supports (e.g. a three stone fire, or TSF). These traditional stoves
are highly fuel inefficient, and are significant sources of harmful air pollution, such as carbon
monoxide (CO) and PM,s.'**’ When these traditional biomass fires are used in poorly ventilated
homes, indoor concentrations of air pollutants can be 10 to 100 times higher than those
recommended by the WHO.”>' Consequently, indoor exposure to harmful emissions from
biomass cookstoves is one of the world’s greatest environmental health burdens, causing nearly 4
million premature deaths annually.''*°

Many stoves have been designed and developed to reduce the harmful emissions
generated while cooking with solid biomass fuels.*** Generally, these improved cookstoves are
natural draft designs that only provide ~50% emissions reductions relative to a traditional three-
stone fire (TSF) — not enough to significantly alleviate health impacts.'"'*** Some natural draft
stoves also use processed biomass fuels, such as pellets or briquettes, to achieve further emission
reductions, but the additional manufacturing and distribution costs severely limits the adoption of
these fuels in the poor, rural communities most at risk.>*>*>°

Although significant resources have been dedicated to mitigating air pollution emissions
from industrial and transportation sources, there is comparatively little scientific research on
harmful pollution from biomass cookstoves. A cursory search on Google Scholars reveals only
~7,000 articles for a query of ‘biomass cookstove pollution’, while well over a million articles
are provided for both ‘transportation pollution’ and ‘electrical power pollution’, though the
health burden attributable to these pollution sources is significantly lower than that associated
with biomass cookstoves. However, a robust body of research exists on the improvement of
industrial appliances that rely on solid biomass combustion, such as water boilers and heaters.
This research shows that the careful injection of secondary air into the combustion chamber can
significantly reduce harmful smoke emissions from biomass combustion, while also improving



thermal performance (e.g. fuel consumption).”***>*"*° In this dissertation, I use experimental
methods to systematically adapt and apply these industrial emission reduction methods to the
residential biomass cookstoves responsible for millions of premature deaths every year.

1.3 Tracking and Driving Progress: Distributed Air Quality Monitoring

Air quality measurements are critical to the assessment and management of air
pollution’s adverse health impacts. Traditionally, cities and regulatory agencies operate
dedicated air quality monitoring stations that house laboratory-grade instruments and
continuously generate accurate air pollution records at central locations.”’ However, high
purchase and operational costs severely limit the number of sampling sites that can be
established, and in even the most developed networks, the average spatial density is < 1
monitoring station per 10 km?2. 2% In contrast, urban concentrations of PM,s and other
pollutants vary significantly over distances of just 0.01 to 0.1 km, and therefore air quality
measurements collected at central monitoring sites are not adequate to assess the surrounding
populations’ pollution exposures.”*® Furthermore, expensive and complex monitoring stations
are out reach of the developing regions where the health impacts of air pollution are most acute,
and where air quality measurements are consequently most needed.** Satellite measurements
provide air pollution concentration measurements over large geographical areas, including
developing or remote regions, but again spatial resolution is lacking, generally ranging from
around 1 to 10 km.*"*

Distributed networks of low-cost air quality sensors have emerged to address the lack of
spatial coverage and resolution associated with traditional air quality monitoring
techniques.*** These distributed sensing platforms usually rely on inexpensive
electrochemical cells to measure the concentration of gaseous pollutants, such as ozone. °'
Since adverse health impacts are most closely linked to PM; s exposure, low-cost sensors that
measure the light scatted by airborne particles to estimate PM,s mass concentrations have
become increasingly popular.’®®' Sensing platforms also include communication hardware, so
that data can be wirelessly transmitted and collected in near real-time. This integrated hardware
enables practical and economical monitoring of air pollution concentrations with unprecedented
spatiotemporal resolution, but the accuracy of the measurements generated has been called into
question.”®®* In particular, light-scattering sensors are highly sensitive to a number of external
factors, such as environmental conditions and particle composition, which can severely limit the
accuracy of the PM mass concentration measurements collected.’®®" Furthermore, there are no
low-cost sensors currently on the market to monitor black carbon (BC), an important component
of PM pollution.

BC is a primary component of PM pollution generated during the incomplete combustion
of biomass and fossil fuels, and prolonged exposure to these combustion emissions is particularly
harmful to human respiratory health.®*® BC is also short-lived, but potent climate forcer.®**
While PM is generated by a wide variety of anthropogenic and natural sources, BC is almost
exclusively emitted by combustion processes, and is consequently a useful proxy for monitoring
diesel trucks, biomass stoves, and other combustion applications.®**"*"* For example, Figure 1
provides monthly-average PM,s and BC mass concentrations recorded at two regulatory
sampling sites in Oakland, California. One sampling site is located in a residential neighborhood,
while the other is directly adjacent to a major highway (< 50 m away). The figure shows that BC
concentrations are markedly higher near the highway, clearly reflecting the air quality impact of
nearby traffic emissions, but only account for < 10% of total PM,s mass concentrations.



Therefore, PM, s concentrations across both sites are nearly identical, as the contribution from
combustion sources is small. Similarly, Figure 2 provides daily-average BC and PM,;
concentrations at the near-highway site throughout the weekly cycle, normalized by the yearly
average concentrations in 2011 (when the data was collected). The figure shows that BC
concentrations are > 1.5 times greater during on weekdays than on Sunday, in accordance with
nearby traffic patterns, while PM; s concentrations remain comparatively constant. In this way,
BC concentration measurements can more effectively illuminate the spatiotemporal variability of
health and environmental impacts associated with combustion emissions.”*”* In this dissertation,
I present a new BC sensor that can be practically and economically deployed in large numbers,
and incorporates a number of novel design features to enable uniquely accurate BC concentration
measurements in tough operating environments that debilitate existing commercial instruments.
This low-cost BC sensor will be a valuable addition to emerging sensor networks for air quality
monitoring.
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Figure 1. Monthly-average (a) particulate matter (PM,s) and (b) black carbon (BC)
concentrations recorded at two regulatory monitoring stations in Oakland, California, from July
2014 to March 2016. One station is located in a residential neighborhood, while the other is
directly adjacent to a major highway. (Data source: Bay Area Air Quality Management District)
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Figure 2. Daily-average particulate matter (PM,s) and black carbon (BC) concentrations
recorded at regulatory monitoring directly adjacent to a major highway in Oakland, California.
Daily-average values throughout the weekly cycle are calculated using data collected in 2011,
and normalized by the corresponding yearly-average concentrations. (Data source: Bay Area Air
Quality Management District)



1.4 Overview of Dissertation

This dissertation presents research on two separate but complementary topics, each
focusing on the mitigation and monitoring of air pollution, respectively. Chapters 2 and 3 present
the design, experimental optimization, and practical evaluation of high-efficiency biomass
cookstoves that implement secondary air injection to significantly reduce the emission of
harmful air pollutants. Chapters 4 and 5 focus on the design, validation, and deployment of a
low-cost BC sensor for distributed air quality monitoring networks. In both research topics,
design theory and scientific experimentation are combined to develop new, innovative solutions
for the reduction and measurement of air pollution.

1.4.1 Secondary Air Injection in Wood-Burning Cookstoves

For many biomass combustion appliances, an effective and simple method for reducing
unwanted emissions is to carefully inject secondary air into the combustion chamber.***>*"*
The jets of secondary air promote more complete fuel oxidation by providing oxygen to the
combustion zone, and enhancing turbulent mixing of air and gas-phase fuel.’’”"*"® However,
many cookstoves with secondary air injection do not actually emit fewer harmful pollutants than
a traditional TSF (where emissions are evaluated in terms of the mass of pollutant emitted per
kilowatt of heat delivered to the thermal load, usually a cooking pot).”*’” The flow of secondary
air is generally much colder than the combustion gases, and so when improperly injected, it can
effectively quench the flames and lower combustion temperatures below the pollutants’
oxidation threshold.”>”®® Furthermore, existing secondary air injection studies have almost
solely focused on biomass cookstoves that use processed biomass fuels (e.g. pellets), which may
not be affordable or accessible in the poor, isolated regions most dependent on biomass for
household energy.'®****** In order to fill this gap, Chapters 2 and 3 of my dissertation focus on
the implementation, optimization, and evaluation of secondary air injection in cookstoves fueled
with unprocessed firewood, as this is a common primary cooking fuel throughout the world. For
these studies, I designed and built two modular stove platforms, dubbed the ‘MOD stoves’. The
MOD stoves enable systematic, repeatable experiments in which various secondary air injection
design features, such as flow rate and location, can be quickly and easily adjusted.

Chapter 2 presents the experimental MOD stove platform, and a parametric testing
approach to identify and optimize critical secondary air injection design parameters that reduce
harmful emissions and improve cooking performance. Over 130 experimental trials were
conducted, systematically varying air injection design parameters to evaluate their effect on the
cookstove’s combustion performance. Using this experimental dataset, emission reduction
mechanisms are investigated, and fundamental design principles are inferred and developed.
Since the performance of biomass cookstoves is highly variable, effectively evaluating the
impact of any given design modification can be time-intensive, as many replicate tests are
typically required.®’ Therefore, I outline a streamlined parametric procedure that reduces the total
requisite number of full-length performance tests, and enables the rapid experimental
characterization of numerous, co-dependent design factors. Furthermore, secondary air injection
has been shown to increase the emission of ultrafine particles (UFP) with aerodynamic diameters
< 100 nm. These UPFs may be particularly harmful to human respiratory health, as they can
penetrate more deeply into the lungs. Chapter 2 uses size-resolved particle emission
measurements to analyze how secondary air injection influences the formation and growth of
particulate matter, and investigates the potential implications for human health.



While Chapter 2 establishes the feasibility of using secondary air injection to reduce
harmful smoke emissions from biomass cookstoves, Chapter 3 uses an updated MOD stove
design to determine whether performance improvements demonstrated in the laboratory can be
practically and economically translated to the field. The updated MOD stove has a smaller
combustion chamber to increase the effectiveness of the secondary air injection jets, and
implements several other design improvements derived from the experimental development of
the first MOD stove. Using this updated platform, the study explores the practical design
requirements to reduce mass emissions of PM, s, CO, and BC by > 90% (relative to a traditional
TSF). Over 110 experimental trials were conducted to optimize the cookstove design, and the
resulting data are used to accurately quantify the emissions reductions that could be achieved
using low-cost hardware currently the market. For example, I evaluate the commercial
availability of miniature fans/blowers to drive the secondary air injection flow, and
thermoelectric generators to independently power this hardware. Furthermore, the MOD stove’s
particle emissions are analyzed, and particle size ranges are identified where additional
reductions are required to further mitigate potential health impacts. This set of experimental
studies will help to guide and inform the development of practical and affordable wood-burning
cookstoves that can be manufactured, distributed, and adopted on a large scale, using secondary
air injection to meaningfully reduce harmful smoke exposure in billions of households
worldwide.

1.4.2 Low-Cost Black Carbon Sensor

Black carbon (BC) is a major component of PM pollution, strongly linked to adverse
human health outcomes and climate change, but low-cost sensors for monitoring this critical
pollutant are lacking.”® Current BC instruments generally consist of large bench top models
that cost >$10,000, and generate inaccurate or erroneous measurements when ambient conditions
(e.g., temperature and relative humidity) fluctuate.**® Consequently, existing BC instruments
must be housed indoors or incorporate pre-treatment of the sampled air (such as drying or
heating), significantly increasing the complexity and cost of their implementation. Due to these
limitations, it is not practical or economical to deploy existing BC instruments in large numbers.

In order to fill this gap, Chapters 4 and 5 present the Aerosol Black Carbon Detector
(ABCD), a low-cost sensor specifically designed for distributed air quality monitoring networks.
The ABCD measures the optical absorption of PM collected on a fibrous filter to estimate BC
mass concentrations in real-time — a simple and robust principle of operation shared with many
other commercial BC monitors.**** Furthermore, the ABCD is packaged in a compact
weatherproof enclosure that houses a solar-powered rechargeable battery and cellular
communication module to enable remote, wireless operation over extended periods. Most
importantly, the ABCD incorporates several innovative design features and data processing
methods that reduce the sensor’s inherent sensitivity to ambient temperature fluctuations, and
therefore improve measurement performance in unconditioned operating environments (e.g.,
outdoors).

Chapter 4 focuses on the design, development, and validation of the ABCD. The ABCD’s
principle of operation and design features are fully detailed. Furthermore, the ABCD’s unique
temperature compensation methodology is outlined and illustrated using data collected in the
field. Over 100 ABCDs were constructed and deployed outdoors in collocation with a
commercial BC instrument operating inside a regulatory monitoring station. Using BC
measurements from the commercial monitor as a reference, the precision and accuracy of the



ABCD fleet is evaluated both with and without the temperature compensation algorithm enabled.
The measurement artifacts that plague existing BC instruments are effectively identified,
modeled, and corrected under realistic operating conditions.

Chapter 5 presents the 100x100 Network, a distributed network of ABCDs deployed to
100 sampling sites in West Oakland, California, for a period of 100 days (from May 19 to
August 27, 2017). West Oakland is a San Francisco Bay Area neighborhood that is adjacent to
the Port of Oakland and surrounded by major highways. As such, the community is
disproportionately affected by PM emissions from heavy-duty diesel trucks, locomotives, and
ships. In order to better understand the resulting air quality impacts, local residents and
businesses were recruited to host ABCDs at 100 distinct sampling sites dispersed throughout the
15-km? neighborhood. Each sampling site in the network resultantly monitors an average area of
~0.15 km?, an effective spatial density that is ~100 times higher than that achieved by today’s
most highly developed regulatory networks (e.g., those operated in London, Hong Kong, and
other wealthy cities).”* At each hour of the 100-day campaign, ABCDs wirelessly transmitted
BC concentration measurements to an online server (on a one-minute time base), thereby
generating highly resolved air quality maps in near real-time.

Chapter 5 presents the data collection and network maintenance methods that enabled the
distributed measurement campaign, such a custom website that we created to provide real-
diagnostic information on all sensors and thereby facilitate the coordination of maintenance
activities. I also assess the reliability of the sensor hardware and data collection systems
throughout the duration of the measurement campaign, and identify major modes of failure to
both quantify and qualify the network’s overall data collection efficiency. Prevalent failure
modes are investigated to help inform the operation of future monitoring networks. Furthermore,
major spatiotemporal BC trends observed in West Oakland are presented, and the minimum
measurement resolution required to adequately capture the BC concentration gradients is
investigated. Finally, I identify geographical areas where unusually elevated BC concentrations
were detected, and attribute likely emission sources nearby. In this way, the study provides
preliminary insight into how data gathered using distributed networks of low cost sensors can be
leveraged to rapidly identify, and ultimately mitigate, local sources of air pollution in urban
communities.



Chapter 2 — Experimental Optimization of Secondary Air Injection
in a Wood-Burning Cookstove

2.1 Abstract

Nearly 40% of the world’s population regularly cooks on inefficient biomass stoves that
emit harmful airborne pollutants, such as particulate matter (PM). Secondary air injection can
significantly reduce PM mass emissions to mitigate the health and climate impacts associated
with biomass cookstoves. However, secondary air injection can also increase the number of
ultrafine particles emitted, which may be more harmful to health. This research investigates the
effect of secondary air injection on the mass and size distribution of PM emitted during solid
biomass combustion. An experimental biomass cookstove platform and parametric testing
approach are presented to identify and optimize critical secondary air injection parameters that
reduce PM and other pollutants. Size-resolved measurements of PM emissions were collected
and analyzed as a function of parametric stove design settings. The results show that PM
emissions are highly sensitive to secondary air injection flow rate and velocity. Although
increasing turbulent mixing (through increased velocity) can promote more complete combustion,
increasing the total flow rate of secondary air may cause localized flame quenching that
increases particle emissions. Therefore, biomass cookstoves that implement secondary air
injection should be carefully optimized and validated to ensure that PM emission reductions are
achieved throughout the particle size range.

2.2 Introduction

Nearly 40% of the world’s population relies on biomass stoves for their daily cooking
needs.'® These stoves are often three stones supporting a cooking pot above a burning bed of
solid biomass, known as a three stone fire (TSF). These rudimentary stoves are significant
sources of harmful airborne pollutants, such carbon monoxide (CO) and particulate matter
(PM)."? Exposure to indoor air pollution from solid biomass combustion is the world’s greatest
environmental health risk, causing nearly 4 million premature deaths annually.?® Many clean and
efficient biomass stoves have been designed to reduce exposure to these harmful emissions.
Since wood is a common primary cooking fuel, many improved cookstoves are natural draft,
wood-burning designs that provide around 50% mass emission reductions relative to a TSF
(when normalized by cooking power).'"®*** The World Health Organization (WHO)
recommends that 24-hour average PM concentrations remain below 25 pg/m’.*® However, a TSF
can generate average indoor concentrations exceeding 1000 pg/m’, and many natural draft,
wood-burning cookstoves do not adequately reduce emissions to meet WHO guidelines and
significantly alleviate health impacts.**"'

Since harmful emissions from biomass stoves are generated by incomplete fuel oxidation,
emission reduction strategies generally rely on improvements in the combustion process.
Complete fuel oxidation requires an adequate supply of oxygen in the combustion zone, and
benefits from: (1) Combustion temperatures above ~850°C, (2) Sufficient residence time for the
gas-phase fuel in the combustion zone, and (3) Turbulence to promote mixing of gas-phase fuel
and oxygen.” In natural draft cookstoves, combustion of the gas-phase fuel is a buoyancy- and
diffusion-driven process that generates little turbulence, leading to fuel-rich combustion zones
where oxidation is incomplete. Although natural draft cookstoves designed to consume improved



biomass fuels (such as pellets) can reduce harmful emissions, the additional fuel processing cost
and lack of distribution infrastructure limit adoption in the poor, remote communities most at
risk. >

In many applications of solid fuel combustion, such as boilers, heaters, and cookstoves,
an effective method for reducing unwanted emissions is injecting secondary air into the
combustion chamber.*****"* Carefully positioned, high-velocity jets of secondary air generate
turbulent mixing that is typically lacking in naturally drafted, diffusion flames. Air injection also
provides oxygen directly to fuel-rich zones, thereby promoting more complete oxidation and
higher combustion temperatures.””’**® However, non-preheated secondary air is much cooler
than the combustion gases, and when improperly injected, can lead to lower combustion
temperatures that result in incomplete fuel oxidation and more pollutant emissions.”
Furthermore, researchers have shown that secondary air injection can reduce the mass of PM
emitted during cooking, but may increase the number of ultrafine particles generated.”
Inhalation of these ultrafine particles (i.e., with diameters smaller than 100 nm) may lead to long-
term respiratory illness.®® Consequently, it is important to ensure that secondary air injection
designs achieve emission reductions throughout the particle size range.

Achieving comprehensive emission reductions using secondary air injection requires
many design parameters to be optimized. For example, the airflow rate should be set at an
optimal value that promotes effective turbulent mixing, but does not lower combustion zone
temperatures excessively. Several publications demonstrate the importance of secondary air
injection optimization in combustion appliances that utilize pelletized biomass fuels.?’*7*7%5
However, over 2 billion people do not have access to processed fuels, and must instead rely on
unprocessed biomass, such as wood and dung.” Despite the potential benefits of air injection,
systematic studies of this technology in cookstoves that use unprocessed biomass fuels are not
readily available.

In this Chapter, we present an experimental biomass cookstove platform and parametric
testing approach to identify and optimize critical secondary air injection parameters that reduce
CO, PM, and black carbon (BC) emissions from unprocessed wood combustion. We conducted
over 130 experimental trials, systematically varying several air injection design parameters (e.g.,
flow rate, velocity, position) to evaluate their effect on cooking performance and emissions.
Size-resolved measurements of particle emissions were analyzed as a function of parametric
cookstove settings to provide insight on the effects of secondary air injection on particle
formation mechanisms, and inform future improved biomass cookstove designs.



2.3 Materials and Methods

2.3.1 Modular Air Injection Cookstove Design (MOD).

The MOD stove, shown in Figure 3, is a continuously fed, wood-burning cookstove
designed to enable rapid adjustments of critical air injection design features. The MOD stove’s
general architecture is based on the Berkeley-Darfur Stove (BDS), using the same firebox design
and accommodating the same cast-aluminum Darfuri cooking pot.**”> The MOD stove has a
cylindrical firebox that is 178 mm (7 inch) in diameter with a front-facing fuel feed, and a cast-
iron fuel grate. Above the firebox, there is a conical chimney (see Figure 3(c)) that reduces to a
cylindrical extension, or ‘throat’, 76 mm (3 inch) in diameter. The pot is supported above the
throat, and surrounded by a skirt to increase heat transfer efficiency.

Primary air enters the firebox through the open fuel feed and adjustable openings in the
stove body located below the fuel grate. Secondary air from a compressed air cylinder flows into
a manifold inside the stove and is injected into the firebox through holes in the conical chimney,
as shown in Figure 4. The conical chimney is a removable pipe reducer known as a ‘cone’. These
removable cones (one of which is shown in Figure 3(c)) allow for various air injection designs to
be implemented and tested rapidly. In order to create new air injection patterns, holes are simply
drilled into a new cone, and the cone is then mounted inside the manifold.

The MOD stove also incorporates design features to adjust the following parameters: (1)
Primary air intake: the size of the opening in the stove body for primary air entrainment can be
adjusted using a sliding ring, (2) Grate height: the fuel grate can be moved up and down,
adjusting the distance between the fuel bed and the air injection holes in the conical manifold,
and (3) Pot height: the pot sits on three bolts to adjust the height of the pot above the throat.
Using these design features, shown in Figures Al to A3, rapid, repeatable, and consistent
parametric experiments can be conducted. However, the stove’s complex modular design and
reliance on a compressed air cylinder make it uneconomical and impractical for field use. Instead,
the lessons learned and design principles extracted from testing of the MOD stove are intended
to inform future clean biomass cookstove designs for mass production and distribution.

¢t

e
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Figure 3. (a) MOD stove (b) Air injection manifold (c) Air injection cone
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2.3.2 Experimental Set Up

All experiments were conducted at the cookstove testing facility at Lawrence Berkeley
National Laboratory (LBNL), schematically represented in Figure A4. Cookstoves are tested
under a steel exhaust hood that completely captures pollutant emissions. Electric blowers exhaust
emissions outside the building using a steel duct system. The flow rate through the duct is
calculated using differential pressure measurements across a calibrated iris damper, and set to
5660 LPM (200 CFM) throughout testing to ensure replicability of measurements.

Particulate and gaseous emission concentrations in the duct are measured every second (1
Hz) using a suite of real-time instruments. Carbon monoxide (CO) and carbon dioxide (CO,)
volume concentrations are measured using a California Analytical Instruments 600 Series gas
analyzer. Real-time PM instruments sample emissions from the duct isokinetically using a
secondary diluter (see Appendix AS5). Particle number concentrations are measured as a function
of particle diameter from 5 nm to 2.5 pm using a TSI 3091 Fast Mobility Particle Sizer (FMPS),
and a TSI 3321 Aerodynamic Particle Sizer (APS). BC mass concentrations are measured using
a Magee Scientific AE-22 Aethalometer. The total mass of PM with aerodynamic diameter < 2.5
um (PM; s5) emitted during each cookstove experiment is measured gravimetrically using 47-mm
filters. The gravimetric filter system samples PM emissions from the duct isokinetically using a
dedicated probe. Detailed overviews of the experimental set-up and gravimetric PM;;s
measurement procedures are provided in Appendix A1.2.

2.3.3 Stove Testing Procedure

Cookstove performance and emissions were measured during the high power, cold start
phase of the Water Boiling Test (WBT) 4.2.3.* During this test phase, a fire is lit inside a stove
that is initially at ambient temperature (‘cold’), and operated at a high firepower to boil 5 L of
water. The test ends when a full rolling boil is reached at a measured water temperature of 99°C
(the nominal local boiling point). Pollutant emissions are typically more elevated during this
phase of stove use because: (1) the cold stove and pot of water quench flames and absorb heat,
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thereby lowering combustion temperatures, (2) the cold fuel bed combusts poorly during initial
lighting, and (3) the mass of harmful emissions released per energy delivered to the pot of water
typically increases with firepower.*® In this way, the cold start phase represents a ‘worst-case’
emissions scenario, and the design principles derived can be applied to other phases of stove use
that are more forgiving to performance (e.g., hot start or simmer).

For each experiment, the stove was fueled with Douglas Fir wood cut into uniform pieces
and dried to 7-9% moisture content on a wet basis. All tests were conducted at a constant high
firepower setting of 5 kW to enable the immediate comparison of stove configurations.” A
compressed air cylinder provided secondary air for the MOD stove using a two-stage regulator.
The volumetric flow rate of secondary air was measured using a rotameter and adjusted using a
valve. During preliminary trials, we observed that turning on the secondary air injection too soon
after ignition caused the fire to smolder or go out entirely. Consequently, air injection was
initiated about 2 minutes after fuel ignition to ensure the fire was well established, thereby
preventing quenching and extinction.

2.3.4 Parametric Testing Procedure

Five MOD stove design parameters were identified for experimental optimization: (1) Pot
height, (2) Grate height, (3) Primary air intake size, (4) Secondary air injection pattern (number
and arrangement of holes), and (5) Secondary air flow rate. Since testing results from solid
biomass stoves are highly variable, replicate tests are required to accurately determine
performance and emission levels at any given parametric stove configuration. In order to reduce
the total testing time required to optimize the stove, exploratory trials were conducted using a
simplified cold start procedure (see Appendix Al.4).

During exploratory testing, stove design parameters were methodically adjusted to reduce
pollutant emissions while maintaining high thermal efficiency. Using data from 71 exploratory
trials, optimal settings were identified for the following air injection design parameters: The gap
between the pot and skirt is set to 15 mm (0.60 inch), the grate height is set to 57 mm (2.25 inch)
below the air injection manifold, and the primary air intake is set to roughly 70% of the fully
open position (an opening with an area of 4800 mm?® (7.4 inch?)). Furthermore, two clean and
efficient air injection patterns were identified for further parametric testing (shown in Figure A6).
All exploratory testing results are provided in Appendix A.

Following exploratory testing, the two optimal air injection patterns were tested at flow
rates of 21, 28, and 35 LPM (0.75, 1, and 1.25 CFM), for a total of six parametric configurations;
all other parameters were maintained at the optimal values identified during exploratory testing.
For each parametric configuration, 6 to 7 replicate tests were conducted. By adjusting the stove
parameters in evenly distributed increments, parametric curves were generated to illuminate how
secondary air injection influences the stove’s emissions and performance. Results from these
initial 39 trials suggest that an air injection flow rate of 28 LPM is most effective, and so an
additional 12 trials were conducted at this flow rate using both air injection patterns. These two
final sets of 12 replicate tests enable the identification and validation of the optimal parametric
stove configuration with a higher degree of confidence.

2.3.5 Data Analysis and Metrics

All stove performance and emissions metrics were calculated in accordance with the
methods presented in Appendix Al.6. Emission factors are normalized by the average thermal
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power delivered to the pot, known as cooking power, in units of kW-delivered (kWd). Cooking
power is defined as the product of firepower and thermal efficiency, and represents the useful
thermal power output of the cookstove. All data are presented with 90% confidence intervals
calculated using Student’s t-distribution.*'*

The MOD stove’s performance and emissions are compared to those of a TSF using cold
start testing data collected by Rapp et al. (2016) at the LBNL cookstove facility. The TSF was
also tested at a firepower of 5 kW, with the same pot, fuel, experimental procedures, and
instruments as used for the MOD stove testing.”

2.4 Results and Discussion

2.4.1 Parametric Performance Metrics

A total of 63 WBT cold start tests were conducted to identify the cleanest, most efficient
combination of secondary air injection pattern and flow rate. The thermal efficiency and
emissions of six MOD stove configurations are evaluated as a function of air injection flow rate
and velocity, as shown in Figure 3. The air injection velocity is calculated using the air injection
flow rate and total area of the holes in the air injection pattern, as outlined in Appendix A1.6.
Emission factors represent the total mass of pollutant emitted during the cold start test,
normalized by the cooking power.

Firepower, shown in Figure 5(a), was maintained at 5.1+0.1 kW throughout parametric
testing to provide consistency between experiments. Figure 5(b) shows that thermal efficiency
remains around 27% for flow rates of 21 and 28 LPM, and decreases to about 24% at 35 LPM.
The decrease in thermal efficiency at 35 LPM is likely caused by the abundance of injected air
cooling the combustion zone, thereby reducing the stove’s exhaust temperature even as
firepower is held constant. The drop in exhaust temperature reduces the rate of heat transfer to
the pot, and degrades the thermal performance of the stove.

Increasing CO emissions, shown in Figure 5(c), also suggest that air injection at 35 LPM
is quenching the flame and cooling the combustion zone.”*”' CO emissions from biomass
combustion increase dramatically when combustion temperatures drop below ~800°C, but
remain relatively constant above this critical oxidation temperature.>””” Correspondingly, Figure
5(c) shows that CO emissions are relatively constant as air injection increases from 21 to 28
LPM, but more than double when flow rate increases from 28 to 35 LPM. Additionally, as air
injection velocity increases from 20 to 25 m/s at 35 LPM, the magnitude and variability of CO
emissions both increase substantially, suggesting that enhanced turbulent mixing of excess
secondary air is quenching the flame.

PM, 5 emissions follow the same trend as CO emissions: When the flow rate is increased
from 28 to 35 LPM at a constant velocity of 20 m/s, PM; s emissions nearly double, and continue
to rise as air injection velocity increases at 35 LPM (see Figure 5(d)). PM formation and growth
occur when volatile gases in the exhaust cool and nucleate into solid particles or condense onto
existing particles.”” Similarly to CO, many volatile organic compounds that form PM, such as
polycyclic aromatic hydrocarbons (PAH), oxidize around 750-800°C. At a flow rate of 35 LPM,
excessive secondary air injection likely lowers the combustion zone temperature below this
critical oxidation point, thereby enhancing particle nucleation and condensation.” Earlier studies
have also shown that high CO emissions are usually accompanied by higher emissions of volatile
organic compounds and other carbonaceous species that contribute to PM, s mass emissions.””!
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Figure 5. Cold start performance and emissions of the MOD stove as a function of secondary air
injection flow rate (represented by bar color) and velocity (shown on the horizontal axis): (a)
Firepower (kW); (b) Thermal efficiency (%), (¢) Carbon monoxide (CO) emissions (g/’kWd), (d)
Particulate matter (PM;s) emissions (mg/kWd), (e) Black carbon (BC) emissions (mg/kWd), (f)
BC to PM; s ratio. Bar heights represent the metric mean at each stove configuration, and error
bars represent the corresponding 90% confidence interval. Emissions are reported as the total
mass of pollutant emitted during the cold start test normalized by the cooking power.

PM,; s composition can also provide insight into combustion conditions. PM; 5 emissions
from biomass combustion contain both inorganic particles, such as salt compounds and heavy
metals, and organic particles consisting of either BC or tars.” The effect of air injection flow rate
and velocity on BC emissions — optically absorbing soot that forms directly in the flame — is
shown in Figure 5(e). At each flow rate setting, BC emissions decrease with increasing air
injection velocity, as additional oxygen and turbulent mixing help to eliminate fuel-rich zones
where BC is formed.” However, BC emissions at the low velocity setting for each air injection
flow rate remain nearly constant (~70 mg/kWd). As flow rate increases, combustion zone
temperatures are lowered, and the rate of BC oxidation decreases.””® For these combustion
conditions, the resulting increase in BC emissions effectively negates the reductions incurred
from increasing turbulent mixing.*"’

Unlike CO and PM; s, BC emissions at a secondary air flow rate of 35 LPM generally
decrease when injection velocity increases from 20 to 25 m/s, suggesting that combustion zone
temperatures are sufficiently elevated to oxidize BC. BC from biomass combustion has been
shown to oxidize around 350 °C."*® This oxidation temperature is much lower than that of CO
and many of the volatile compounds that form PM; s (around 750 - 800 °C), and enables BC
reductions throughout the parametric range.

In order to better understand the effect of secondary air injection on PM» s composition,
the ratio of BC to PM; s emissions is shown in Figure 5(f). The figure shows that the BC to PM; s

14



ratio is stable at air injection flow rates of 21 and 28 LPM, but decreases sharply at 35 LPM.
This trend further illustrates that BC is effectively oxidized throughout the parametric range, but
excessive cooling at a flow rate of 35 LPM quenches the flame and increases overall PM, s mass
emissions. Furthermore, the BC to PM,s ratio at each flow rate setting remains relatively
constant as air injection velocity increases, suggesting that PM; s composition is more dependent
on combustion temperature than turbulent mixing.

Overall, the metrics in Figure 5 indicate that a flow rate of 28 LPM at an air injection
velocity of 20 m/s is the optimal configuration for this stove. In this configuration, the stove
minimizes emissions of pollutants, while maintaining high thermal efficiency. Although thermal
efficiency and CO emissions improve slightly at a flow rate 21 LPM, the metrics show that 28
LPM at 20 m/s provides an optimal balance between maintaining high thermal performance and
lowering pollutant emissions. Compared to a TSF, the optimal configuration of the MOD stove
uniformly reduces CO, PM;s, and BC emissions by about 90%, while increasing thermal
efficiency from 23.3 £ 0.7% to 26.4 + 0.4% (see Appendix A2.3).

2.4.2 Size-Resolved Particle Emissions with Varying Air Injection Flow Rate

The optimal injection pattern identified in Figure 5 (Cone 1, shown in Figure A6) was
tested at 21, 28, and 35 LPM (corresponding to air injection velocities of 15, 20, and 25 m/s,
respectively). Figure 6 shows the mean particle distribution of replicate trials conducted at each
air injection flow rate, with shaded areas representing 90% confidence intervals of the set. Each
distribution represents the total particle number and volume emitted over the cold start,
normalized by the cooking power. FMPS measurements span from 6 to 295 nm, while APS
measurements span from 351 to 2500 nm. The last four bins of the FMPS measurement span
(from 341 to 524 nm) are omitted, and the APS measurements have been converted from
aerodynamic to electrical mobility particle diameter (see Appendix A1.7).”

Figure 6(a) reveals that the number distribution at each secondary air injection flow rate
setting has a maximum peak at a particle diameter of around 10 nm, representing primary
particles formed by the nucleation of volatile gases in the exhaust or soot generation in the
flame.'*'%% Furthermore, the figure illustrates that as flow rate increases, the number of particles
from 10 to 50 nm also increases. These results suggest that combustion zone temperatures
decrease with increasing flow rate, thereby inhibiting the oxidation of volatile organic gases and
other PM-forming species.”” The increased emission of volatile gases and lower combustion
zone temperatures both promote more PM nucleation.””! Counterintuitively, PM nucleation is
also encouraged by the stove’s emission reductions themselves. Volatile compounds in the
exhaust preferentially condense onto existing particles, thereby driving their growth. However,
as secondary air injection controls emissions, the lack of existing particles promotes more
nucleation in the volatile gases that persist, as there is less particle surface area available for
condensation. The number distribution at a flow rate of 35 LPM has two prominent peaks at
particle diameters of around 20 and 30 nm that diminish as flow rate decreases. These two peaks
likely represent primary particle species that begin to form as combustion zone temperatures
decrease at higher air injection flow rates.”*'*

The particle volume distributions in Figure 6(b) show a unimodal peak centered at a
particle diameter of around 100 nm, closely mirroring particle distribution measurements from
other biomass combustion studies.””’*"'°! The figure also shows that a secondary air injection
flow rate of 28 LPM yields the lowest volume distribution, indicating that this provides sufficient
turbulent mixing to promote better fuel oxidation without lowering combustion zone
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temperatures excessively. The increased particle volume generation at both 21 LPM and 35 LPM
suggests that 21 LPM does not provide enough turbulent mixing while 35 LPM cools the
combustion zone.
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Figure 6. Size-resolved distribution of total particle number or volume emitted during the cold
start, normalized by the average cooking power, for three air injection flow rate settings: (a)
FMPS particle number distribution, (b) FMPS particle volume distribution, (c¢) APS particle
number distribution, (d) APS particle volume distribution

Figure 6(c) and 6(d) show that the number and volume distributions of particles larger
than 350 nm (up to 2500 nm) are roughly similar for flow rates of 21 and 28 LPM, but increase
appreciably at 35 LPM, further indicating that combustion zone temperatures drop below the
critical oxidation temperature of certain PM forming species.”’ The distinct peak in the volume
distribution at 1280 nm (see Figure 6(d)) is the result of primary particle growth through
condensation and agglomeration, promoted by the low combustion temperatures and high
turbulent mixing at a flow rate of 35 LPM.'*""!2

2.4.3 Size-Resolved Particle Emissions with Varying Air Injection Velocity

Air injection flow rate was maintained at the optimal 28 LPM setting, while velocity was
varied using the two different air injection patterns. Figure 7 provides the resulting particle
number and volume distributions at secondary air injection velocities of 16 and 20 m/s. For both
air injection velocities, the peaks in the particle number distributions at a diameter of 10 nm are
nearly identical (see Figure 7(a)). However, increasing air injection velocity reduces particle
number emissions above 30 nm. Additionally, the peaks at particle diameters of 20 nm and 30
nm become less distinguishable as air injection velocity increases from 16 m/s to 20 m/s. These
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results indicate that additional turbulent mixing at higher air injection velocity promotes more
oxidation of volatile gases, and reduces the formation of primary particles and subsequent
particle growth through condensation.””’' Correspondingly, Figure 7(b) shows that increasing air
injection velocity reduces the particle volume distribution by almost 50%.
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Figure 7. Size-resolved distribution of total particle number or volume emitted during the cold
start, normalized by the average cooking power, for two air injection velocity settings at a flow
rate of 28 LPM: (a) FMPS particle number distribution, (b) FMPS particle volume distribution,
(c) APS particle number distribution, (d) APS particle volume distribution

For particles larger than 350 nm (up to 2500 nm), the particle number and volume
distributions at both air injection velocities are nearly identical (see Figure 7(c) and 5(d)). These
results indicate that air injection at 28 LPM promotes more complete fuel oxidation and reduces
particle growth above 350 nm, independently of air injection velocity. However, for a flow rate
of 21 LPM, the number of particles larger than 350 nm increases significantly as air injection
velocity decreases, suggesting that a lack of turbulent mixing can promote particle growth under
certain conditions (see Figure A9). Particle number and volume distributions for the air injection
velocities tested at 21 LPM and 35 LPM are provided in section Appendix A2.4.

2.4.4 Size-Resolved Particle Emissions Compared to Three-Stone Fire

Figure 6 and 7 show that the MOD stove provides the greatest particle emission
reductions at a secondary air injection flow rate of 28 LPM and injection velocity of 20 m/s
(which agrees with the gravimetric PM; s measurements provided in Figure 3(d)). However, it
should also be noted that the emission of particles smaller than 50 nm in diameter are somewhat
lower for an air injection flow rate of 21 LPM, highlighting the importance of maintaining high
combustion zone temperatures to minimize ultrafine particle emissions.
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Figure 8 compares FMPS particle number and volume distributions of the optimal MOD
stove configuration (28 LPM and 20 m/s) to the TSF. Figure 8(a) shows that the MOD stove
reduces the total number of ultrafine particles (with a diameter less than 100 nm) by about 75%
relative to the TSF. However, for particles less than 10 nm in diameter, the MOD stove generates
roughly the same number of particles as the TSF. Given the MOD stove’s improved combustion
conditions (as demonstrated by the significant emissions reductions), it is possible that these 10
nm particles nucleate from inorganic volatile gases, such as salts. These inorganic compounds
volatilize more readily at higher fuel bed temperatures, and result in particle emissions that
cannot be reduced through improvements in the combustion process.’”***"?

Figure 8(b) shows that volumetric particle emissions are reduced by an order of
magnitude throughout the diameter range provided, which agrees with the gravimetric particle
measurements provided in Table A2. For particles larger than 350 nm in diameter, the MOD
stove uniformly reduces particle number and volume generation by nearly two orders of
magnitude. Number and volume distributions for particles larger than 350 nm can be found in
Appendix A2.5.
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Figure 8. Size-resolved distribution of total particle number or volume emitted during the cold
start, normalized by the average cooking power for a three-stone fire (TSF) and the MOD stove
operating at an air injection flow rate of 28 LPM and velocity of 20 m/s: (a) FMPS particle
number distribution, (b) FMPS particle volume distribution

Using the experimentally optimized configuration, the MOD stove reduces CO, PM; s,
and BC mass emissions by about 90%, and reduces ultrafine particle number emissions by about
75%, compared to a TSF. The results also demonstrate that pollutant emissions are highly
sensitive to secondary air injection design parameters, such as flow rate and velocity. Therefore,
improved cookstove designs that implement air injection should be experimentally optimized
and validated to ensure that pollutant mass emissions are minimized, and particle emissions are
reduced across the full range of PM diameters. While this study focuses on modulating five stove
design parameters to reduce emissions, it is also important to investigate other operational factors,
such as firepower, fuel condition (moisture content, size, surface area), and secondary air
temperature. Furthermore, future studies should incorporate additional instrumentation to enable
deeper investigation of the combustion process, such as thermocouples to measure combustion
temperatures, and/or a thermal-optical analyzer to examine the composition of PM emitted.
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Overall, this study demonstrates that experimental optimization enables the design of
wood-burning stoves that both reduce pollutant emissions and improve cooking performance.
The experimental approach and results presented can inform the development of air injection

stoves that reduce harmful smoke exposure in the one billion households currently relying on
biomass cooking fuels.
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Chapter 3 - Practical Design Considerations for Secondary Air
Injection in a Wood-Burning Cookstove

3.1 Abstract

Billions of households worldwide cook with solid biomass fuels (often wood), and suffer
from the toxic smoke emitted into their homes and kitchens. Laboratory studies of wood-burning
cookstoves demonstrate that secondary air injection into the combustion chamber can
significantly reduce the emission of harmful air pollutants, but critical engineering considerations,
such as the pressure and power required to drive the secondary flow, are omitted. As a result,
emission reductions achieved in the laboratory are not easily translated into practical cookstove
designs that households can afford and adopt on a large scale. In this study, we use a modular
cookstove platform to experimentally quantify the practical secondary air injection design
requirements (e.g., pressure and temperature) to reduce the mass emission of harmful pollutants
by 90% relative to a traditional cooking fire. Over the course of 111 experimental trials, we
illuminate the underlying physical mechanisms that drive emission reductions, and outline design
principles to optimize cookstove performance. Using this experimental data, we demonstrate that
low-cost (<$10) fans and blowers are currently available to drive the secondary flow, and this
hardware can be independently powered using an inexpensive thermoelectric generator mounted
nearby. Furthermore, size-resolved particulate matter (PM) emission measurements show that
secondary air injection effectively inhibits particle growth, but the total number of particles
generated remains relatively unaffected. This study investigates the potential impacts for human
health and explores methods to mitigate the PM formation mechanisms that persist.

3.2 Introduction

Over 2 billion people cook using solid biomass fuels, such as wood and dung.'®*®
Typically, households rely on traditional biomass cookstoves that are highly inefficient and
polluting.'*** When these cookstoves are used in poorly ventilated homes, indoor concentrations
of harmful pollutants, such as particulate matter (PM) and carbon monoxide (CO), can be up to
100 times higher than levels recommended by the World Health Organization (WHO).*>! As a
result, chronic exposure to indoor air pollution from solid biomass cookstoves is a leading
environmental health risk, causing nearly 4 million premature deaths annually.”®*® In order to
address this global health crisis, many clean and efficient biomass cookstoves have been
developed and distributed.**>*

Some biomass cookstoves are designed to reduce unwanted emissions by using a small
fan or blower to inject secondary air into the combustion chamber.*****>!9%1% When properly
injected, the jets of secondary air increase the turbulent mixing and residence time of gas-phase
fuel in the combustion zone, while providing oxygen directly to fuel-rich regions.’’>*7*7>7%103
As a result, fuel oxidation is more complete, and fewer harmful pollutants are emitted into the
environment. Air injection can also enhance the cookstove’s thermal performance, thereby
reducing fuel consumption.**’ However, secondary air is typically much cooler than the
combustion exhaust gases and improper injection can result in lower combustion temperatures
that limit fuel oxidation and heat transfer to the thermal load (e.g. a cooking pot).”>"*%%1%° For
example, Jetter et al. evaluated the performance of several secondary air injection cookstoves
and show that half do not reduce PM or CO emissions (evaluated as the mass of pollutant
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emitted per kilowatt of thermal power delivered) relative to a traditional three stone fire (TSF).>
To enable greater emissions reductions, many air injection stoves rely on processed biomass
fuels (e.g. pellets or briquettes), but the additional fuel production and distribution costs limit
adoption in the poor, rural regions most dependent on biomass for household energy.'****>-7

Wood is a common primary cooking fuel throughout the world,'®** and though several
studies demonstrate that secondary air injection can significantly reduce unwanted emissions
from wood-burning stoves, many design parameters must be carefully considered and validated.
For example, Caubel et al. show that unprocessed wood combustion is highly sensitive to
secondary air injection flow rate, location, and other factors. Methodical experimental
optimization of these design parameters enables 90% reductions of CO, PM, and black carbon
(BC) mass emissions relative to a traditional TSF while also improving thermal efficiency.'®’
However, critical operational parameters, such as the pressure required to drive the secondary air
flow, are not provided to appropriately size the components (e.g. fans or blowers) needed in a
practical, stand-alone cookstove that does not rely on an external power source. Consequently,
emission reductions achieved in the laboratory are not easily translated into practical and
economical cookstove designs that can be manufactured, distributed, and adopted on a large
scale.

In this study, we use an experimental cookstove platform to investigate the practical
secondary air injection design requirements for achieving significant emission reductions from
unprocessed wood combustion. We conducted 111 experimental trials, systematically varying
critical secondary air injection parameters (e.g. flow rate and location) to identify a design
configuration that achieves > 90% average emission reductions relative to a TSF, and also
improves thermal performance. Throughout the experimental optimization, we recorded critical
operational parameters, such as the secondary air injection supply flow rate and pressure, to
evaluate whether the performance improvements are practically achievable using inexpensive,
off-the-shelf components that can be powered independently (e.g., small fans powered by a
thermoelectric generator). Furthermore, we use size-resolved PM measurements to investigate
the physical mechanisms contributing to the reduction of total PM mass emissions, and identify
particle size ranges where further emission reductions are needed.

3.3 Materials and Methods

3.3.1 Modular Air Injection Cookstove Design: Version 2 (MOD?2)

The MOD2 stove, presented in Figure 9, is a continuously fed, wood-burning cookstove
that enables critical secondary air injection parameters to be modulated easily and repeatably.
The MOD?2 stove is the second design iteration of the modular stove (MOD) described in Caubel
et al.,'” and therefore shares the same general design architecture and accommodates the same
cast-aluminum Darfuri cooking pot. The MOD2 stove has a circular firebox, 15 cm (6 inch) in
diameter, with an open fuel feed at the front. Above the firebox, a conical chimney reduces to a
6.4-cm (2.5-inch) diameter throat located directly below the pot. An integrated air manifold
surrounds the firebox and conical chimney assembly (Figure 9(c)). Secondary air is supplied to a
port at the back on the manifold and is injected into the firebox through orifices drilled into the
conical chimney. The conical chimney is removable, such that different air injection patterns can
easily be drilled, installed, and tested (Figure 9(b)). Primary air enters the firebox through the
open fuel feed, and adjustable openings below the grate. The pot supports allow for the
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adjustment of the pot’s height above the chimney’s throat. The stove also incorporates a steel
skirt that closely surrounds the pot to enhance the rate of heat transfer from the exhaust gases.

<= Pot

<= Skirt

=~ €= Thermocouple

Manifold

(a)

Figure 9. (a) The MOD2 stove with cast-aluminum Darfuri pot; (b) Removable conical chimney,
into which secondary air injection patterns are drilled; (c) Cross-sectional view of the MOD2
stove showing the firebox, conical chimney, secondary air manifold, secondary air flow path,
and other design features.

Previous research on the MOD stove (version 1) demonstrated that higher secondary air
injection velocities improved stove performance, but excessive secondary air flow quenches the
combustion.'” The velocity of the secondary air jets decreases rapidly after injection into the
firebox. For the 1.59-mm (0.0625-inch) diameter secondary air injection orifices used throughout
the study, the average jet velocity diminishes by 90% over a normal distance of just 4 cm,'**'"’
or less than half of the distance required to reach the center of the MOD stove firebox.

The MOD?2 stove builds upon the lessons learned during the development and testing of
the MOD stove (version 1) design. In order to ensure that secondary air jets better reach the
flames, the MOD?2’s firebox and conical chimney are approximately 15% smaller than in the
MOD stove, putting the secondary air injection orifices closer to the fuel bed. By reducing the
distance from the orifice to the combustion zone, the effective velocity of the air jets increases,
thereby promoting more turbulent mixing and oxygen injection at lower secondary flow rates
that do not prohibitively cool the combustion. MOD2 stove dimensions were not reduced further,
as a 15-cm diameter firebox was deemed to be the smallest size for practical feeding and tending
of firewood at a high firepower. Other stove dimensions, such as the size of the fuel feed, were
scaled down similarly. Additional details regarding the MOD?2 stove design are provided in the
SI.

3.3.2 Experimental Set-Up and Stove Testing Procedure
The MOD2 stove was developed at Lawrence Berkeley National Laboratory’s (LBNL)

cookstove testing facility. The experimental setup and the testing procedure for the MOD2 stove
are the same as that described by Caubel et al. for the MOD stove (version 1),'” and a brief
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overview is provided here. During testing, emissions from the MOD2 stove are completely
captured using a steel hood, and exhausted outdoors using a steel ducting system and blowers.
The flow rate of air through the duct is measured using an orifice flow meter and set to ~5660
LPM (200 CFM) throughout. Air pollution instruments sample the duct flow and provide
emission concentration measurements every second (1 Hz). A California Analytical Instruments
600 Series gas analyzer measures the volumetric concentrations (ppmv) of carbon monoxide
(CO), carbon dioxide (CO,), and oxygen (O). The total mass of PM;, s (PM with aerodynamic
diameter < 2.5 pm) emitted during the test phase is measured gravimetrically. A suite of real-
time PM instruments sample emissions from the duct using a secondary diluter, usually set to
operate at a dilution ratio of ~20:1. Using the diluted sample flow, a TSI 3091 Fast Mobility
Particle Sizer (FMPS) and a TSI 3321 Aerodynamic Particle Sizer (APS) together provide size-
resolved particle number concentration measurements from 5 to 2500 nm, while a Magee
Scientific AE-22 Aethalometer provides black carbon (BC) mass concentration measurements.

The MOD?2 stove was tested using the cold start, high power phase of the Water Boiling
Test (WBT) 4.2.3,% as pollutant emissions are usually highest during this phase of stove
use.'”!'% For each test, the MOD2 stove was initially at ambient temperature (“cold”), and a new
fire was lit in a cold fuel bed (kindling). The fire was operated at a high firepower setting of ~5
kW to bring 5 L of cold water to a temperature of 99°C, the nominal local boiling point. The
stove was fueled with uniformly cut pieces of dry Douglas Fir (7—9% moisture content on a wet
basis), and secondary air came from a compressed air cylinder. The standard volumetric flow
rate (SLPM) of secondary air was measured using a rotameter, and adjusted using a valve. In
order to prevent quenching and extinction of the combustion during start-up, the secondary air
flow was usually initiated ~2 min after fuel ignition, once the kindling was observed to be fully
lit and the fire well established, and was held constant throughout the remainder of the cold start.

The temperature of the secondary air was monitored in real time using two K-type
thermocouples. One thermocouple was installed inside the manifold, as shown in Figure 9, while
the other was mounted at the secondary air inlet. A pressure tap was also installed inside the
manifold, and manifold pressures were measured as a function of secondary flow rate using a
digital manometer (The Energy Conservatory, model DG700).

3.3.3 Parametric Testing Procedure

Four design MOD?2 stove parameters were systematically varied over a total of 111 tests:
(1) Secondary air injection pattern (2) Secondary air injection flow rate (3) Primary air intake,
and (4) Pot height. The first 52 tests were conducted to constrain the parametric space. During
these preliminary tests, a constant 4 to 5 kW firepower setting was difficult to maintain and the
combustion efficiency was low, indicating that the stove lacked primary air. Consequently, the
adjustable air intakes below the grate were fully opened, and when this did not prove sufficient,
the stove was also elevated on three bricks, such that primary air could flow more freely through
the grate and into the bottom of the firebox. Two promising air injection patterns were identified
during the preliminary tests, shown in Figure B4 (a total of 7 injection patterns were tested).
Pattern 1 consists of two concentric rows, each with three orifices evenly spaced around the
circumference of the conical chimney. The bottom row of holes is located near the juncture of
the conical chimney and firebox, while the top row is located below the throat. Pattern 2 is
identical to the Pattern 1, except that the bottom row has six evenly spaced orifices, rather than
three. In both patterns, all air injection orifices have a diameter of 1.59 mm (0.0625 in). The

23



stove was not fitted with a pot skirt during preliminary testing. Additional details of the
preliminary testing procedure and results are provided in the Appendix B.

For the remaining 59 parametric tests, each air injection pattern was tested at six
secondary air flow rate settings ranging from 14 to 50 SLPM (0.5 to 1.75 SCFM), for a total of
12 parametric configurations. At each design configuration, 4 to 8 replicate tests were conducted
(except for Pattern 2 at 50 SLPM, where 2 tests were conducted). During testing, we discovered
that the stove’s air manifold leaked significantly at the juncture between the removable conical
chimney and the stove body. However, the leakage was consistent and replicable, and so the
secondary air flow actually injected into the firebox could be calculated (see the procedure
outlined in Appendix B). The calculations show that 27% to 39% of the total secondary air flow
was injected through the holes in the conical chimney, while the remaining air leaked through the
juncture at the top of the manifold, away from the firebox and combustion process. All results
are presented in terms of the standard flow rate (SLPM) of air injected through the holes in the
conical chimney at each setting, ranging from 5.5 to 14 SLPM, rather than the total flow into the
manifold.

During the first 15 parametric tests, the height of the pot above the chimney throat was
incrementally increased from ~1.59 to 2.5 cm (0.625 to 1.0 inch) to reduce the impingement of
flames on the bottom of the pot, and was maintained at this setting for all subsequent
experiments. The pot height was not increased past this set point because larger gaps between the
pot and skirt diminish convective heat transfer from the exhaust gases. Throughout the
parametric trials, the temperature of the secondary air was measured in the manifold and inlet
every second (1 Hz). For both air injection patterns, the manifold pressure was measured at each
secondary air flow rate setting while the stove was cold (manifold pressure measurements were
not collected during stove testing). A single set of manifold pressure measurements was collected
for each pattern.

3.3.4 Data Analysis and Performance Metrics

All stove performance and emission metric calculations are presented in section B1.4 of
Appendix B. Emission factors are normalized by the average thermal power delivered to the pot,
known as cooking power. Using real-time manifold temperature measurements, stove manifold
pressures during each test were extrapolated from the corresponding pressure measurement
recorded while the stove was cold. All data are presented with 90% confidence intervals
calculated using Student’s t-distribution. *** The MOD2 stove’s performance and emissions are
compared to those of the MOD stove (version 1) and a TSF, both tested using the same
experimental procedure, fuel, cooking pot, and firepower setting (~5 kW).”>'%

3.4 Results and Discussion

3.4.1 Stove Performance and Emissions: Air injection pattern and flow rate

For both air injection patterns, Figure 10 shows that the MOD2 stove’s overall
performance improves significantly as the secondary flow rate increases from 5.3 to 8.5 SLPM.
Since firepower was held constant throughout testing, the average stoichiometric flow of air into
the combustion is around 70 SLPM for all 12 design configurations (Figure B12), and the total
flow of air through the stove may be 2-5 times higher than this stoichiometric value, as the wood
combustion draws excess primary air.*”'®!'"’ As secondary flow rate rises, the average air
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injection velocity through each pattern increases proportionally (Figure B12). Over this range of
secondary flow rates, accounting for 7.5 to 12% of the average stoichiometric flow, CO, PM;s,,
and BC emissions drop by around 55% to 75% (Figure B12), while combustion efficiency rises
from about 95% to 98%. These improvements demonstrate that unprocessed wood combustion is
highly sensitive to small increases in secondary flow (relative to the total combustion flow), as
higher air jet velocities provide more turbulent mixing and oxygen in the combustion zone.”* The
improvement of combustion conditions also translates to thermal efficiency gains, which
increases from about 29% to 32%.
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Figure 10. MOD2 stove performance, emissions, and operational metrics during high-power
cold start testing, presented as function of secondary air injection flow rate and air injection
pattern: (a) Firepower (kW); (b) Carbon Monoxide (CO) emissions (g/’kWd); (c) Ratio of the
secondary to stoichiometric flow rate of air; (d) Thermal efficiency (%); (e) Particulate matter
(PM; 5) emissions (mg/kWd); (f) Average manifold pressure (Pa); (g) Combustion efficiency (%);
(h) Black Carbon (BC)/PM; s ratio; (1) Average manifold temperature (°C). Bars represent the
mean of replicate test data collected for each stove configuration, while error bars represent the
corresponding 90% confidence interval.

For secondary flow rates > 8.5 SLPM, combustion efficiency ranges from 98 to 99%,
increasing only slightly with more secondary air flow, while thermal efficiency remains constant
around 31%. At these settings, the secondary flow represents 12 to 18 % of the average
stoichiometric flow of air into the combustion and is much colder than the combustion gases.
Figure 10 shows that the average manifold temperature is around 250 °C for all configurations,
while biomass combustion temperatures typically exceed 850 °C. *** Although the secondary
air injection flow still represents a small fraction of the total air flow into the stove, it may be
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sufficient at these settings ( > 8.5 SLPM) to cool the exhaust gases appreciably, thereby limiting
the rate of fuel oxidation and heat transfer to the pot. Other biomass cookstove studies show that
exhaust temperatures drop with increased secondary flow.**”>!!!

Some heat from the fire is also used to heat the secondary air in the manifold. Since
average secondary air temperatures remain approximately constant for all stove design
configurations, more heat from the fire is necessarily transferred to the manifold as secondary
flow increases. However, Figure B12 shows that less than 0.1 kW is lost to heating the secondary
air at all flow rates, which is small compared to the total power being delivered to the pot (~1.4
kW). Therefore, secondary air flow does not need to be constrained to maintain high air injection
temperatures or prevent the diversion of output heat from the pot to the secondary air manifold,
though some restraint is required to prevent excessive cooling of the exhaust gases and
combustion chamber.

Although thermal performance gains diminish with secondary flow rates above 8.5
SLPM, CO, PM;s, and BC emissions generally decrease steadily throughout the parametric
range (Figure 10 and Figure B12), thereby suggesting that combustion temperatures remain
sufficiently elevated to oxidize harmful pollutants, and higher air injection velocities continue to
enhance mixing of the air and gas-phase fuel. However, average emissions of CO and PM; s from
Pattern 2 increase slightly at a flow rate of 14 SLPM. Although only two tests were conducted at
this stove configuration (4 to 8 tests were conducted at all other configurations), the results
suggest that secondary flow rates greater than 12 SLPM through Pattern 2 may quench the flame,
and reduce combustion zone temperatures below the 850 °C required to oxidize CO and many of
the volatile organic species that form PM.**"*” However, BC emissions and the corresponding
BC to total PM; s ratio both clearly continue to decrease in this configuration, as the oxidation
temperature of BC is much lower (~350 °C) than that of CO and other pollutants,””*!''* and
higher air injection velocities inhibit the formation of fuel-rich flame zones where BC forms.****

The ratio of BC to total PM; s emissions from the MOD?2 stove ranges from around 0.4 to
0.6, which is higher than that typically reported for biomass cookstoves, both traditional and
improved.*'"” Emissions from the BioLite™ HomeStove™, a wood-burning cookstove with
secondary air injection similar to the MOD?2 stove, have comparably elevated BC/PM; s ratios
(>0.7),'” suggesting that this design architecture may effectively oxidize most PM-forming
species, but BC generation somehow persists. A likely explanation for these persistent BC
emissions is that the water-filled cooking pot is quenching flames protruding from the chimney
throat. When the MOD?2 stove was operated without a pot skirt during preliminary tests, Figure
B10 shows that the BC/PM; 5 ratio was significantly lower (<0.25), though thermal efficiency
also suffered (< 29%). The pot skirt restricts the exhaust flow to enhance heat transfer, but the
resulting higher exhaust velocities entrain more flames through the chimney throat, where they
quench against the pot and generate BC. Emissions from the MOD stove (version 1) also had
markedly lower BC/PM; s ratios (< 0.4), likely because the pot is higher above the fuel grate, the
chimney throat is ~15% larger, and the skirt fits more loosely around the pot. Therefore, exhaust
Veloc:i;[%/5 and flame impingement are both reduced, but again, thermal efficiency deteriorates (<
28%).

MOD?2 stove emission reductions are not solely dependent on higher secondary air
injection velocities to enhance the combustion process. At each air flow rate setting, the average
injection velocity is roughly 1.5 times greater through Pattern 1 than Pattern 2 (Figure B12), and
yet Figure 10 shows that Pattern 2 generally outperforms Pattern 1, thereby suggesting that the
addition of air jets near the fuel bed promotes more effective turbulent mixing in the combustion
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zone, despite the drop in injection velocity. Correspondingly, it was previously observed that as
secondary flow increases to 14 SLPM, emissions from Pattern 2 tend to rise while emissions
from Pattern 1 continue to drop, as the more effective orifice placement also enables quenching
of the combustion at lower flow rates. In this way, wood combustion is also highly sensitive to
the number of secondary air injection orifices and their location relative to the fuel bed, and this
sensitivity can be exploited to more effectively enhance stove performance. For example, Figure
9 shows that the manifold pressure at each flow rate setting is 1.9 to 2.3 times lower for Pattern 2
(compared to a theoretical reduction of 2.25 times), thereby enabling greater performance
improvements at lower secondary flow rates and pressures that can be more easily achieved by
the miniature fans and blowers typically implemented in improved cookstoves.

Figure 10 shows that a secondary flow rate of 12 SLPM through Pattern 2 effectively
minimizes the MOD?2 stove’s CO and PM; 5 emissions, while maximizing combustion efficiency.
Although thermal efficiency and BC emissions improve slightly (<10%) at other flow rate
settings, this configuration likely provides an optimal balance between reducing harmful
emissions and improving thermal performance. In this configuration, the MOD?2 stove emits 90%
less CO, PM; s, and BC than a TSF (on average), and thermal efficiency increases from 23+1%
to 31+1% (Table S1).

Compared to the MOD stove (version 1), the MOD2 stove achieves similar emission
reductions at half the secondary air injection flow rate. Furthermore, when the secondary flow
rate was set 25% higher than the optimal setting, PM, s and CO emissions from the MOD stove
more than doubled.'” MOD2 stove emissions, on the other hand, increase only slightly (<40%)
when the flow rate rises by ~17%, from 12 SLPM to 14 SLPM. Together, these trends illustrate
that the MOD?2 stove’s smaller firebox and chimney dimensions allow the secondary air jets to
be more effective at lower flow rates, penetrating further into the firebox to enable significant
emission reductions while preventing excessive cooling or quenching of the combustion.
Additionally, the lower secondary flow rates likely contribute to the MOD2 stove’s higher
thermal efficiency, as cooling of the exhaust flow diminishes.

Overall, the testing results indicate that secondary flow rate must be optimized to
maximize injection velocity but prevent flame quenching. Additionally, cookstove designs
should employ the smallest firebox that still allows for user-friendly tending and feeding of fuel,
so that air injection orifices are located closer the combustion zone. Secondary air injection
patterns should also be experimentally validated, as small design changes can significantly
impact cookstove performance and operational requirements (e.g., pressure). Furthermore,
design compromises are sometimes required to enhance both the stove’s thermal and emissions
performance. In this case, adding a pot skirt to the MOD?2 stove enhanced thermal efficiency but
also increased the BC/PM; s ratio. Since the MOD?2 stove still achieves significant (90+10%) BC
mass emission reductions relative to a TSF, the elevated BC/PM; 5 ratio may be justified by the
increase in thermal efficiency afforded.

Having identified the optimal MOD2 stove design configuration and established the
underlying physical mechanisms responsible for the performance improvements, it is important
to determine whether these experimental results can be translated into a practical cookstove
design that households can afford and adopt.

3.4.2 Secondary Air Injection Design Requirements: Flow, Pressure and Power

The MOD?2 stove receives pressurized air from a cylinder, such that the secondary flow
can be adjusted accurately and consistently over the course of many experimental trials, but this
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approach is clearly not practical or economical on a large scale. Instead, many commercial
biomass cookstoves rely on a small axial fan or centrifugal blower to drive the secondary flow of
air, often drawing power from a thermoelectric generator (TEG).**'®> TEGs convert heat from
the biomass combustion directly to electricity, thereby providing an independent, reliable, and
convenient source of power at little cost (often < $10/W of power generated).'“'"” TEG
modules mounted to biomass cookstoves have been shown to generate as much as 10 W of
electrical power, although an output of 1 to 5 W is more typical."!*"'®'?° There are also some
biomass cookstoves on the market powered by solar panels or simple wall chargers, but unlike
TEGs, these alternatives are dependent on operational factors external to the cookstove, such as
sufficient insolation or access to electricity.**'*

Figure 10 shows that MOD?2 performance is optimal when injecting a secondary flow rate
of 12 SLPM through Pattern 2. In this configuration, an average manifold pressure of ~200 Pa is
required. It is important to note that as the stove heats up during normal use, more manifold
pressure is required to maintain a constant mass flow of secondary air through the injection
pattern. Air is injected into the MOD stove around room temperature (~25 to 30 °C) throughout,
but heats up significantly over the course of the cold start, ultimately reaching manifold
temperatures of 300 to 400 °C (Figure 13). The density of air at these elevated temperatures is
around half that of the air initially flowing into the manifold, and so the volumetric flow rate of
air passing through the injection pattern effectively doubles, as does the manifold pressure
required. Consequently, when sizing a fan or blower to drive secondary air injection in a
biomass cookstove, it is important to consider the manifold pressure required at typical operating
conditions, rather than when the stove is cold (at ambient temperature). In this study, we defined
the operating temperature as the average secondary air temperature in the manifold during the
cold start, and therefore present the corresponding average manifold pressure. Manifold pressure
measurements gathered at ambient conditions are extrapolated to the operating temperature, as
outlined in the Appendix B.

Figure 11 provides the maximum (static) pressure, maximum (free) flow rate, and rated
electrical power consumption of 1,157 miniature fans and blowers stocked by Digikey
Electronics®, a major electronic parts supplier. All available models costing < $10 (when
ordering 1000 units) are presented, as the minimization of manufacturing costs is crucial to the
development of affordable cookstoves. To reflect the MOD?2 stove’s operational requirements,
reference lines are provided at a static pressure of 200 Pa and rated electrical power of 5 W (the
maximum power typically output by a stove-mounted TEG module)."*""*'** In order to
generate the maximum pressures presented in Figure 11, the devices must operate near static
conditions, or at a flow rate below ~10% of the maximum value specified by the manufacturer
(measured with no flow resistance). The MOD2 stove requires 12 SLPM in the optimal
configuration, so the free flow rate should be at least ~100 LPM for the fan or blower to operate
near static conditions, and the markers in Figure 11 are colored to reflect this requirement. Since
secondary air is drawn into the stove from the environment near standard conditions, the rated
volumetric flow rate (LPM) is analogous to the stove’s mass flow rate (SLPM) requirements,
identified experimentally. It should also be noted that the rated power consumption is often
measured at free flow conditions, and though this may not be exactly representative of power
consumption at the requisite operating conditions, it provides a valid estimate.
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Figure 11. Static pressure, free flow rate, and rated electrical power consumption of 1,135
miniature axial fans and centrifugal blowers that are stocked by Digikey Electronics ® and cost
< $10 per unit (when ordering 1000 units). Fans and blowers that meet the MOD2 stove’s
operational requirements (in the optimal design configuration) are indicated. Marker colors
indicate the devices’ ability to operate near static flow conditions while providing the stove’s
required flow rate (12 SLPM).

Only 23 (~2%) of the 1,135 fans and blowers presented in Figure 11 meet the MOD2
stove’s static pressure (>200 Pa), free flow (>100 SLPM), and electrical power (<5 W)
requirements. Miniature fans and blowers are typically designed for cooling electronics, and
therefore provide high air flow rates at low pressures — around 70% of the devices shown in
Figure 11 generate maximum flow rates > 100 LPM using < 5 W of power, but at static pressures
< 100 Pa. However, the MOD?2 stove requires relatively low flow rates of air, driven through
small injection orifices that generate high velocity air jets in the combustion chamber, but require
significant input pressures. Of the 23 viable devices identified, Figure 11 shows that suitable
blowers generally require less power than axial fans, as they are better suited to high pressure,
low flow applications. It is also important to note that as the stove heats up during normal use
and manifold pressures rise, the electrical power input to the fan or blower must also increase to
maintain a constant mass flow of secondary air into the firebox. Overall, Figure 11 illustrates that
low-cost fans and blowers are currently available to achieve effective and practical secondary air
injection in wood-burning cookstoves, but they must be carefully chosen and evaluated
thoroughly, as the vast majority are not intended to meet the flow, pressure, and energy
consumption conditions required.
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3.4.3 Room for Improvement: Start Up and Ultrafine Particle Emissions

Health guidelines from the WHO, EPA, and other organizations generally recommend
maximum PM, s pollution levels in terms of mass concentration (e.g., pg/m’).**'*! By this
measure, the MOD?2 stove significantly alleviates health impacts from biomass combustion, as it
reduces PM; s mass emissions by an order of magnitude relative to a traditional TSF. However,
Figure 12 shows that the vast majority (>80%) of PM, s emissions from the MOD?2 stove consist
of ultrafine particles (UFP) with a diameter < 100 nm, which may be particularly harmful to
human respiratory health, as their small size enables deeper penetration into the lungs.*®'#*'%*
Consequently, it is important not only to reduce the mass of PM, but also the number of UFPs
that is emitted and potentially inhaled.

Secondary air injection does not significantly reduce the total number of particles
generated by biomass combustion, but instead shifts the PM size distribution towards smaller,
less massive particles.””''?12¢ Ag the secondary flow rate increases from 7.2 to 12 SLPM,
Figure 12 shows that the total number of particles emitted from 5 to 2500 nm remains relatively
steady, ranging from 5.5x10" to 6.9x10" particles/kWd. Total PM5 s volume, on the other hand,
decreases over the range of secondary flow rates presented, as particle size diminishes. Given
that PM; s density remain nearly constant (Figure B12), the particle volume measurements are
directly proportional to particle mass, and therefore closely mirror the PM,s mass emission
measurements shown in Figure 10.
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Figure 12. (a) Total PM,s number and (b) volume emissions from the MOD?2 stove over the
cold start (normalized by cooking power), as a function of particle diameter and secondary air
flow rate through injection Pattern 2. (c) Portion of the total number, and (d) volume of particles
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emitted in each size range: 5 to 20 nm, 20 to 100 nm, and 100 to 2500 nm. Each bar represents
the mean of replicate test data collected for each stove configuration. Confidence intervals are
here omitted for clarity, and instead provided in Figure B13.

Figure 12 shows that secondary air injection effectively inhibits particle growth, but does
not significantly reduce their formation. Particles form either through nucleation, as volatile
organic and inorganic compounds emitted during wood pyrolysis cool in the exhaust, or through
soot (BC) generation in the flame, during quenching of fuel-rich combustion zones.>”****?
Typically, these primary particles grow through agglomeration and condensation of volatile
compounds. However, Figure 10 shows that CO and PM; s mass reductions closely mirror one
another as secondary flow rate increases, likely because CO and many-PM forming volatile
organic compounds (e.g. PAH) oxidize under similar conditions.”’*'*" As volatile organic gas
emissions diminish at higher secondary flow rates, primary particles no longer grow through
their condensation. As a result, the portion of PM in the nucleation mode (5 — 20 nm) increases
from 20 to 60% as secondary air flow through Pattern 2 increases, but these small particles
account for less than 2 % of the total PM volume (and therefore mass). Figure B16 provides the
size distribution of particle number emissions, and shows a distinct peak at a particle diameter of
~12 nm, which increases with secondary air flow rate.

In the absence of volatile organic gases in the exhaust, inorganic and BC particles
generally grow to sizes <100 nm through agglomeration. **'*°*'?® Figure 12 shows that the
fraction of ultrafine particles (5 — 100 nm) grows from 80 to 97% as secondary flow increases,
and accounts for 20 to 40% of the PM volume generated. As the size distribution shifts towards
smaller particles, the fraction of particles in the accumulation mode (100 — 2500 nm)
correspondingly decreases from 20 to 3% over the parametric range presented, but still accounts
for most (60 to 80%) of the emitted volume. Particles in the accumulation mode form as some
growth pathways persist, such the condensation of gases in cool regions of the exhaust flow or
agglomeration of particles under turbulent mixing conditions. Some of the larger particle (>1000
nm) may also consist of fly ash generated in the fuel bed and entrained in the exhaust flow.”*

Total particle number emissions are lowest for a secondary flow rate of 10 SLPM (Figure
12), suggesting that this configuration may provide the optimal balance of turbulent mixing and
high combustion temperatures to inhibit particle formation. However, total PM volume
generation continues to decrease at higher flow rates, as particles continue to grow smaller.
Furthermore, PM; s number emissions increases sharply from 12 to 14 SLPM, again indicating
that excessive secondary flow in this configuration quenches the combustion zone,” but total
PM; s volume changes little, as particle emissions in the accumulation mode persist. Together,
these trends demonstrate that PM,s mass emission reductions can be achieved while
simultaneously generating more UFPs.

When secondary air flow rate is sufficient, the particle size distribution shifts towards
smaller, less massive particles as the stove, fuel, and exhaust gases warm up during the cold start
test.'” As the secondary flow rate through Pattern 2 increases, Figure 13 shows that the particle
volume generation is increasingly attenuated over the first 18 minutes of the cold start test,
although the number of emitted particles accumulates steadily for all configurations. The PM; 5
number and volume accumulation rates reflect the secondary rate flow dependence illustrated in
Figure 12 and outlined above. Manifold temperatures rise more rapidly at higher flow rate
settings (Figure 13(c)), thereby hastening the inhibition of particle growth. For flow rates > 10
SLPM, the count median diameter (CMD) of particle emissions decreases from around 60 nm to
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20 nm over the first 18 minutes of the cold start (Figure B17), and so most volume emissions are
consequently emitted during this start up period. At the optimal secondary flow rate setting of 12
SLPM, half of total volume emissions are emitted within the first ~7 minutes following ignition,
representing only ~30% of the total test length (in this configuration, the average time to boil is
2442 min). Consequently, if further PM mass reductions are sought, methods should be
developed to enhance combustion conditions during the start up phase.
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Figure 13. (a) Accumulation of PM, s number and (b) volume emissions from the MOD2 stove
over the first 18 minute of the cold start. (¢) Temperature of secondary air in the MOD?2 stove
manifold over the first 18 minute of the cold start. Each line represents the mean of replicate test
measurements collected at each of the six secondary flow settings (using injection Pattern 2).
Confidence are omitted here for clarity, and instead provided in Figure B14 and Figure B15 for
all secondary flow rate settings. All data presented is block-averaged on a 20-sec time base.
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Although volume emissions are effectively attenuated over time, the number of particles
continues to accumulate steadily for all configurations, and the CMD is less < 80 nm throughout
(Figure B17), well within the ultrafine range that is of particular concern for human health. As a
result, it is important that future research efforts investigate methods for inhibiting particle
formation entirely, rather than simply limiting particle growth. For example, methods of
restricting the fuel bed temperature could be devised to limit the volatilization of inorganic
compounds that nucleate into incombustible particles.’’ Since BC represents a significant portion
of the PM generated by the MOD2 stove, methods should also be developed to prevent
quenching of flames against the pot and other surfaces, but while also maintaining high thermal
efficiency.

While further improvements are needed to reduce UFP emissions, the MOD2 stove
generally illustrates that secondary air injection is a practical and effective method for reducing
harmful air pollution from wood combustion. Most importantly, the emission reductions
demonstrated experimentally are achievable using inexpensive hardware currently on the market,
and can be driven independently using a TEG or other low-cost power source. However, stove
performance is highly sensitive to secondary air injection design parameters, and so it is
important that new designs be validated and optimized experimentally. The experimental results
presented here illustrate several important design principles, such that combustion chamber
dimensions should be minimized so as to increase the effectiveness of secondary air jets. When
applied together, these design principles and the experimental optimization procedure will help
to inform and improve the design of clean, efficient, and practical wood-burning cookstoves to
mitigate harmful air pollution exposure in the billions of households that depend on solid
biomass for their daily cooking needs.
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Chapter 4 - A New Black Carbon Sensor for Dense Air Quality
Monitoring Networks

4.1 Abstract

Low-cost air pollution sensors are emerging and increasingly being deployed in densely
distributed wireless networks that provide more spatial resolution than is typical in traditional
monitoring of ambient air quality. However, a low-cost option to measure black carbon (BC) —a
major component of particulate matter pollution associated with adverse human health risks — is
missing. This Chapter presents a new BC sensor designed to fill this gap, the Aerosol Black
Carbon Detector (ABCD), which incorporates a compact weatherproof enclosure, solar-powered
rechargeable battery, and cellular communication to enable long-term, remote operation. This
Chapter also demonstrates a data processing methodology that reduces the ABCD’s sensitivity to
ambient temperature fluctuations, and therefore improves measurement performance in
unconditioned operating environments (e.g., outdoors). Over 100 ABCDs were operated
outdoors in collocation with a commercial BC instrument (Magee Scientific, Model AE33)
housed inside a regulatory air quality monitoring station. The measurement performance of 105
ABCDs is comparable to the AE33. The fleet-average precision and accuracy, expressed in terms
of mean absolute percentage error, are 9.2 &= 0.8 % (relative to the fleet average data) and 24.6 +
0.9 % (relative to the AE33 data), respectively (fleet-average + 90% confidence interval).

4.2 Introduction

Air quality monitoring networks operated by regulatory agencies traditionally rely on a
small number of measurement sites centrally located within large geographical areas. For
example, the European Union only requires one sampling site to monitor an area of 100,000
km?."” The number of monitoring sites is primarily restricted by the cost of expensive regulatory-
grade air pollution analyzers housed in environmentally controlled structures.”**' Monitoring at
central locations is highly valuable for establishing air pollution concentration trends'*’, but
pollutant concentrations measured at a single monitoring location do not necessarily accurately
describe the pollution exposures of individuals located around the central monitor.”>* This is
particularly true for primary pollutants, whose concentrations tend to vary widely with
location.®®"3!

Emerging low-cost sensors offer the opportunity to monitor air pollution with much
greater spatial resolution.*””® Low-cost sensors that cost a few hundred dollars or less are
available for many pollutant gases, such as electrochemical sensors for nitrogen dioxide or
ozone.”**>%132 [ ow-cost sensors that measure particulate matter (PM) are also available, where
mass concentration is typically based on the amount of light scattered by the airborne
particles.”®>”®" Combinations of these low-cost sensors are increasingly deployed in densely
distributed sensor networks to provide greater spatial resolution than traditional regulatory
monitoring networks.’>>>'**"1*> One notable gap, however, is the absence of a black carbon (BC)
monitor in these networks.

BC, a primary air pollutant, is the main light-absorbing component of PM generated by
fossil fuel combustion (notably diesel engines) and biomass burning (such as woodstoves)."*
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Exposure to particulate matter from these sources is associated with increased risk of pulmonary
and cardiovascular diseases, cancer, and premature death.>**” BC is also a potent short-lived
climate pollutant.”*** BC analyzers employing different measurement principles exist.***
However, most cost on the order of $10,000 to $20,000 (USD) and are thus too expensive to be
deployed in large numbers.

This Chapter presents a new BC sensor — the aerosol black carbon detector (ABCD) —
designed for dense deployment in air quality monitoring networks. In addition to providing an
overview of the ABCD’s design architecture, this Chapter presents a detailed evaluation of the
sensor’s native sensitivity to ambient temperature fluctuations, and demonstrates a novel data
processing methodology to correct this temperature dependence. This data processing method
greatly reduces inaccurate or erroneous BC measurements that plague other BC analyzers.*'*’
To validate the performance of this new sensor, we constructed over 100 ABCDs and operated
this sensor fleet outdoors in collocation with a commercial BC instrument housed inside a
regulatory air quality monitoring station in Oakland, California.

4.3 Materials and Methods

4.3.1 Aerosol Black Carbon Detector (ABCD)

The ABCD belongs to a class of instruments known as aerosol absorption photometers,
which include the particle soot absorption photometer, the aethalometer, and the multi-angle
absorption photometer.**'*’ These instruments measure the light absorption of ambient PM
collected on a fibrous filter. The ABCD converts measured light absorption to BC mass
concentration. The central component of the ABCD is the optical cell, shown in Figure 14.

LED
Exhaust
FiItSer Orliﬁce Photodiode
(Sample) (Reference)
RH/T Sensor
(b)

Figure 14. Aerosol Black Carbon Detector: (a) Optical cell; (b) Section view of optical cell

Air is a drawn into the cell with a rotary vane pump, and through two Teflon-coated
glass-fiber filters (Pallflex® Emfab™) that lie between light emitting diodes (LEDs) and
photodiodes, as illustrated in Figure 15. The LEDs operate at a central wavelength of 880 nm,
where BC is the predominant PM species to absorb light."*'** The photodiodes generate
electrical voltages that are linearly proportional to the intensity of light transmitted through each
filter. The analog voltage measurements from the photodiodes are digitized using a 24-bit
analog-to-digital converter (ADC) and processed by a microcontroller unit (MCU). A relative
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humidity and temperature (RH/T) sensor is mounted directly in the sample flow path between the
sample and reference photodiodes. A differential pressure sensor downstream of the optical cell
measures the volumetric flow rate of the sampled air (see Appendix C3). The MCU generates a
pulse-width modulated signal to control the electrical power delivered to the rotary vane pump
and maintain a desired flow rate between 100 and 250 cc min.

: Air = : Analog Voltage Signals
Inlet _ wmm: Reference Light wmmm: Digital RH/T Signal
Black Carbon Deposit . . .
mmm : Attenuated Light s : Digital Voltage Signals

SAMPLE

BC Out

MCU ]-}
[

ug/m?3

REFERENCE

To Flow Sensor
And Pump

Air Filter Photodiode/Amp IC

Figure 15. Functional diagram of the ABCD optical cell

The intensity of light reaching the photodiode below the first filter in series (i.e., the
sample filter) is attenuated by the accumulation of BC. Emfab™ filters have a particle removal
efficiency of 99.9%,'** so the air reaching the second filter does not contain any light-absorbing
BC. BC mass concentration is computed from measured optical attenuation, which is continually
evaluated as the natural log ratio of the reference to sample voltage outputs. Air is drawn through
both the reference and sample filters with the intention of minimizing the influence of
environmental conditions on measured BC concentrations, such as changes in the relative
humidity of the sampled air and temperature of the electrical components. To further reduce the
BC sensor’s environmental sensitivity, a real-time temperature compensation method was
developed, as described in detail below.

The optical cell is enclosed with all the components required for the ABCD to serve as a
self-contained, wireless sensor node, as shown in Figure 16. This outdoor monitoring package
includes rotary vane vacuum pump, air flow sensor, rechargeable battery (12-volt, 10-amp-hour),
and an integrated electronics board, known as the AUX board. The AUX board is a printed
circuit board that integrates the MCU, real-time clock, SD memory card slot, 2G cellular modem,
power management electronics, and hardware for all required input and output connections. The
enclosure is a weatherproof, insulated box onto which a photovoltaic panel (18-volt, 8-watt) is
mounted. A charge controller regulates the power generated to recharge the battery. Additional
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details of these components are provided in Appendix C4. The ABCD’s MCU processes and
stores data to the SD memory card at 0.5 Hz, and for this study, the ABCD was programmed to
wirelessly transmit 60 one-minute average values every hour to an online database using the 2G
cellular modem. Appendix C5 provides details on the data collection and analysis methods.

Sample
ABCD Wireless Sensor Node Exhaust

Optical Cell

Sample PV Panel

Inlet

Vref! Vslgr RH ’

and T Data Flow | Sensor
Data

AUX Board PWM Control =

Raw Charger
Data \ A 4 - *g Power
Data Cellul

Time | MCU it Batt
> Modem attery

|

Figure 16. Complete ABCD in outdoor monitoring package: (a) Interior view; (b) Functional
diagram.

The complete ABCD has dimensions of 18 x 23 x 10 cm, weighs 1.5 kg, and consumes
0.6-watt of electrical power at a sample flow rate of 110 cc min”. Under this condition, the
onboard battery can power the ABCD for ~8 days. The photovoltaic panel extends this
operational period indefinitely if weather conditions and instrument placement allow sufficient
insolation. Internal insulation is intended to prevent condensation when sampling cold, moist air
by keeping the optical cell above the dew point temperature. The optical cell is positioned in the
enclosure for easy removal and is readily opened using a single thumbscrew. These features
allow for easy replacement of the sample filter after it becomes excessively loaded with BC.

The custom optical cell is designed with a minimal number of parts to simplify the
fabrication process and reduce manufacturing costs. The MCU, flow sensor, charge controller,
battery, and pump are commercially available components. This design approach enables the
construction of a complete ABCD sensor at material cost of roughly $400 for a production batch
of around 150 units. The pump ($125) and custom optical cell ($100) account for about half of
this cost (see Appendix C4 for comprehensive list of components).

4.3.2 Field Validation

BC concentrations measured with ABCD units were compared to those measured with an
acthalometer (Magee Scientific, Model AE33) operated by the Bay Area Air Quality
Management District at a monitoring station adjacent to a major highway in Oakland, California.
The AE33 is operated inside the monitoring station using a sampling probe that extends outdoors,
and used as a reference against which ABCD performance is evaluated. ABCDs were hung from
railings on the roof of the station, as shown in Figure C1.
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4.4 Results and Discussion

4.4.1 Measurement Bias from Environmental Fluctuations

The response of an ABCD operating outdoors with a High Efficiency Particulate Air
(HEPA) filter on its inlet for a two-week period is shown in Figure 17. The output voltages
(Figure 17a) are clearly dependent on ambient conditions, oscillating in sync with the diurnal
trends in temperature and relative humidity (Figure 17c¢). These output voltage oscillations are
likely the result of the optical electronics’ temperature sensitivity. The LEDs are rated to dim 0.3%
for every 1°C temperature rise '*°, which is approximately what is observed (0.1 V reduction
relative to a 1.5 V baseline with a 20°C temperature increase), suggesting that the temperature
sensitivity of the LEDs plays a major role. Photodiode sensitivity (the voltage output per watt of
incident light intensity) decreases by 0.01% for every 1°C temperature rise '*’, and likely also
contributes to the diurnal voltage oscillations. It should be noted that the ABCD measures the
temperature of the air flowing through the optical cell, but it is assumed that the electronics
nearby are at a similar temperature. Expected variations in the optical thickness of the fibrous
filters due to sorption and desorption of water vapor from the sampled air are opposite to the
observed voltage oscillations, suggesting that RH sensitivity is smaller than the temperature
dependence of the optical electronics.
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Figure 17. The response of an ABCD operating outdoors with a HEPA filter on its air inlet for
two weeks: (a) Sample (blue) and reference (red) voltage outputs from optical cell; (b) Black
carbon (BC) concentration calculated using only sample voltage (gray), and using both the
sample and reference voltages (black); (c) Optical cell temperature (blue) and relative humidity
(RH) (red). All data is provided on a 60-minute time base.

Although the sample and reference output voltage oscillations track one another closely,
the rates of voltage change over time are not identical. Consequently, reported BC concentrations
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are not zero, as would be expected for a sensor sampling particle-free air. Rather BC
concentrations exhibit a diurnal trend typically in the + 0.3 pg m™ range (Figure 17b, black),
with a mean absolute error (MAE) on the order of 0.1 pg m™ and a two-week average BC
concentration of —0.003 pug m~. BC concentrations computed using only the output from the
photodiode monitoring the sample filter are much larger, in the + 2 pg m™ range (Figure 17b,
gray), which illustrates that computing BC concentrations using both the reference and sample
signals significantly reduces, but does not completely eliminate environmental effects. If ambient
BC concentrations are much larger than + 0.3 pg m™, then further compensation may not be
necessary. However, in many locations, ambient BC concentrations are comparable to 0.3 pug m™
and, thus, temperature compensation is employed to further reduce the environmental sensitivity.

4.4.2 Temperature Compensation

The temperature response of each ABCD optical cell was determined by operating each
instrument outdoors with a HEPA filter on the inlet for at least 24 hours. In all cases, sample and
reference photodiode voltage outputs display a highly linear dependence on the recorded cell
temperature. In order to quantify this temperature dependence, the relative change (RC) in each
photodiode’s output voltage is calculated as:

V() —V(0)

RC® =~ ™

where V(¢) is the photodiode voltage (V) at time ¢, and V(0) is the first voltage logged during the
particle-free sampling event. In Figure 18, RC is plotted as a function of sensor temperature for
three ABCD optical cells, and linear regression factors (slope, intercept, and R?) are shown. The
temperature sensitivities of an optical cell’s sample and reference channels (i.e., the slopes of the
linear regressions, mgmp and mys) are often not equal. Therefore, the ratio of these slopes
(mgmpi/myer, hereafter referred to as “slope ratio”) is often either greater than or less than unity.
For example, ABCD 1 has a slope ratio of 0.57, indicating that the sample voltage output is less
temperature sensitive than the reference. Consequently, as the temperature fluctuates over time,
the sample and reference voltage outputs do not change at an equal rate. The result is non-zero
BC measurements, as the effect of changing temperature on the sample voltage output is not
exactly compensated by the effect of changing temperature on the reference voltage output. For
example, the optical cell referenced in Figure 17 has a slope ratio of 0.89, and the reference
voltage output significantly reduces, but does not completely eliminate, the environmental
influence on reported BC concentrations.
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Figure 18. Relative change (RC) in the sample (blue) and reference (red) voltage outputs of
three ABCD optical cells as a function of sample flow temperature, along with corresponding
linear regression equations and coefficients of determination. The ratio of the sample to reference
temperature sensitivities (msmp/Myer) of each optical cell is noted above each plot.

In Equation (2), the linear regression equations for each photodiode output are set equal
to Equation (1), except that the voltage change is now evaluated relative to the temperature
compensated voltage:

V(t) _Vcomp(t) _

RC(t) = ANO)
comp

mT(t) + b (2)

where Vomp(t) 1s the temperature compensated voltage output (V), 7(?) is the sample flow
temperature (°C), and m (°C™") and b are the slope and intercept of the linear regression,
respectively. Rearranging Equation (2) yields an equation that allows the photodiode voltage,
V(t), to be compensated using real-time temperature measurements:

V(t)
mT(t)+b+1

Vcomp () = (3)

BC concentrations calculated using the temperature compensated sample and reference voltage
outputs from Equation 3 are generally significantly less sensitive to temperature fluctuations.

We observed considerable variability in the temperature sensitivity the optical cells (e.g.,
as illustrated in Figure 18), likely because of variations in the LEDs, photodiodes, and related
circuitry. Consequently, we evaluated the temperature sensitivity and determined the linear
regression coefficients in Equation 3 uniquely for each individual ABCD optical cell. The slope
and intercept for both photodiode outputs are stored on SD cards assigned to each optical cell.
The SD card is inserted into the ABCD’s AUX board, and the respective linear regression
coefficients are uploaded to the MCU to compensate BC measurements in real time as a function
of measured temperature.
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In Figure 19, temperature compensated (TComp) responses are shown in addition to the
uncompensated (Raw) responses for the ABCD shown in Figure 17b. Throughout the trial,
temperature compensated voltage outputs steadily maintain their initial values (Figure 19a) and
temperature compensated BC concentrations (Figure 19b) exhibit a diurnal trend typically in the
+ 0.1 pg m™ range (compared to + 0.3 pg m~ when uncompensated) with a MAE of 0.02 pug m™
(compared to 0.1 ug m~ when uncompensated).
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Figure 19. The response of an ABCD operating outdoors with a HEPA filter on its air inlet for
two weeks. Temperature compensated responses (solid) are shown in addition to the
uncompensated responses (dashed) previously provided in Figure 17: (a) Sample (blue) and
reference (red) voltage outputs from optical cell; (b) Uncompensated (gray) and temperature
compensated (black) black carbon (BC) concentrations; (c) Optical cell temperature. All data is
provided on a 60-minute time base.

To further illustrate the implementation of the temperature compensation method, both
uncompensated and temperature compensated BC concentrations are shown in Figure 20 for five
ABCDs with HEPA-filtered inlets. The slope ratios for these cells ranges from 0.57 to 1.47 and
uncompensated BC concentrations ranged between + 2 pg m™. As shown in Figure 20a,
uncompensated diurnal BC oscillations and corresponding MAE values are largest for ABCD
optical cells whose slope ratios are farthest from unity (cells 1 and 5) and smallest for the cell
with a slope ratio of 1.00 (cell 3). Furthermore, as a consequence of the temperature dependence
illustrated in Figure 18, BC oscillations for optical cells with slope ratios less than unity (cells 1
and 2) are opposite those for optical cells with slope ratio greater than unity (cells 4 and 5).

As shown in Figure 20b, all temperature compensated BC concentrations are very close
to the true zero, with MAE values on the order of 0.02 pg m™ irrespective of the optical cell’s
slope ratio. BC concentrations and MAE for cell 3 whose slope ratio is ~1 are essentially
unaltered by the procedure, as expected.
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Figure 20. The response of five ABCD units operating outdoors with HEPA filters on the air
inlets: (a) Uncompensated black carbon (BC) concentrations; (b) Temperature compensated BC
concentrations; (c) Optical cell temperatures. All data is provided on a 60-minute time base. For
each ABCD, the slope ratio of the optical cell and mean absolute error (MAE) of BC
concentration measurements are shown in the legends. The MAE of BC measurements is
evaluated relative to the desired zero output (0 pg m™).

Figure 21 summarizes the zero response of all 150 ABCD optical cells manufactured in
this study. MAEs of uncompensated and temperature compensated BC concentrations are plotted
against the absolute deviation of each cell’s slope ratio from unity (jmsmpr/mrer— 1[). As illustrated,
MAE generally increases proportionally with increasing absolute slope ratio deviation for
uncompensated cells. In contrast, temperature compensation works to significantly improve
performance: all ABCD optical cells report BC concentrations near zero such that, across the
fleet of 150 cells, the MAE averages 0.016 £+ 0.001 pg m™ (mean + 90% confidence interval).
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Figure 21. Mean absolute error (MAE) of uncompensated (Raw) and temperature compensated
(TComp) black carbon concentrations reported by 150 ABCD optical cells with HEPA-filtered
inlets, as a function of the slope ratio’s absolute deviation from unity (|msmpi/meer— 1]). The MAE
of 60-minute time base BC concentrations is evaluated relative to 0 ug m™.

4.4.3 Field Validation

Following acquisition of temperature compensation parameters for all optical cells,
ABCDs were operated outdoors for one week atop the Bay Area Air Quality Management
District’s near-roadway monitoring station (see Figure C1). Figure 22 shows time series of
uncompensated and temperature compensated BC concentrations for five ABCDs with optical
cell slope ratios ranging from 0.66 to 1.69. BC concentrations reported by the aethalometer
(Magee Scientific, Model AE33) housed inside the monitoring station are shown for comparison.
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Figure 22. Five ABCD units operating outdoors atop a Bay Area Air Quality Management
District roadside monitoring station: (a) Uncompensated black carbon (BC) concentrations; (b)
Temperature compensated BC concentrations; (¢) Optical cell temperatures. Also shown are BC
concentrations reported by a Magee Scientific AE33 housed inside the monitoring station (black).
All data is provided on a 60-minute time base. For each ABCD, the legend shows the slope ratio
of the optical cell and mean absolute percent error (MAPE) of the BC concentrations, the latter
of which is based on deviations from BC concentrations reported by the AE33 reference
instrument. The ABCDs shown in this figure are different than those presented in Figure 20.

Uncompensated BC concentrations deviate more notably from the AE33 reference for
ABDCs with optical cell slope ratios that are significantly offset from unity (Figure 22a).
Uncompensated BC concentrations include erroneous negative values over substantial portions
of the sampling period. For ABCD optical cells with slope ratios of 0.66 and 1.69, the
corresponding mean absolute percent error (MAPE) in BC concentration relative to the AE33
(~70 %) is three times larger than the MAPE for the ABCD optical cell with a slope ratio of 1.02
(23%). Furthermore, optical cells with slope ratios less than unity tend to overestimate BC
concentrations when the temperature increases (and vice-versa). Temperature compensation
reduces measurement bias (Figure 22b). The five ABCDs have temperature compensated
MAPESs ranging from 22 to 31%, and negative BC measurements are nearly eliminated.

Figure 23 shows the precision and accuracy of these ABCDs during this field evaluation
period. The precision of each ABCD is evaluated relative to the mean of BC concentrations from
the five ABCDs, while accuracy is evaluated relative to the AE33. Sensor precision (compare
Figure 23a and Figure 23b) and accuracy (compare Figure 23c and Figure 23d) are much
improved through the temperature compensation method. Temperature compensated data are less
scattered and have lower MAPE. For example, uncompensated BC concentrations from optical
cells with slope ratios farthest from unity have MAPEs of ~70% relative to both the mean BC
concentration of the aggregate ABCDs and the AE33 reference. In contrast, most temperature
compensated ABCDs have a precision error of ~8% and accuracy error of ~25%. However,
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temperature compensated hourly data from ABCD 5, whose optical cell slope ratio is 1.69, still
contains a few negative BC measurements that significantly increase the precision and accuracy
error. This suggests that the method presented does not fully compensate the temperature
dependence of optical cells with slope ratios that deviate excessively from unity. On the other
hand, the precision and accuracy of ABCD 3, whose optical cell slope ratio is 1.02, are
essentially unaltered by temperature compensation, as expected.

The field performance of 105 ABCD optical cells is plotted in Figure 24 as a function of
the slope ratios’ absolute deviation from unity (|msmpi/meer— 1[). The precision and accuracy of
uncompensated BC concentrations diminishes as the slope ratio increasingly deviates from unity,
but temperature compensation generally improves measurement performance throughout.
Similar to the 5 ABCDs featured in Figure 23, the temperature compensated fleet-average
precision and accuracy MAPE of the 105 ABCD optical cells, respectively, are 9.2 + 0.8 % and
24.6 + 0.9 % (mean + 90% confidence interval).
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Figure 23. Five ABCD units operating atop a Bay Area Air Quality Management District
roadside monitoring station: (a) Precision of uncompensated black carbon (BC) concentrations;
(b) Precision of temperature compensated BC concentrations; (c) Accuracy of uncompensated
BC concentrations; (d) Accuracy of temperature compensated BC concentrations. All data is
provided on a 60-minute time base. Precision is evaluated relative to the mean of BC
measurements from all 5 ABCD units, while accuracy is evaluated relative to the AE33 reference
instrument. Accuracy plots (c) and (d) also provide the least-square linear regression of the
aggregate ABCD data set to the AE33.
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Figure 24. Mean absolute percentage error (MAPE) of uncompensated (Raw) and temperature
compensated (TComp) black carbon (BC) concentrations reported during field operation of 105
ABCD optical cells, as a function of the slope ratio’s absolute deviation from unity (|Mgmp1/Mrer—
1|): (a) Precision evaluated relative to the mean ABCD response; (b) Accuracy evaluated relative
to the AE33 reference instrument.

Uncompensated and temperature compensated ABCD BC concentrations are ~15% lower
than those reported by the AE33 (see linear regressions in Figure 23¢ and Figure 23d), and even
after temperature compensation, the MAPEs of most ABCDs are above 20% relative to the
AE33 (Figure 24b). This bias may be related to the value chosen to convert ABCD optical
absorption to BC mass concentration (i.e., the mass attenuation coefficient in Equation C1) or the
so-called “loading artifact.” The loading artifact causes underestimation of BC concentrations
with increased loading of the sample filter '**'°°. Whereas the AE33 periodically changes its
filter and incorporates a software algorithm to correct for the loading artifact "', the ABCDs use
only a single filter and the data presented here have not been adjusted for a loading artifact.

4.4.4 Low Cost Air Quality Sensors: Lessons Learned and Future Work

The ABCD’s low-cost design, compact weatherproof enclosure, solar-powered
rechargeable battery, and cellular communication enable its remote operation. The temperature
compensation method presented in this study significantly diminishes the ABCD’s sensitivity to
varying ambient temperature, thereby increasing the precision and accuracy of measured BC
mass concentrations in unconditioned indoor and outdoor operating environments. ABCDs
deployed outdoors at a Bay Area Air Quality Management District monitoring station
demonstrate a precision error of ~9% and an accuracy error of ~25% when evaluated relative to
the commercial instrument (Magee Scientific, Model AE33). To provide a benchmark against
which to compare this measurement performance, two AE33 instruments were operated side-by-
side in the monitoring station for 20 days (see Figure C3). During this period, the precision error
of the AE33 instruments was 9% (the MAPE of each AE33 relative to the mean of both
instrument measurements). Therefore, the ABCD’s measurement precision, while operating
outdoors under fluctuating ambient conditions, generally matches that of the commercial
instrument operating inside the monitoring station.
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Ongoing research includes comparison of the ABCD and AE33 instruments at additional
sampling locations, further investigation of the loading artifact, and a citywide deployment of the
ABCDs in an air quality monitoring network to provide insights into BC emissions sources and
spatiotemporal patterns in BC concentrations.

47



Chapter S - A Distributed Network of 100 Black Carbon Sensors for
100 Days of Air Quality Monitoring in West Oakland, California

5.1 Abstract

Urban populations are particularly vulnerable to the adverse health impacts of ambient
particulate matter (PM) pollution exposure. Air quality measurements are needed to address this
growing health risk, but traditional regulatory monitoring at central sites does not provide
sufficient spatial coverage and resolution to adequately characterize the highly heterogeneous
pollution distributions typical of urban settings. Distributed networks of low-cost air quality
sensors are emerging to fill this gap. In this study, we present the 100x100 BC Network, a 100-
day deployment of low-cost black carbon (BC) sensors across 100 sampling sites in West
Oakland, California — an urban community disproportionately affected by diesel BC emissions
associated with nearby port facilities and highways. We assess the reliability of the sensor
hardware and data collection systems, and identify major modes of failure to both quantify and
qualify the network’s performance. Overall, we successfully collected 84.0% of the 240,000
hourly BC concentration measurements desired (100 sampling sites x 2,400 hours), and the
widespread failure of the sensors’ miniature vacuum pumps was responsible for most missing
measurements. The hourly dataset is used to generate highly resolved BC maps throughout West
Oakland, demonstrating that concentrations vary sharply over short distances (~100 m) and
timespans (~1 hour), depending on surrounding land use, traffic patterns, and location relative to
prevailing winds. BC concentrations at each sampling site are highly repeatable over the diurnal
and weekly cycles, and periodic pollution trends are characterized throughout the neighborhood.
Using these general trends as a reference, unusually polluted locations are detected, and likely
emissions sources nearby are identified.

5.2 Introduction

Ambient particulate matter (PM) pollution is a major environmental health risk,
responsible for over 4 million premature deaths annually."*> Urban populations are particularly
affected. In 2010, premature deaths due to air pollution were about 50% more common in urban
than in rural settings, and this could increase to 90% by 2050 if urban populations and pollutant
concentrations both continue to grow at current rates.®

Although air pollution measurements are needed to address this health crisis, ground-
based air quality monitoring is generally sparse or completely lacking throughout the world.”>'>*
In even the most developed air quality monitoring networks, such as those operated in London
and Hong Kong, the spatial density of sampling sites is less than 1 per 10 km*.** In contrast,
primary air pollutant concentrations can fluctuate by an order of magnitude over distances of just
~0.1 to 1 km in urban settings.”***!>*!" Consequently, the pollution exposures of urban
community members may not be well described by the concentrations measured by traditional
air monitoring at central sites.”>*>'>®

New low-cost PM sensors that infer particle mass from a simple light scattering
measurement are emerging’*°', and together with inexpensive electrochemical sensors that
measure gaseous pollutants,’>>0>13213910 are peing deployed in urban air quality monitoring
networks that provide much greater spatial resolution and coverage than is attainable with
expensive regulatory-grade monitors.”>***1*%!>* However, there is a gap in the market for low-
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cost sensors that discriminate among the components of PM. With this in mind, Caubel et al.
developed the Aerosol Black Carbon Detector (ABCD).'®" Black carbon (BC) is an important
component of PM emitted during the incomplete combustion of biomass and fossil fuels (e.g.,
diesel engines) that is strongly linked to adverse health impacts.>*¢6>6772153122 BC 5 also a
short-lived but potent climate forcer.>”>'*® Thus, a low-cost BC sensor would be a valuable
addition to emerging sensor networks for monitoring combustion emissions and quantifying their
impact on human health and the environment.®7%7%13

This chapter presents the 100x100 BC Network, a deployment of ABCDs across 100
sampling sites in West Oakland, California, for a period of 100 days (from May 19 to August 27,
2017). In partnership with several community organizations, residents and businesses were
recruited to host ABCD units at 100 distinct sampling locations in the 15 km? neighborhood.'®
The resulting average network density of 6.7 sampling sites/km® was ~100 times greater than
that currently achieved by traditional regulatory networks.”*** Together, the networked sensors
generated a map of BC concentrations with high spatial and temporal resolution. This chapter
describes the operation and maintenance of the 100x100 BC Network, and presents major
spatiotemporal BC concentration trends observed during the campaign in West Oakland.

5.3 Materials and Methods

5.3.1 Aerosol Black Carbon Detector (ABCD)

Caubel et al. provide a thorough description of the ABCD’s operating principle, design
features, and measurement performance.'®" A brief overview is also presented here. The ABCD
is an aerosol photometer that continuously draws air through a white fibrous filter, measures the
rate of 880-nm radiation attenuated by BC accumulating on the filter, and computes the
corresponding BC mass concentration in the air. Housed in a compact weatherproof enclosure,
the ABCD incorporates a 2G cellular modem for wireless communication and draws power from
an onboard battery and photovoltaic (PV) panel (Figure D1). A key feature of the ABCD is a
software algorithm that diminishes the sensor’s temperature sensitivity, thereby increasing the
precision and accuracy of BC mass concentrations measured outdoors when ambient temperature
fluctuates.

For this study, we constructed 128 ABCDs to enable collocation at some of the 100 sites
and replacement in the event of sensor loss or damage. Prior to network deployment, all ABCDs
were operated outdoors at one of three validation sites (Figure D4). At each validation site, a
commercial BC monitor (Model AE33, Magee Scientific) was housed indoors, sampling outdoor
air through a dedicated conduit. ABCDs that agreed closely with the collocated AE33s were
certified for network deployment, while faulty sensors were repaired and returned to the
validation site. Collectively, the validated ABCD fleet demonstrated an average precision and
accuracy, expressed in terms of mean absolute percentage error, of 8.5 = 0.7% relative to the
fleet average data and 26 + 1% relative to the AE33 data, respectively (fleet-average = 90%
confidence interval). A thorough overview of the fleet’s validation and measurement
performance is provided in Appendix D.

5.3.2 Network Deployment in West Oakland, California

West Oakland is a mixed residential/industrial neighborhood in the San Francisco Bay
Area that is adjacent to regional port and rail yard facilities and surrounded by major highways.
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As such, the air quality in this community of 42,000 residents is influenced by BC emissions
from heavy-duty diesel trucks, locomotives, and marine vessels.'®"® In partnership with the
Environmental Defense Fund (EDF), the Bay Area Air Quality Management District
(BAAQMD), the Port of Oakland, and the West Oakland Environmental Indicators Project
(WOEIP), 55 West Oakland residents, 19 local businesses, and 8 community organizations (such
as schools) were recruited to host ABCDs. Hosts were provided with a $50 gift card for each
month of their participation. We also located sensors along a main road on the Port of Oakland
boundary and at two BAAQMD air monitoring stations. All sampling sites are shown in Figure
25 and categorized by host type on the map in Figure D3.

Most ABCDs were zip-tied to accessible fences, porches, or trees on the front, street-
facing side of residences and businesses, approximately 1.5m above the ground (e.g., head
height). Mounting sites were chosen to maximize the insolation of the sensor’s PV panel — facing
south, and away from shaded areas whenever possible. Seven hosts provided access to an
outdoor power outlet, allowing those sensors to be plugged in. At 12 network sites (Figure D4),
ABCDs were collocated in pairs, and each sensor in the pair set to different sample flow rate.
The collocation data was used to verify the sensors’ precision and allowed for the investigation
of BC measurement artifacts (discussed below). At the three field validation sites mentioned
above, we collocated two ABCD pairs (four sensors total) with the commercial BC monitor.
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Figure 25. (a) Map of West Oakland indicating the location of all sampling sites in the 100x100
BC Network in relation to designated truck routes, freeways, and streets where truck traffic is
prohibited (as provided by the City of Oakland). A wind rose of hourly wind direction and
velocity measured at the BAAQMD monitoring station (site 3) during the 100-day study is also
shown. Pictures of ABCDs deployed at: (b) a residential collocation site, (c) a traffic intersection,
(d) an upwind site near the San Francisco Bay. (e) Screenshot of sensor status map from the
network maintenance website, as accessed on a mobile device in the field.

5.3.3 Data Transmission, Management and Analysis

Every hour, each ABCD in the 100x100 BC Network wirelessly transmitted sixty 1-
minute average BC concentration values to an online database purpose-built for this study.
Onboard SD cards from each ABCD were also collected regularly and the data was uploaded to
the online database. The SD card data, recorded at a measurement rate of 0.5 Hz, was averaged
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down to a 1-minute time base and combined with the data collected wirelessly. During periods
when redundant data was collected, SD card data was retained and wireless data was discarded.
This combined dataset, containing ~15 million lines of 1-minute data, was filtered
programmatically to remove erroneous or inaccurate BC mass concentrations recorded by
sensors suffering from pump failures, excessively loaded filters, or other technical issues. The
filtered dataset was then manually inspected using a custom Graphical User Interface (GUI) to
remove any remaining erroneous measurements and validate the programmatic filtering. After
manual inspection, BC data was corrected for a filter loading artifact,'®*'®” and errors in sample
flow rate measurements. The corrected 1-minute data was averaged down to an hourly time base
using a 90% data retention threshold, and so hourly averages calculated using < 54 1-minute
measurements were discarded. BC concentrations measured simultaneously by collocated ABCD
units were averaged, such that there is a single BC time series for each sampling site in the
network. The resulting dataset consists of up to 240,000 hourly BC mass concentration
measurements collected at 100 sampling sites over 2400 hours (100 days). This hourly dataset is
used for all analyses presented in this study. A more detailed overview of the programmatic
filtering, GUI, and data corrections is provided in Appendix D.

5.3.4 Network Operation and Maintenance

The study team maintained the ABCDs with the aid of a custom-made website that
displayed near real-time diagnostics from all sensors in the network and issued alerts on an
interactive map (Figure 25(e)), such as low battery voltage or high filter loading. Routine
maintenance included replacement of fibrous filters and downloading SD card data. High filter
loading alerts were issued when optical attenuation exceeded a value of 80 (relative to a clean-
filter value of 0), consistent with common practice.'®*'®” The required frequency of filter
replacement was twice a week for sensors located along busy truck routes and once every 1-2
weeks for sensors in residential areas. In most cases, PV panels fully recharged the onboard
batteries every day. At a few locations, insufficient solar insolation or theft of PV panels required
that discharged batteries be replaced on a weekly basis. Additionally, field maintenance included
sensor flow rate verification and recalibration, performed using a primary standard air flow
calibrator (Gilian, Gilibrator-2). Many ABCDs required repair during the study, as discussed
below. Following maintenance, team members used the website to catalog activity notes and
reactivate the sensors for normal sampling.

5.3.5 Network Site Categorization

To analyze BC concentration trends in the context of surrounding land use and location
relative to prevailing winds, most sampling sites are classified into six distinct location
categories: (1) Upwind, (2) Residential, (3) Industrial, (4) Near Highway, (5) Truck Route, and
(6) Port, as shown in Figure 26. Since winds predominantly come from the west (Figure 25), the
3 western-most sampling sites in the network are assigned to the upwind category. Similarly, 8
sites located on/near Maritime Street are assigned to the Port category. Of the 100 sites in the
network, 88 were located within the West Oakland neighborhood, the area bounded area on all
sides by freeways in Figure 25(a). Using a map of West Oakland’s land use designations (Figure
D13), 27 sites were categorized as residential, 8 were categorized as industrial, 10 were
identified within 50 meters of designated truck routes, and 11 were identified within 150 meters
of freeways (Figure 25). In total, 68 sampling sites were assigned to represent the 6 location

52



categories. Other sites in the network remain uncategorized because they did not meet any of the
individual criteria detailed above. Additional details on site categorization are provided in
Appendix D.
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Figure 26. 100x100 BC Network sites assigned to each of the six location categories: (1)
Upwind, (2) Residential, (3) Industrial, (4) Near Highway, (5) Truck Route, and (6) Port. The
location of the BAAQMD’s regulatory monitoring station (site 3) in West Oakland is also shown.

5.4 Results And Discussion

5.4.1 Network and Sensor Performance

The network data collection performance over the 100 days is illustrated in Figure 27.
84.0% of the possible 240,000 hourly BC concentration measurements were successfully
collected and validated. The inability to continuously deploy working sensors at all 100 sampling
sites was the greatest single cause of data loss (6.7%). Sites were increasingly left unmonitored
over the 100 days (Figure D15), mostly because nearly half of the sensors’ miniature vacuum
pumps failed and could not all be readily replaced. Whereas only 1 sampling site was left
unmonitored on the first day of the network (May 20), over 30 sampling sites were left
unmonitored by the end of the deployment period (August 27). The high rate of pump failure is
likely due to operation past the 3000-hour rating and/or outside the recommended temperature
range (10 to 30°C). Other sensor components, such as flow sensors and control boards, failed
much less frequently than the pumps. However, the lack of replacement pumps was not
responsible for all incomplete site deployments. For instance, one site (99) was left unmonitored
for the last 70 days of the campaign because the residential host dropped out of the study, and
two sites (72 and 100) were discarded from the network following the theft of several sensors
(Figure D14).
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Figure 27. Network data collection performance, shown as the fractions of hourly BC mass
concentration measurements collected, lost, or discarded over the 100-day campaign. All
percentages are evaluated relative to the 240,000 hourly-average BC measurements ideally
generated by 100 sampling sites over 100 days (2400 hours).

A small amount of data (2.8%) was lost to technical errors preventing sensors deployed
in the network from measuring or recording BC mass concentrations. Missing measurements
were often the result of hardware failures (e.g. inadvertent disconnection of electrical
components) or sensors losing power as inclement weather or poor sensor placement inhibited
proper PV panel insolation. Furthermore, some BC measurements were neither wirelessly
transmitted nor collected from the SD cards, as some sampling sites had poor cellular reception
and the corresponding SD cards were accidentally overwritten.

Using programmatic filtering, inaccurate or invalid BC mass concentration measurements
were detected and removed from the dataset. Sample flow rate measurements deviating from the
nominal set point by >3 cc min” were detected in 1.8% of the hourly dataset, with pump failures
responsible for most flow rate errors. Less than 1% of hourly BC mass concentrations were
measured with excessively loaded aerosol filters (optical attenuation > 100) and discarded. The
programmatic data filter was also configured to detect additional sensor errors like loss of digital
communication with the optical cell and instances of multiple errors, while the GUI was used to
manually remove any remaining invalid measurements that were not detected programmatically.
For example, nearly half of the data from site 76 was manually discarded because the ABCD’s
inlet tubing was accidentally disconnected and air was not drawn through the optical cell;
otherwise the sensor was operating nominally, so no errors were detected programmatically.
Collectively, these remaining faults affected 4% of the hourly measurements.

Since collocated ABCD measurements are averaged to yield a single BC time series at
each site, the data collection rate was very high for the network’s 12 collocation sites. At each of
the three validation sites (1, 2, and 3) where four ABCDs were collocated, at least one sensor
was operating correctly for over 95 of the 100 days (Figure D14 and Figure D15).

5.4.2 Black Carbon Concentrations in West Oakland: Spatiotemporal Trends and Outliers
Diurnal and weekly patterns in BC concentrations at the 100 sampling sites varied

depending on surrounding land use, local traffic patterns, and prevailing wind direction, as
illustrated in Figure 28 and Figure 29. The lowest concentrations were measured at the 3 upwind
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sites (50, 87, and 96) located near the San Francisco Bay. Average evening concentrations at
these sites were as low as ~0.2 pg m™ and daytime concentrations approached 0.4 pg m™. All
other category-averaged BC concentrations were higher. Thus, these upwind concentrations
represent the regional background on top of which dynamic, local emission sources build.
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Figure 28. BC concentration trends at the six location categories: (a) Hourly-average BC
concentrations over the diurnal cycle, (b) Daily-average concentrations over the weekly cycle.
Bold lines represent the mean of hourly- or daily-average BC concentrations measured at all sites
assigned to each location category and shaded areas representing the corresponding 90%
confidence intervals. Average BC concentrations are also shown for the West Oakland
neighborhood as a whole. The number of sites assigned to each category (N) is provided in the
legend. Plot generation details are provided in Appendix D.
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Figure 29. BC concentrations in West Oakland over the 100-day sampling campaign: (a)
Hourly-average BC distributions measured at 00:00, 8:00 and 18:00; (b) Daily-average
distributions measured on Sunday, Wednesday, and Friday. Some sampling sites were shifted
slightly from their true geographical location to ensure that all BC concentration markers are
clearly visible.

BC concentrations were highest and most variable along Maritime Street in the Port of
Oakland, where ABCDs were located a few meters away from heavy-duty diesel trucks
accessing Port terminals. Truck traffic volume on this road is high, with ~7,300 trucks transiting
through the Port on an average weekday.'® BC concentrations in the Port were 200 + 10%
higher than those measured at the upwind sites (mean difference of category-average
concentrations measured at each hour of the 100-day campaign = 90% confidence interval). The
Port-category BC concentrations varied in accordance with business operations. Hourly BC
concentrations were lowest at 3:00 (0.55 + 0.04 ug m™) when terminals were usually closed,
peaked as terminal gates opened around 8:00 (1.23 + 0.06 pug m™), and gradually decreased to a
daytime minimum at 17:00 upon closing of the dayshifts.'®"'"® Accordingly, Shah et al.’s mobile
monitor shows that the primary fraction of organic aerosols in the Port of Oakland is ~20% at
8:00 and increases to > 40% from 11:00 to 17:00, as local daytime emissions build on top of the
nighttime background.!”' Similarly, daily-average concentrations were about twice as high on
Monday (1.00 + 0.03 pg m™) than on Saturday and Sunday (~0.53 + 0.02 ug m™). From 19:00 to
1:00, elevated BC concentrations ranging from 0.70 + 0.09 to 1.3 + 0.2 pg m™ were recorded
along three and four lane sections of Maritime Street (sampling sites 90, 92, 94, and 95), as a
result of truck activity associated with some terminals’ nighttime shifts. BC concentrations
during the nighttime shift were higher at sites located along the multilane section of Maritime
Street, where trucks were observed to park (Figure D16), than at other sections of the same street
(< 0.7 pg m™) where trucks cannot park (sites 88, 89, 91, and 93, Figure D17). Although total
port-related truck activity levels are likely much lower at night than in the daytime, wind speeds
and atmospheric mixing heights are also lower and may also contribute to the elevated evening
concentrations (Figure D18).
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In the West Oakland community, hourly BC concentrations measured at residential sites
were 29.1 £ 0.6% and 9.7 + 0.9% lower than those measured near designated truck routes and
highways, respectively, and 67 + 5% greater than those measured at the three upwind sites. It is
estimated that ~7,200 diesel trucks operate on the neighborhood’s designated routes on an
average weekday, roughly half of which are associated with the Port of Oakland.'®® BC
concentrations measured near designated truck routes were 150 + 10% greater than those
measured upwind, and generally mirror the diurnal and weekly patterns observed at the Port.
However, concentrations measured along designated truck routes increased only slightly from
18:00 to 21:00, while Port concentrations rose sharply. After 21:00, nighttime BC concentrations
measured near most truck routes and industrial sites were similar to those measured in residential
areas nearby, indicating that most local commercial/industrial activity subsided. Outside the
West Oakland community, elevated evening concentrations persisted at site 52, located on a
designated truck route near [-880 and a major Port entrance, and site 1, directly downwind of I-
880. These indicate that nighttime truck traffic is mainly restricted to the highway and nearby
Port access corridors, and generally avoids designated routes in the neighborhood.'®

Neighborhood concentrations at most sites decreased overnight and reached a diurnal
minimum at 3:00 (Figure 28). In the absence of nighttime emission sources, a smooth gradient of
decreasing BC concentrations from the southwest to the northeast of the neighborhood was
observed, in the downwind direction from I-880 and the Port. Site 84 stands out as one location
within the freeway-bounded neighborhood where middle-of-the-night concentrations were
unusually elevated (Figure 29(b)). BC concentrations at this site did not follow the generally
observed diurnal and weekly trends. Rather, concentrations were higher at night than during the
day, and daily-average BC concentrations only decreased by ~10% over the weekend, as
opposed the > 40% decrease typically measured at other neighborhood sites (Figure 30).
Furthermore, BC concentrations at this site were 120 = 20% greater than those measured at
nearby site 100, although it was located 150 meters further from 1-880 (mean difference of
hourly site concentrations measured over the 100-day campaign = 90% confidence interval).
This hyperlocal elevation in BC concentrations can most likely be attributed to activity at a
trucking company directly across the street (Figure D19), where residents noted the presence of
refrigerated trucks that park overnight and power their refrigeration units using auxiliary diesel
(‘reefer’) engines. Goods may need to be refrigerated over the weekend, resulting in the
consistently high BC concentrations observed throughout the week.

In the morning, hourly-average BC concentrations rise sharply throughout West Oakland,
usually reaching a diurnal maximum during the rush hour at 8:00 (Figure 28). Strong spatial
gradients in daytime concentrations were observed along streets where trucks are permitted,
particularly near major intersections or access points to the Port and surrounding highways. For
example, sites 52 and 72 are < 500 m apart on the same designated truck route (3" Street), but
concentrations were 60 = 2% higher at site 52 because it was located on a busy four-way
intersection near a major Port entrance and access ramps to 1-880. Similarly, BC concentrations
measured from 7:00 to 19:00 at site 77 on a busy truck route intersection were 180 + 20% greater
than that measured on a residential street ~75 m away (site 17). After the ABCD at industrial site
70 was stolen from a fence ~2.5 m from Mandela Parkway, the replacement sensor was mounted
only 25 m away (~20 m from the roadway) and recorded BC concentrations that were 28 + 4%
lower (Figure D21 and Figure D22). Elevated concentrations measured near highways also
decay sharply over short distances — Sampling sites 20 and 21 were located only ~200 m apart on
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the same residential street downwind of 1-880, but daytime BC concentrations were 30 + 6%
higher at the site closest to the highway (site 20).

In contrast to these examples, BC concentrations in areas where truck traffic is prohibited
are usually lower and more uniform. For example, sites 78 and 79 are located along Adeline
Street, an arterial road where trucks are not allowed, and daytime-average concentrations were
identical (0.57 + 0.02 pg m™, the average + 90% confidence interval of all hourly measurements
collected from 7:00 to 19:00 at each site). One notable exception is industrial site 26, where
average BC concentrations were 130 = 20% greater than that measured < 100 m away at site 75,
although both sites were on the same residential street where trucks are not permitted. These
elevated BC concentrations follow a diurnal pattern consistent with normal business hours
(Figure 30), and so are likely the result of emissions from industrial processes (e.g., smelting)
and truck traffic associated with a metals recycling plant located ~100 m upwind of site 26
(Figure D20).'7
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Figure 30. Average BC concentration trends in the West Oakland neighborhood, at the
BAAQMD regulatory monitoring location (site 3), and two sites that stand out amongst the
others: (a) Hourly-average BC concentrations over the diurnal cycle, (b) Daily-average
concentrations over the weekly cycle. Bold lines represent the mean of hourly- or daily-average
BC concentrations measured at each site or set of sites, with shaded areas representing the
corresponding 90% confidence intervals. Site ID numbers and the number of sampling sites in
the neighborhood (N) are indicated in the legend.

5.4.3 Air Quality Monitoring Networks: Lessons Learned and Future Work

The spatiotemporal variability of BC concentrations measured by the 100x100 BC
Network in West Oakland (Figure 28 and Figure 29) illustrates the high spatial density of fixed-
location monitors required to accurately capture the heterogeneous air pollution distributions
typical of urban settings. Especially for primary air pollutants, it is not surprising that a single
monitor cannot tell the whole story: BC concentrations at site 3 — which is collocated with the
local air district’s sole monitoring station in West Oakland — are 30 £ 1% lower than those
measured < 400 m away at site 77, located < 5 m downwind of a busy truck route intersection.
The sharp decay in BC concentrations often observed over distances of 100 m or less
demonstrate that sensors must be very close to combustion sources to quantify their influence on
local air quality.

Even with inexpensive sensors, the cost of dense monitoring networks can build quickly,
especially the effort related to data management, quality assurance, and interpretation. However,
the diurnal and weekly BC concentration cycles tend to be highly repeatable, suggesting that
long-term deployments may not be necessary to characterize periodic patterns. Figure D23 and

58



Figure D24 show that 2 to 4 weeks of continuous BC concentration measurements are sufficient
to calculate hourly- and daily-average values very similar to those derived over ~14 weeks.
These results suggest that a deployment of fewer sensors for shorter durations (several weeks)
might be equally informative if the sensors were regularly repositioned to new sampling sites.
However, it should be noted that since BC concentration levels are highly seasonal,'”” the trends
observed here strictly apply to the summertime in West Oakland.

Air quality monitoring with mobile sampling platforms is a complementary approach that
offers greater spatial resolution but less temporal coverage.’*'® Apte et al. mapped
concentrations of BC and other pollutants in West Oakland using cars equipped with air quality
monitoring equipment.'>> Similar to our study, they find high spatial variation in BC
concentrations and identify the area around site 26 (the metals recycling plant) as a ‘hotspot’
where BC concentrations are particularly elevated. However, the mobile platforms didn’t operate
at night and on weekends and, therefore, did not produce diurnal or weekly trends nor reveal
unusually elevated evening BC concentrations, such as that associated with truck refrigeration
activity at site 84. This lack of temporal coverage is worrisome, as Figure 28 illustrates that BC
concentrations at the 6 location categories in West Oakland fluctuate by 75% to 120% over the
diurnal cycle, while daily concentrations vary by 50% to 90% during the week.

Analytical methods, such as land use regression (LUR) models, are being developed to
extrapolate highly resolved pollution distributions from sparse datasets.****!”” Nevertheless,
these analytical methods cannot account for the systematic loss of data over certain time periods
(e.g. nighttime) or geographical locations. Therefore, time-continuous air pollution records from
distributed networks of low-cost sensors should be combined with spatially-resolved mobile
measurements, effectively leveraging the advantages of each approach to produce more
comprehensive and representative datasets that can be better analyzed using LUR and other
models.'”*'* Using a versatile portfolio of complementary monitoring and modeling methods, it
will be practical and economical to describe air pollution more granularly than ever before, and
leverage the insights to mitigate the severe health impacts resulting from air pollution exposure.
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Chapter 6 — Conclusion
6.1 Summary of Major Findings

Traditional approaches to air quality management are ill-suited to mitigating emissions
from today’s deadliest polluters, and monitoring air quality in a rapidly urbanizing world. A new
generation of technologies and policies is emerging to address the growing health threat posed by
air pollution, and this dissertation contributes to this effort. Harmful emissions from biomass
cooking fuels are the world’s greatest environmental health risk, and yet scientific research on
the development of clean biomass cooking technologies remains scarce. Using the MOD stove,
my dissertation attempts to fill this gap in the scientific literature. To the best of my knowledge,
the MOD stove is the first continually fed, wood-burning cookstove to reduce mass emissions of
CO, PM; s, and BC by 90% relative to a traditional cooking fire. The study demonstrates that
wood combustion is highly sensitive to key secondary air injection design parameters, such as
the location and arrangement of the secondary air jets in the combustion chamber. As a result, an
experimental optimization procedure is developed to identify and validate cookstove designs that
are both clean and efficient. Using the experimental data, crucial secondary air injection design
principles are illustrated and explained, so they can be applied to the development of future
cookstoves. Although the MOD stove significantly reduces the total mass of PM,s emitted
during cooking, size-resolved PM; s measurements reveal that more ultra-fine particles (UFPs)
are generated (relative to a traditional cooking fire). UFPs are particularly harmful to the human
respiratory system, and so adverse health impacts could potentially persist despite the reduction
in PM, 5 mass emissions.

Though the MOD stove effectively demonstrates that secondary air injection can
significantly reduce emissions from a wood-burning cookstove in the laboratory, it is an
experimental platform wholly unsuited for mass production or deployment. Using an updated
MOD stove design, I characterize the practical secondary air injection design requirements (e.g.,
flow rate, pressure, and temperature) to achieve > 90% emissions reductions. With this
experimental performance data, I identify inexpensive (<$10) miniature fans and blowers that
meet the MOD stove’s secondary flow rate and pressure requirements. However, only 2% of
over 1000 models investigated meet all performance requirements, illustrating the importance of
conducting thorough experimental characterization prior to engineering system components. |
also show that these fans and blowers can be powered using low-cost thermoelectric modules
mounted to the side of the stove. In this way, the study demonstrates the availability of low cost
hardware capable of driving a stand-alone (independently powered) secondary air injection
system that practically and effectively reduces harmful smoke emissions, while also improving
cooking performance.

While emission reduction technologies like the MOD stove are critical to improving
global air quality, their implementation should be informed, focused, and validated using
accurate measurements of ambient air pollution concentrations. Distributed networks of low-cost
sensors are emerging to address the lack spatial coverage and resolution associated with
traditional air quality monitoring techniques, but no low-cost sensors are currently available to
monitor BC, an important component of combustion PM pollutant closely linked to adverse
health and environmental impacts. In order to fill this space in the field, I designed and
developed the ABCD: the first low-cost BC sensor specifically intended for long-term outdoor
deployments in spatially dense, wireless sensor networks.
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A fleet of over 100 ABCDs was operated outdoors, and their measurement performance
was comparable to that of a commercial BC monitor collocated inside a regulatory air quality
monitoring station. The fleet-average precision and accuracy, expressed in terms of mean
absolute percentage error, are 9.2 + 0.8% (relative to the fleet average data) and 24.6 + 0.9%
(relative to the commercial BC monitor), respectively (fleet-average + 90% confidence interval).
The validation study demonstrates that the ABCD’s unique temperature compensation algorithm
and hardware features provide regulatory-grade BC mass concentration measurements in tough
operational conditions that debilitate existing instruments.

The validated fleet of ABCDs was deployed to 100 sampling sites throughout West
Oakland, California. This air quality network, dubbed the 100x100 BC Network, is likely the
most extensive and spatially dense fixed-site monitoring effort ever undertaken. The distributed
fleet of sensors successfully collected 84.0% of the 240,000 hourly-average BC concentration
measurements ideally generated at 100 sampling sites over 100 days (2,400 hours). Most missing
data resulted from the widespread failure of the sensors’ vacuum pumps, while all other
hardware and data collection methods proved to be extremely reliable. The sensor network
shows that BC concentrations in West Oakland vary greatly over short distances and timespans,
and are strongly dependent on surrounding land use, traffic patterns, and location relative to
prevailing winds. For example, average BC concentrations are highest in the Port of Oakland,
largely as a result of diesel emissions from heavy truck traffic nearby. Using these general trends
as a reference, sampling sites were detected with unusually elevated BC concentrations. By
analyzing diurnal and weekly concentration trends at these sites, I identify likely polluters nearby.
For instance, I show that high nighttime concentrations near a neighborhood park are likely the
result of refrigerated trucks parked and idling at a facility across the street. In this way, the
100x100 BC Network demonstrates the value of distributed networks of low-cost sensors at
fixed monitoring sites to accurately characterize urban air pollution trends, and provide
actionable information to identify and mitigate local polluters.

As a whole, the BC concentration maps suggest that a minimum spatial resolution of
around 100 m is required to completely capture dynamic BC concentration gradients typical of
urban environments like West Oakland. However, the collection of continuous pollution records
with this degree of spatial resolution may be redundant over long periods, as BC concentrations
at each sampling site tend to follow highly repeatable, periodic trends over the diurnal and
weekly cycles. At selected sites, it was shown that 2 to 4 weeks of continuous BC concentration
measurements are sufficient to derive hourly- and daily-average trends very similar to those
resulting from the entire ~14 weeks of continuous monitoring. These types of practical
observations gleaned from the 100x100 BC Network will help to inform and improve the design
and development of future air quality monitoring efforts.

6.2 Future Research

Although both the MOD stove and the ABCD have been thoroughly validated, the impact
of these technologies is ultimately dependent on their widespread utilization and integration
within existing efforts to address the adverse health and environmental impacts outcomes
associated with air pollution. Below, [ outline the next phases of development and
implementation.
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6.2.1 Modular Secondary Air Injection Cookstove Platform

Though the MOD stove reduces PM; s mass emissions by 90% relative to a traditional
cooking fire, the generation of UFPs persists and must be mitigated. Future studies of secondary
air injection in wood-burning cookstoves should investigate the chemical composition of these
UFPs using an aerosol mass spectrometer or other analytical methods. Using this speciation data,
it will be possible to better identify and actively target the physical mechanisms responsible for
UFP formation. For example, past research has shown that particulate emissions from biomass
stoves with secondary air injection stoves are largely inorganic, consisting of salts and heavy
metals that volatilize from the fuel bed and nucleate into particles as the volatile vapors cool in
the exhaust.””**7*% In order to impede this formation pathway, methods should be developed to
cool the fuel bed below the volatilization threshold of inorganic species, while simultaneously
maintaining sufficient combustion temperatures to ensure complete oxidation of the gas-phase
fuel. In this way, information on the chemical composition of UFPs can be effectively leveraged
to enable further emission reductions.

The second design iteration of the MOD stove shows that low-cost hardware is available
to meet the secondary air injection flow requirements, but does not actually implement or
validate this hardware experimentally. The next logical step in the MOD stove’s development is
to integrate a low-cost blower and thermoelectric generator that independently drive the
secondary air injection flow needed to achieve > 90% emission reductions relative to a
traditional cooking fire. This next iteration of the MOD stove design should remain modular,
such that different combinations of blowers and thermoelectric generators can be characterized
rapidly, and an optimal configuration determined. By integrating this hardware and validating its
operation experimentally, the MOD stove will be a robust, stand-alone device that can be
practically adopted in the field.

Though it is crucial to properly validate clean cooking technologies in the laboratory, the
mitigation of health impacts is ultimately contingent on households’ willingness to welcome
these technologies into their homes and kitchens. Many clean cookstoves have been designed
and distributed, but studies show that they often aren’t widely adopted in the long term.'*'"'
Cooking styles and fuel preferences vary widely around the world, and so cookstoves that may
have proven popular in one region, can be rejected in another. Another common problem with
cookstove adoption is ‘stacking’, wherein households use the clean cooking technology in
conjunction with a traditional fire, and so harmful smoke exposure does not diminish.'**'** With
the MOD stove’s emissions reduction technology fully developed and validated, implementation
studies should be conducted to identify communities whose cooking needs are fully met by the
MOD stove’s fundamental design architecture. For example, regions where firewood is scarce
would not be appropriate. Similarly, regions where local cuisine is not primarily dependent on
cooking pots, such as Central American countries where flat-topped ‘plancha’ stoves are
prevalent, should also be excluded from consideration. With appropriate target communities
identified, user-centric design studies should be conducted to determine whether stove
modifications could significantly improve adoption. '*'*® For example, the MOD stove should
be adapted to better accommodate local pots and cookware. Since the MOD stove was originally
derived from the Berkeley Darfur Stove (BDS), it currently accommodates the same round-
bottomed, Darfuri-style pot, which is unlikely to be culturally appropriate in other regions.

During the initial distribution process, quantifiable measures of the cookstove’s adoption
and health impacts should be collected, as user surveys are often skewed by courtesy bias and
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other factors."®*'®” For example, stove-use monitors are now increasingly emerging to directly
measure the frequency and duration of cooking with improved technologies. Furthermore, the
ABCD and other low-cost air quality sensors should also be deployed to accurately quantify any
potential improvements in air quality, and help determine whether traditional cookstove use
persists.'"*”'® By integrating sensor data and direct feedback from local stakeholders into the
design and dissemination process, an iterative and interactive design loop is established to help
ensure that clean cooking technologies developed in the laboratory can more effectively meet the
cultural and practical expectations of host communities who currently suffer from chronic smoke
inhalation in their homes. Only once adoption and integration have been firmly established
should a cookstove design be finalized and mass-produced for widespread distribution in the
target community for which it has been optimized.

6.2.2 Aerosol Black Carbon Detector

Though the 100x100 Network demonstrated the ABCD’s core ability to gather accurate
BC measurements over long-term outdoor deployments, it also revealed several major
weaknesses in the sensor hardware and network maintenance methods. The ABCDs’ rotary vane
pumps were the primary cause of hardware failure, and so other devices should be investigated to
draw a continuous sample flow of air through the instrument. Of particular interest are miniature
piezoelectric blowers currently emerging on the market."”® Piezoelectric blowers have very few
moving parts, and so may prove to be more durable than traditional diaphragm or rotary vane
pumps. Furthermore, they are extremely small, inexpensive, and power efficient, and so are
ideally suited for incorporation into compact, low-cost platforms for air quality monitoring.

The current ABCD design is also not well suited to mass manufacturing, as it consists of
many disparate components that must be painstakingly assembled by hand. For example, the
assembly of 127 ABCDs took our 100x100 Network team (of six people) over four weeks to
complete. Furthermore, separate ABCD components are connected together using electrical
wires and rubber tubes that were prone to failure or malfunction. Future versions of the sensor
should incorporate all components onto a single printed-circuit board (PCB) that can be
inexpensively produced in large numbers, and easily mounted in a weatherproof casing with
minimal assembly. Wherever possible, the instrument’s manifold (which guides the flow of
sample air through the various sensor components) should be mated directly to the monolithic
PCB, thereby reducing the need for tubing.

Currently, the ABCD’s sample filter must be replaced manually when it becomes
excessively loaded with BC. Across a network comprising over 100 individual sensors, periodic
filter replacement proved to a very labor-intensive task throughout the 100x100 Network
deployment. While most sensors in the network required filter replacement every week or so,
sensors in highly polluted areas usually required filter replacements every few days, further
exasperating the maintenance load. As a result, future versions of the ABCD should incorporate
a mechanism to replace or rejuvenate the fibrous filter automatically. The ABCD’s optical cell
has a symmetrical design that can be exploited for this purpose: after passing through the sample
filter, where BC collects, the particle-free flow of air passes through an identical reference filter.
Using a simple software adjustment to account for the reversal, the optical cell can effectively
operate with air flowing in either direction. Therefore, when the sample filter becomes
excessively loaded with BC, the flow of air can be reversed, such that the clean reference filter
now becomes the sample (collecting ambient BC), and the loaded filter becomes the reference.
This feature has been validated experimentally, and effectively doubles the operational lifetime
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of the ABCD. To further minimize maintenance, many existing BC instruments incorporate a
reel of clean filter material that automatically cycles through the instrument’s optical head when
excessive loading is detected. In order to enable practical and economical monitoring across
hundreds or thousands of sensor nodes, future versions of the ABCD should incorporate features
that enable continuous operation for several months without maintenance.

While BC is useful for monitoring combustion emissions, other critical air pollutants
should also be measured concurrently to provide a more complete picture of air quality. For
example, it would be straightforward to incorporate electrochemical gas sensors in the ABCD’s
sample flow path to measure the concentrations of ozone, carbon monoxide, and other gaseous
pollutants. Similarly, the integration of a light-scattering PM sensor would be beneficial.
Different combinations of air quality sensors could be tailored to specific applications — a carbon
monoxide sensor may be valuable for measuring indoor air quality, but not worth the additional
cost when operating outdoors. In addition, the integration of multiple air quality sensors could
enhance the measurement of each individual species. For instance, it may be possible to adjust
the light scattering PM sensor’s calibration factor (e.g., the assumed index of refraction) based
on BC concentrations measured simultaneously.

The data collected by the 100x100 Network suggests that average diurnal and weekly BC
concentration trends at each sampling site can be determined from only 2 to 4 weeks of
continuous data collection. As a result, stationary pollution sensors could be deployed to
sampling sites for short periods (several weeks) and regularly moved throughout the monitored
area, thereby increasing the spatial density of periodic concentration trends without requiring
additional sensors. Furthermore, areas with unusually elevated BC concentrations can be
identified and better studied by re-deploying sensors from less polluted sectors of the network to
sampling sites located near likely emissions sources. For future studies to implement this semi-
mobile monitoring approach, a more rigorous analysis is needed to determine the minimum site
deployment required to accurately characterize local pollution trends at the desired timescale.
For example, it should be noted that pollution concentrations usually fluctuate seasonally over
the course of the year. For example, BC concentrations in Oakland are much higher during the
winter than the summer.'” Therefore, diurnal and weekly trends must be determined using
measurements collected throughout the year so as to capture these seasonal fluctuations. The
trends presented in this dissertation only apply to the summer months during which the data was
collected. If monthly or annual concentration trends are desired, it is likely that a semi-mobile
monitoring approach would be inappropriate, as the discontinuous measurements collected might
obscure or skew long-term pollution patterns at each location.

The BC concentration maps in West Oakland demonstrate that a spatial resolution of
~100 m is needed completely capture BC concentration gradients in urban environments.
However, the number of sensors and sampling sites needed to establish monitoring networks
with this degree of spatial density is likely to remain prohibitively expensive and impractical.
Mobile monitoring platforms, usually consisting of automobiles outfitted with air quality
instruments, provide measurements with a spatial resolution on the order of 10 m over large
geographical areas. However, they only record pollution concentrations during the discrete
instances when they pass by a given geographical location, and so temporal coverage is
lacking."”>'™ Satellites provide unparalleled spatial coverage at low resolution (>1 km), and
temporal resolution suffers as they typically only pass over a given location once a day. *7%!"!
In this way, existing monitoring methods each present a distinct set of advantages and
disadvantages.
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Analytical methods, such as land use regression (LUR) models, are increasingly being
developed to extrapolate highly resolved air pollution distributions from sparse datasets.****!"’
However, these analytical methods cannot account for the systematic loss of data over certain
time periods (e.g. nighttime) or locations. Therefore, time-continuous pollution record from
distributed networks of low-cost sensors should be combined with spatially resolved and
extensive measurements collected by mobile monitors and satellites, effectively leveraging the
advantages of each approach to produce a more comprehensive and representative dataset that
can be further analyzed using LUR or other models.'”'” In order to expand and improve air
quality monitoring throughout the world, it is critical that regulatory agencies, governments, and
environmental organizations continue to diversify the portfolio of monitoring and modeling
methods at their disposal, and the ABCD is well equipped to play an integral role in this effort.
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Appendix A — Supporting Information: Experimental Optimization
of Secondary Air Injection in a Wood-Burning Cookstove

A1l — Materials and Methods

Al.1 Modular Stove (MOD)

The MOD stove, shown in Figure 1, is a continuously fed, wood-burning cookstove that
enables rapid, parametric adjustments of five critical air injection design features: (1) Pot height,
(2) Fuel grate height, (3) Size of the opening in the stove body for primary air entrainment
(known as the primary air intake), (4) Secondary air injection pattern (number and arrangement
of holes), and (5) Secondary air injection flow rate. Three bolts are mounted through a conical
potholder, as shown in Figure Al, to support the pot. Washers are placed under the bolts to
change the height of the pot relative to the throat opening in the stove.

P >
Figure Al. Three adjustable bolts that support the pot (left). Bolt height can be adjusted to

modulate the gap between the pot and stove (right).

The grate is mounted along a series of ‘tracks’ in the stove body, as shown in Figure A2.
These tracks allow the grate to be moved up and down relative to the air injection manifold.
After adjustment, the grate is secured at the height setting using a pipe clamp.
Wi 1

Tracks
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Figure A2. Grate tracks on MOD stove, allowing grate height to be easily adjusted.
The primary air intake consists of an opening located at the front of the stove body,

below the grate. The size of the primary intake is adjusted using a ring that rotates to allow the
size of the opening to be varied, as shown in Figure A3.

Primary Air Inlet

Figure A3. Primary air intake on the front of the MOD stove, with adjustable ring (mounted
using hose clamp)

A1.2 Experimental Setup

All experiments were conducted in the Lawrence Berkeley National Laboratory
cookstove research facility, schematically represented in Figure A4. With this laboratory system,
we have found that an air flow rate of 5660 LPM (200 CFM) through the duct is sufficient to
ensure complete capture of emissions at the hood, but also low enough that it does not induce
any drafting of the stove being tested. Two blowers in parallel are required to draw this
volumetric flow rate of air through the duct. The flow rate is set to 5660 LPM by adjusting the
blowers’ speed with a motor controller.

The duct system has an initial 3-m (10-foot) length of 254-mm (10-inch) diameter
ducting (known as the ‘dilution tunnel’) that is directly connected to the apex of the smoke hood
using a ninety-degree elbow with a 152-mm (6-inch) diameter. Three sampling probes,
constructed from flexible copper or stainless steel tubing of varying diameters, are mounted to
the dilution tunnel using an access panel located 2 m (80 inches) downstream of the hood. At the
nominal flow rate of 5660 LPM, the Reynolds number in the dilution tunnel is 3.9x104, well
within the turbulent regime. Assuming fully developed turbulent flow in a duct, the characteristic
mixing length of air in air is simply equal to the duct diameter.'”*'*® Therefore, the laboratory’s
dilution tunnel provides about 8 characteristic mixing lengths, ensuring that the flow is well
mixed prior to sampling by the instruments.

Sampling probes for gravimetric and real-time PM measurements are parallel to the
longitudinal axis of the dilution tunnel (with their openings facing directly into the flow), and
located on the horizontal plane at the center of the tunnel, offset by about 50 mm (2 inches) from
either side of the tunnel’s central axis. The sampling probe for gaseous emission measurements
is mounted behind the PM sampling probes, but not directly downstream. The gas sampling
probe extends about 100 mm (4 inches) into the duct and the opening is transverse to the flow (to
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reduce the amount of ash and debris that is aspirated). The mounting arrangement of the three
sampling probes in the duct is illustrated in Figure AS.

Differential
<] Blower (x2) Calibrated Iris % Pressure Lines
6 inches
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Figure A4. Schematic of cookstove testing facility at Lawrence Berkeley National Laboratory

TOP VIEW
DUCT FLOW Real Time PM
o Gaseous
Gravimetric PM
SIDE VIEW
DUCT FLOW
Real Time/Gravimetric PM
Gaseous

Figure AS. Schematic representation of instrument sampling probes (real time PM, gravimetric
PM and gaseous emissions measurements) in the exhaust duct’s dilution tunnel. Both top and

side views of the tunnel are provided.

Both PM probes sample exhaust from the duct isokinetically, such that the velocity of the
sample flow in the probes matches the velocity of the duct flow. Isokinetic sampling ensures that
particle distributions are not biased by changes in particle momentum imparted during sampling.
The exhaust flow velocity through the 254-mm (10-inch) duct at the nominal 5660 LPM (200
CFM) flow rate is 1.87 m/s. The gravimetric PM measurement system, shown in Figure A4,
samples at a constant 16.7 LPM using a probe with a 14-mm (0.55-inch) inner diameter,
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providing a sample flow velocity of 1.82 m/s that closely matches the nominal duct velocity. The
sample flow subsequently passes through a BGI Very Sharp Cut Cyclone (VSCC) with a
nominal cut point of 2.5 um prior to collection on a 47-mm filter. Filter flow rate is driven by a
vacuum pump and maintained at a constant 16.7 LPM using a critical orifice. In an effort to
reduce testing costs, Quartz filters (~$0.50 each) were used for exploratory and initial parametric
testing of the MOD stove, while PTFE-coated glass fiber filters (~$5.00 each) were used for final
replicate testing of optimized cookstove configurations. The filters are humidity conditioned and
weighed on a calibrated microbalance both before and after each test. The difference in the
filter’s mass before and after testing is used to calculate the total mass of PM; s emitted during
the test sequence.

Pollutant concentrations in the duct are typically an order of magnitude greater than the
ambient concentrations for which the real-time PM measurement instruments are designed.
Consequently, a secondary diluter was designed to reduce PM concentrations in the sampled
flow, while maintaining isokinetic sampling conditions. A detailed overview of the secondary
diluter’s operation is provided in Appendix AS5. The diluted flow passes through a cyclone with a
nominal cut point of 2.5 um prior to measurement by the TSI 3091 Fast Mobility Particle Sizer,
TSI 3321 Aerodynamic Particle Sizer and Magee Scientific AE-22 Aethalometer.

Moisture content of the fuel wood was measured using a Delmhorst J-2000 moisture
meter (calibrated using an oven-drying technique).'”* A thermocouple data logger was used to
measure water, duct, and ambient temperature. An Energy Conservatory Automated
Performance Testing system (APT-8) equipped with eight pressure sensors and a relative
humidity sensor was used to measure duct humidity, differential pressure between the room and
various locations in the exhaust duct, and differential pressure across the adjustable iris damper
in the exhaust duct for determining duct flow rate. Real time fuel consumption and water
evaporation were measured with an electronic platform scale (64 kg capacity and 0.1 g resolution)
and a small scale was used for measuring unburned wood, char, and water loss from boiling (6
kg capacity and 0.1 g resolution). During each experiment, all exhaust sample flows (gaseous
and aerosol) were periodically validated with a primary airflow calibrator (a Gilian Gilibrator
that meets National Institute for Occupational Safety and Health (NIOSH) accuracy
requirements).

At the beginning of each experiment day, all instruments were calibrated for offset using
ultra high purity (99.999%) nitrogen for gas analyzers and ultra-zero air for particle instruments.
The CAI-600 gas analyzer was also calibrated for span using 1000-ppm CO and 5000-ppm CO,
calibration gases, and room air for O, calibration (assuming a constant ambient concentration of
21.0%). At the end of each experiment day, calibration of the instruments was validated to
ensure accuracy.

A1.3 Cold Start Procedure

Cookstove performance and emissions are tested at a constant 5 kW firepower using the
cold start phase of the Water Boiling Test (WBT) 4.2.3.% The 5-KW firepower set point was
chosen because it represents the lowest achievable and maintainable firepower at which the TSF
successfully boils 5 L of water. Due to the inherent difficulty of tending a TSF, it should be
noted that the TSF’s firepower varies more than the engineered stoves’ firepower. For instance,
the 90% confidence intervals of the mean firepower maintained during 10 replicate TSF and
MOD stove tests are + 0.4 and = 0.06 KW, respectively.
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During testing, firepower is monitored in real time using CO, concentration
measurements from the duct. Since CO, is a primary product of combustion, CO; concentrations
in the duct are directly dependent on the stove’s firepower. The cookstove operator adjusts the
fuel feed rate to reach and maintain a constant CO, concentration of 3000 = 500 ppm, as this
correlates to a firepower of roughly 5 kW (under our laboratory conditions).

Prior to each cold start test, the pot is cleaned of soot, and the stove completely emptied
of char and ash. A fire is started in the stove using 15 g of pine shavings, and 60 g of Douglas Fir
kindling cut uniformly into 6 x 6 x 72-mm (0.25 x 0.25 x 3-inch) pieces. Throughout the test, the
stove is fueled using Douglas Fir wood cut into uniform 25 x 25 x 152-mm (1 x 1 x 6-inch)
pieces and allowed to dry to 7-9% moisture content on a wet basis. Following test completion,
the remaining water, unburned fuel, and char are weighed.

Al.4 Exploratory Testing Procedure

In order to reduce the total number of tests required to optimize the stove, the
experimental testing procedure was divided into two distinct phases. The first phase of testing
consisted of rapid, exploratory trials for operators to become familiar with the stove, investigate
preliminary air injection flow rates and patterns, and enable initial bounding of the design
parameters. These initial trials consist of a simplified cold start procedure that uses fewer
emissions instruments to reduce preparation time. Although some basic performance and
emissions metrics were calculated for these initial trials, stove parameters were mostly bounded
as a result of visual observations and practical testing considerations. For example, it was found
that air injection holes in the conical manifold should have a maximum diameter of 3.18 mm
(0.125 inches) to create observable mixing jets in the firebox, and a minimum diameter of 1.59
mm (0.0625 inches), as smaller holes are difficult to drill and create excessive back pressure in
the manifold. Similarly, secondary airflow rate was bounded to a minimum of 14 LPM (0.5
CFM), where mixing from the jets is first observed in the firebox, and maximum of 43 LPM (1.5
CFM), where direct jet impingement on the fuel starts to occur (which quenches the flame).

The placement of air injection holes in the vertical throat section of the conical manifold
was found to prohibitively reduce thermal efficiency. In some tests that implemented air
injection in the vertical throat, the water could not be brought to a full boil within 45 minutes. It
is likely that the air injected directly into the throat section simply cools the exhaust, thereby
reducing the rate of heat transfer to the pot. Consequently, all injection holes are drilled on the
conical portion of the manifold, facing downwards into the firebox such that the air jets are
aimed directly at the center of the burning fuel bed. After several trials, it was found that
injecting air directly into the firebox significantly improves thermal efficiency relative to trials
that implement injection in the vertical throat section.

The pot height was increased by stacking washers under the three support bolts until the
stove operated consistently at 5 kW firepower without the flames protruding from the throat and
touching the pot (thereby quenching the flames). The final setting, consisting of 9 washers
stacked under the bolts, maintains a nearly constant gap of 15 mm (0.60 inches) between the pot
and stove skirt. The pot-skirt gap was not increased past this set point to improve convective heat
transfer from the exhaust gases to the pot.

Although most of the primary air enters the stove through the open fuel feed, and the
resulting draft draws flames safely into the firebox, the adjustable intake at front of the stove
body is intended to promote better air distribution in the firebox by allowing some air to enter
through the fuel bed. However, if primary air intake through this adjustable opening is too large,
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the remaining draft through the fuel feed can be insufficient to draw flames safely into to the
firebox. Consequently, the adjustable primary air intake below the grate was progressively
opened over several trials until flames just began escaping the fuel feed at 5 kW operation. The
resulting intake is an opening with an area of roughly 4800 mm? (7.4 in%).

The grate height was also adjusted using simple observations of combustion conditions in
the firebox. After initial bounding of the injection flow rate to around 28 LPM (1 CFM), the
grate was progressively moved upwards, closer to the air injection manifold, until the air
injection jets were observed to cause visible mixing in the combustion zone without allowing
flames to touch the manifold itself. After some experimentation, it was found that the vertical
distance between the grate and lowest air injection holes should be set to roughly 57 mm (2.25
inches). It should be noted that grate height adjustments sometimes required corresponding
adjustments in pot height. For example, when the grate was moved upwards towards the
manifold, a washer or two would be added to the bolts supporting the pot to compensate from the
heightened fuel bed and prevent flames from touching the pot directly.

In this way, simple experimental observations and practical testing considerations were
used to find optimal settings for several air injection design parameters. Furthermore, these
exploratory tests showed that the air injection pattern should be parameterized as three
concentric rows arranged along the conical portion of the removable manifold cone.

Following 21 initial trials, optimal settings were identified for the pot height, grate height,
primary air intake size, and air injection hole diameter, and these parameters were generally held
constant for the remaining exploratory trials. The number and arrangement of air injection holes
in the conical manifold was widely varied, with 12 distinct air injection patterns tested over 50
trials. Detailed descriptions of each injection pattern, and the resulting data from this testing
phase are provided in Appendix A3. Furthermore, performance and emission metrics were
calculated for all trials.

The shortened cold start procedure implemented during these exploratory trials omits
several experimental measurements to accelerate the rate of testing. In order to execute complete
calculations, the following assumptions were made to account for these omitted measurements:

* Water was measured volumetrically to 5 L, and assumed to have a constant mass of 5000 g.

* All kindling was measured out to a total mass of roughly 75 g using a balance, but the exact
mass was not recorded. The kindling is assumed to have a constant mass of 75 g throughout.

* All fuel wood is assumed to have a moisture content of 9% on a wet basis.

* [t is assumed that no wood or char left are left over in the stove at the end of the cold start.

* During the first 21 trials of the test phase, the water remaining at the end of the test and the
pot are assumed to have a combined mass of 6760 g, while the pot alone is assigned a
constant mass of 1713 g. These values are the mean values recorded for last 50 trials of
exploratory testing, during which these measurements were taken. During this phase, the
mass of the remaining water/pot and pot alone are 6760+10 g and 1713 =1 g, respectively
(mean + 90% confidence interval over 50 trials).

Given the assumptions listed above, the results should not be compared directly to results
from other test phases in this study. Instead, the results are intended to provide a comparative
measure of performance and emissions for the parametric stove settings evaluated using the
procedure and assumptions implemented during this phase alone. Three main metrics were
analyzed to identify highly performing air injection patterns: Thermal efficiency (%), CO

85



emissions (g/kWd), and PM emissions (mg/kWd). Using these metrics, provided in Section A2.1,
two air injection patterns were identified that provide low emissions while maintaining high
thermal efficiency. These two patterns were chosen for further parametric testing.

A1.5 Parametric Testing Procedure

During the parametric testing phase, only two air injection patterns were tested at air
injection flow rates of 21, 28, and 35 LPM (0.75, 1, and 1.25 CFM), while all other design
parameters were held constant at the optimal values identified during exploratory testing. Both
injection patterns are illustrated in Figure A6 below. The first injection pattern consists of two
concentric rows with six holes each. The bottom row is located at the lowest point on the
manifold, where the conical portion of the manifold meets the flat mating lip, and the top row is
located 13 mm (0.50 inches) below the throat (at the top of the cone). The second air injection
pattern is similar, but the bottom row has 9 holes and the top row (with six holes) is located 25
mm (1.0 inch) below the throat. In both patterns, all holes in each row are equally spaced around
the circumference of the conical manifold, and have a diameter of 1.59 mm (0.0625 inches).

During parametric testing, the WBT cold start procedure was implemented, including the
measurements omitted during exploratory testing. The experimental performance of the MOD
stove is evaluated as function of air injection flow rate and velocity (as calculated using Equation
Al below). Residence time in the combustion zone is another valuable parameter commonly
investigated in solid biomass combustion studies. However, determination of residence time
typically requires accurate measurements of both the primary and secondary air supply flow rates
into a closed combustion volume. Since primary air is naturally drafted into the MOD stove
through the open fuel feed and air intake, primary air flow rate into the firebox can not be
measured accurately, and it is not possible to calculate residence time.

6 holes/row

6 holes/ro

. $O.5 inches 11 inch

6 holes/row 9 holes/row

(1) (2)
Figure A6. Two air injection patterns implemented during parametric testing: (1) Pattern 1 with
12 holes total; (2) Pattern 2 with 15 holes total. All holes have a diameter of 1.59 mm (0.0625
inches), and are evenly distributed around the circumference of the conical manifold. (Not to
scale)

A1.6 Data Analysis

The air injection velocity for each test is calculated as function of the air injection flow
rate, and the number and diameter of holes in the air injection pattern. All injection patterns
analyzed have equally sized holes throughout. Since these air injection holes are very small
relative to the manifold and spaced far apart from one another, it is assumed that the pressure
distribution in the manifold is uniform, and that the resulting air flow rate through each hole in
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the injection pattern is equal. Using this assumption, the air injection velocity (v) can be

calculated as follows,
3

m
v [ﬂ] =7 Qlec! (A1)
sec 7 XN XDj[m?]

where Q is the total air injection flow rate, N is the total number of holes in the air injection
pattern, and Dy, is the diameter of the holes in the air injection pattern.

The flow rate through the duct is calculated using differential pressure measurements
from a calibrated iris damper in the duct. This iris is calibrated according to the methods
presented in Appendix A4. Using the discharge coefficient and iris diameter output by this
calibration method, Equations A10 and A1l can be used to calculate the volumetric duct flow
rate in real time.

Performance metrics, such as firepower, equivalent dry mass of fuel consumed, and
thermal efficiency, are calculated using the methods provided in the WBT Protocol 4.2.3.%
Emission factors, however, are calculated using the equations outlined below, and do not
implement the carbon balance or total capture calculation methods presented in the WBT
Protocol. The total mass of PM emitted during the cold start phase is calculated using the mass
measurement of PM collected on the 47 mm gravimetric filter as follows,

Qduct [CFM]
Qsample [CFM]

PM; 5 corlmgl = PMy 5 fi1er [mg] X (A2)

where PM; s 1 is the total mass of PM emitted during the cold start, Qg is the average duct
flow rate throughout the test (nominally 5660 LPM, or 200 CFM,), Oyampie 1 the constant sample
flow rate through the gravimetric filter (nominally 16.7 LPM, or 0.590 CFM), and PM> 5 sier 1S
the mass of PM, 5 collected on the 47 mm filter, calculated as the difference in the filter’s mass
before and after testing. The total mass of gaseous emissions (CO and CQO,) are calculated using
volumetric concentration measurements from the CAI gas analyzer logged at 1 Hz,

t=th as MW L uct 3 Pam p A
Myaslgl = Z gas (O [PpmU]XMW [ 71X Qauce (£) [m? /sec] X Pamy [Pa] X At[sec]

R [J/(mol K)IX(Tauce ()[°C] + 273)

(A3)

t=0

where myg,, 1s the total mass of gaseous emissions, ¢ is the time step, #1s the duration of the cold
start test, Cg,s 1 the volumetric gas concentration, MW is the molecular weight of the gas species,
Quuc: 18 the flow through the duct measured every second at the iris damper, P, is the ambient
pressure (97.77 KPa at the laboratory’s altitude of 300 m MSL), 4t is the sampling period (1
second), R is the ideal gas constant (8.314 J/ (mol K)), and 7}, is the temperature in the duct,
also logged every second. Similarly, the total mass of BC is calculated using mass concentration
measurements from the AE-22 aethalometer logged at 1 Hz,

f=tf

mpclgl = Z Cpc(£)[g/m3]1XQguce (£)[m? /sec ]XDR xAt[sec] (A4)
t=0
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where mpc is the total mass of black carbon, Cpc is the black carbon concentration, and DR is the
mean dilution ratio through the secondary diluter over the course of the test. Throughout each
test, the secondary dilution ratio is calculated in real time as the ratio of CO, concentrations in
the duct and diluted sampled flow, as outlined in Appendix AS.

The total particle number and volume distributions are calculated using dN/dlog(D,,) data
from the FMPS and APS, where dN is the PM concentration in units of number of particles per
cubic centimeter of air per particle size bin, and dlog(D,) is the logarithmic width of the
corresponding particle size bin in log nanometers. Each instrument has a constant logarithmic bin
width throughout their measurement range. The total particle number distribution generated over
the course of a cold start test dN,/dlog(D,) is calculated for each particle bin using,

t=t

dN, #] = z:f dN [ ul ]xﬁx_ em’ xA A5
legDp . [ ] - legDp o Cm3 Qduct sec t [SeC] ( )
p ~p

t=0

where D, is the particle diameter at which the measurement bin is centered, and (dlj;VDp) is
t,Dp

the particle number concentration at time ¢ and particle bin diameter D,. When applied to all
particle bins over each instrument’s measurement range, this equation yields a distribution of the
total number of particles generated by the stove over the test duration as a function of particle
diameter.

Using the total number distribution generated with Equation AS5, the total particle volume
emitted over the cold start test dV/dlog(D,) can be calculated at each measurement bin,

dv, 47Dy dN,
<dl0gDp>D [em?] = 6 [em?]x dlogD R (A6)
14 14

p

This equation can be applied at each measurement bin to provide the total volume distribution.
This total volume distribution can subsequently be integrated over the particle diameter range to
calculate the total volume of particles emitted over the cold start phase,

= ay,
V. [cm3] = E : [cm3]xdlogD, (A7)
dlogD,

where dy and d; are the upper and lower bounds of the particle diameter range over which to
integrate, and dlogD, is the constant logarithmic bin width inherent to each instrument. For the
FMPS, diogD, has a constant value of 0.0625, while for APS it has a value of 0.0313. It should
be noted that in order to merge data from both the APS and FMPS, the particle concentration
distributions from the APS must be converted from aerodynamic diameter to electrical mobility
diameter according to the procedure provided in section A1.7 below.

The TSI FMPS outputs PM number concentration measurements for particles with
diameters ranging from 5 to 562 nm. However, it was found that the last four measurement bins
provided by the instrument (centered at 341, 393, 454, and 525 nm) provide highly variable data
at low PM number concentrations. Consequently, for parametric settings with a relatively low
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number of replicate tests, the 90% confidence interval can exceed the mean of particle
concentration measurements in this diameter range. For example, for the set of 4 tests conducted
at an air injection flow rate of 21 LPM (0.75 CFM) and velocity of 15 m/s, the total number of
particles emitted during the cold start at a diameter of 341 nm is calculated to be 3.22x10'" +
3.65x10" (mean + 90% confidence interval). Given these highly variable particle concentration
measurements, the last four bins of the FMPS measurement range are not reported nor used in
calculations.

A1.7 PM Density Correction

The TSI FMPS provides PM concentrations as a function of electrical mobility diameter
from 5 to 560 nm. The TSI APS, however, provides PM distributions as function of aerodynamic
diameter from 520 to 20,000 nm. In order to combine data from both instruments and create PM
distributions that continuously span the entire measured particle diameter range from 5 nm to
2500 nm, aerodynamic diameter measurements from the APS must be converted to electrical
mobility diameter. It should be noted that although the APS is capable of measuring particles up
to 20,000 nm in diameter, the sample flow for all PM instruments passes through a PM; s cyclone
to remove all particles with aerodynamic diameters greater than 2500 nm.

Aerodynamic diameter can be converted to electrical mobility diameter using *°,

y CS(Da)po
CS (Dp)pp

D, =D, (A8)

In Equation A8, D, is the electrical mobility diameter, D, 1s the aerodynamic diameter, C;is the
slip correction factor (as a function of particle diameter), Y is the shape correction factor, p, is
the unit density (1 g/cm’), and pp 1s the particle density. For the particle diameter and density
range under consideration, the slip correction factors can be neglected.”” Without knowledge of
the particle morphology, as might be obtained using microscope images of the PM emitted, the
particles are assumed to be spherical and the shape correction factor is set to 1. However, this is a
simplifying assumption, as studies show that particles emitted by wood combustion are often not
spherical.”*'® Using this set of assumptions, the acrodynamic diameter conversion equation
reduces to Equation A9 below.

D, = —

14 \/p_p

The equation above shows that the aerodynamic diameter can be converted to electrical
mobility diameter using only the particle density. Particle density is evaluated as the ratio of the
total particle mass and total particle volume emitted over each cold start test. The total mass of
particles emitted is calculated using gravimetric measurements and the methods previously
provided. Total particle volume, however, must be calculated using the PM distributions
provided by the FMPS and the APS. Given that the APS data must be corrected using this same
information, the particle density must be calculated implicitly. An iterative loop was
implemented in MATLAB with the steps outlined below. During these calculations, the last four
measurement bins of the FMPS are omitted from the distribution, as PM concentration data at the
limits of the FMPS measurement range is highly variable.

(A9)
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Initially assume that the particles have unit density (1 g/cm?)

Combine the FMPS and APS data into a single, continuous distribution. Remove APS

concentration data for particle diameters smaller than the largest FMPS bin (393 nm) and

larger than 2500 nm.

3. Using this complete distribution spanning from 5 to 2500 nm, calculate the total particle
volume emitted during the cold start test using Equation A7.

4. Calculate particle density as the ratio of total particle mass (determined using Equation A2)
and total particle volume from Step 3.

5. Using the calculated particle density, convert the APS aerodynamic diameter bins to
electrical mobility diameter according to Equation A9.

6. Using the converted APS bins, combine the FMPS and APS distributions according to Step 2

and repeat the process to calculate a new particle density. Evaluate the difference in the

density calculated during each iteration loop, and continue to iterate until the error from one

iteration to the next is less than 0.1%.

N —

Using this approach it is possible to calculate the effective particle density for each trial,
and subsequently use this value to convert the APS distribution to electrical mobility diameter.

A2 — Results and Discussion

A2.1 Exploratory Testing Results

Appendix A4 provides a complete set of data and results for all 71 trials conducted
during exploratory testing. During the initial 21 trials, basic visual observations and practical
testing considerations were used to identify optimal values for many design parameters (grate
height, pot height, and primary air intake). For the remaining 50 exploratory trials, these
parameters were generally held constant as 12 distinct air injection patterns were tested. A total
of 32 replicate tests were conducted at a flow rate of 28 LPM (1 CFM) for 6 promising injection
patterns, listed Table Al in below. Figure A7 provides bar plots of three performance metrics
using each of the six air injection patterns.

Pattern ID | Top Holes | Middle Holes | Bottom Holes
1 0 0 6
2 0 3 6
3 0 3 9
4 0 6 6
5 0 6 9
6 6 0 6

Table Al. Secondary Injection Patterns for Replicate Testing

90



n
[&)]
oo
a
o
o

N
~
[e>)
N
o
o

n

w
w
o
o

n

=
n
o
o

High Power CO [g/kWd]
N IS
High Power PM [mg/KWd]

Thermal Efficiency [%]
N
S
o

n
o

-
©
o
o

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Pattern ID Pattern ID Pattern ID

Figure A7. Mean Performance and emissions metrics for replicate testing of six air injection
patterns, detailed in Table A1, while all other stove design parameters are held constant. The
error bars represent the 90% confidence interval.

Figure A7 allows the six air injection patterns to be compared directly. After considering
all three metrics depicted in the figure, patterns 4 and 5 were chosen for further testing. Pattern 4
was chosen because it provides the lowest mean CO emissions in the set, an indication of
improved combustion, while maintaining high thermal efficiency and low PM emissions. Pattern
5 was chosen because it emits the least PM in the set and has the highest thermal efficiency. All
patterns were considered, but some were not chosen for various reasons. For example, Pattern 1
was not chosen because of its highly variable performance, as evidenced by the large confidence
intervals for all metrics. Pattern 2 was omitted because it performs similarly to Pattern 4, but
with slightly worst mean results in each metric. Finally, Pattern 3 was excluded because of high
PM and CO emissions, while Pattern 6 was removed for low thermal efficiency.

A2.2 Parametric Testing

Parametric testing consisted of 63 trials, in which two injection patterns were tested at
three injection flow rates (21, 28, and 35 LPM) while all other design parameters were held
constant. The full set of data and results for this phase of testing is provided in Appendix A3.

A2.3 Performance Evaluation: Optimal MOD vs. TSF

Using the experimental optimization presented in this study, it was determined that an air
injection flow rate of 28 LPM (1 CFM) at a velocity of 20 m/s (using air injection pattern 1,
shown in Figure A6) is the optimal MOD stove configuration. Twelve replicate tests of this
configuration were conducted, and compared to ten replicate tests of a traditional Three Stone
Fire (TSF). The TSF performance data presented is cited directly from a comparative study of
several improved biomass cookstove designs by Rapp et al.”” Table A2 provides mean
performance and emissions metrics for the TSF and optimal MOD stove, and the corresponding
percent change from TSF to MOD (with 90% confidence intervals). Table A3 and Table A4
provide performance and emissions metrics for each individual MOD stove and TSF trial,
respectively.
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TSF MOD Change (%)
Firepower (KW) 53+04 4.93+0.06 -7+8
Thermal Efficiency (%) | 23.3+0.7 26.2+04 12+3
CO (g/KWd) 17+3 2.1+0.2 -88+2
PM, s (mg/KWd) 1200 + 200 130+ 10 -89 +2
BC (mg/KWd) 530 +50 35+3 -93+1
BC/ PM;5 0.44+0.08 | 0.27+0.03 -40+70

Table A2. Mean performance and emissions metrics for a three stone fire (TSF) and the
modular stove (MOD), and the percent change of each metric from TSF to MOD.

MOD TRIAL: 1 2 3 4 5 6 7 8 9 10 11 12
Time to boil [min] 238 | 23.6 | 241 | 242 | 246 | 242 | 258 | 256 | 257 | 264 | 244 | 253
C°"e°te[‘:nti'n“]‘e toboil | 55 | 255 | 250 | 260 | 240 | 239 | 260 | 249 | 253 | 267 | 243 | 257
Equivalent dry wood | , ¢ | () 373 | 1308 | 0.389 | 0383 | 0.390 | 0.403 | 0.404 | 0.407 | 0.402 | 0.412 | 0383
consumed [g]
Firepower [KW] 496 | 495 | 515 | 503 | 486 | 503 | 488 | 493 | 495 | 477 | 529 | 4.75
Thermal Efficiency | 0.262 | 0.249 | 0.252 | 0.257 | 0.274 | 0.263 | 0.267 | 0.267 | 0.261 | 0.255 | 0.254 | 0.275
Combion 0.992 | 0.992 | 0.993 | 0.991 | 0.993 | 0.994 | 0.995 | 0.993 | 0.994 | 0.993 | 0.993 | 0.994
Efficiency
CO, Total mass [g] | 545 | 512 | 508 | 547 | 570 | 573 | 546 | 595 | 593 | 592 | 582 | 581
CO Total mass [g] | 271 | 274 | 2.19 | 321 | 269 | 217 | 1.88 | 2.55 | 2.15 | 2.54 | 2.58 | 2.11
PM,s Total mass [g] | 0.13 | 0.19 | 0.15 | 0.15 | 024 | 0.16 | 0.13 | 0.19 | 0.16 | 031 | 0.18 | 0.15
BC Total mass [g] | 0.048 | 0.046 | 0.048 | 0.048 | 0.039 | 0.041 | 0.042 | 0.034 | 0.041 | 0.071 | 0.091 | 0.063
CO/Cooking energy
i 146 | 157 | 116 | 171 | 137 | 1.13 | 093 | 126 | 1.08 | 132 | 131 | 1.07
PM,5/Cooking energy | oo | 1115 | 791 | 791 | 1243 | 836 | 662 | 946 | 785 | 1597 | 927 | 734
[mg/MJd]
BC/Cooking energy | ¢ | 556 | 255 | 254 | 200 | 212 | 210 | 169 | 206 | 368 | 463 | 320
[mg/MJd]
CO/ cooking
emissions [glkwa] | 208 | 222 | 169 | 249 | 202 | 165 | 144 | 194 | 166 | 209 | 192 | 162
L5 by GO ST 98.2 | 157.7 | 114.6 | 114.6 | 183.7 | 121.5 | 102.6 | 145.5 | 121.0 | 252.9 | 135.4 | 111.1
emissions [mg/KWd]
BC/ cooking emissions | -, | ;¢ | 360 | 368 | 206 | 308 | 32.6 | 259 | 31.8 | 582 | 67.7 | 485
[mg/KWd]

Table A3. Performance and emission metric for 12 replicate trials of the MOD in the optimal
parametric configuration (flow rate = 28 LPM, velocity =20 m/s)
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TSF TRIAL 1 2 3 4 5 6 7 8 9 10
Time to boil [min] 343 | 258 | 265 | 21.6 | 273 | 31.2 | 408 | 352 | 32.7 | 342

C“""“e[‘:nti‘l:']‘et"b"'l 328 | 246 | 262 | 239 | 309 | 311 | 382 | 374 | 345 | 333

Equivalent dry wood
consumed [g]

Firepower [KW] 515 | 577 | 578 | 641 | 6.07 | 430 | 441 | 419 | 576 | 498
Thermal Efficiency | 0.215 | 0.242 | 0.242 | 0.224 | 0.209 | 0.280 | 0.239 | 0.248 | 0.194 | 0.233
Combustion Efficiency | 0.962 | 0.966 | 0.964 | 0.958 | 0.963 | 0.959 | 0.955 | 0.952 | 0.960 | 0.952
CO, Total mass [g] | 780 | 670 | 735 | 599 | 740 | 814 | 908 | 740 | 886 | 834
CO Total mass [g] 198 | 152 | 17.7 | 167 | 182 | 223 | 275 | 239 | 233 | 266
PM,sTotal mass [g] | 1.14 | 135 | 127 | 190 | 1.68 | 1.72 | 1.65 | 1.01 | 2.03 | 1.07
BC Total mass [g] | 0.651 | 0.707 | 0.564 | 0.547 | 0.744 | 0.675 | 0.586 | 0.559 | 0.697 | 0.625

0.566 | 0.476 | 0.491 | 0.443 | 0.529 | 0.429 | 0.574 | 0.472 | 0.602 | 0.545

STt ooy 87 | 70 | 79 | 90 | 88 | 99 | 107 | 108 | 106 | 111

lg/MJd]
PMZ-S’EI:’;‘I‘\EI“J%T“"rgy 498 | 623 | 568 | 1020 | 808 | 760 | 642 | 461 | 928 | 448
BC/(im:gk/i;Ing;lergy 285 | 327 | 253 | 295 | 358 | 299 | 228 | 254 | 318 | 262
Ly c";’;iK“%Ve(;‘]‘i“i"“s 179 | 109 | 12.6 | 116 | 143 | 185 | 261 | 22.9 | 209 | 22.9
PM, 5/ cooking 1025 | 965 | 904 | 1321 | 1323 | 1422 | 1569 | 975 | 1820 | 919

emissions [mg/KWd]

BC/ cooking emissions

[mg/KWd] 588 506 403 381 586 559 557 537 624 538

Table A4. Performance and emission metric for 10 replicate trials of the TSF
A2.4 Particulate Emissions: Parametric Study

Particulate number concentrations were measured using the FMPS and APS during all
parametric testing trials. Using the methods outlined in Section Al, the average particle density
from all 63 parametric trials was calculated to be 2.4 + 0.2 g/cm’ (mean of all trials and 90%
confidence interval). This density value was used to correct all APS data presented in the
parametric PM study of the MOD stove. Figure A8 below provides size distributions of total
particle number and volume emitted over the cold start, normalized by the average cooking
power, for each of the six parametric configurations tested. Each curve represents the mean
distribution of all trials conducted at each parametric configuration, and confidence intervals are
omitted to enhance plot visibility. Overall, the plot shows that the MOD stove generates the
lowest volume (and proportionally, mass) of particles at a flow rate of 28 LPM and injection
velocity of 20 m/s, while number generation is minimized at a flow rate of 21 LPM and velocity
of 15 m/s.
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Figure A8. Average size distributions of total particle number and volume emitted over the cold
start (normalized by the average cooking power) for all six parametric configurations tested.
Distributions are measured by the FMPS (A and B) and APS (C and D).

Figure A9 through Figure A1l below provide total particle number and volume
distributions for both velocity settings tested at each of the three air injection flow rates (21, 28,
and 35 LPM). In these plots, the curves represent the mean distribution of all trials conducted at
each parametric setting, while the shaded areas represent 90% confidence intervals.

The particle distributions emitted at an air injection flow rate of 21 LPM (provided in
Figure A9), show that increasing injection velocity generally decreases PM emissions larger than
30 nm. However, size-resolved measurements were only collected during 4 trials at each of the
velocity settings tested at 21 LPM. Consequently the distributions’ confidence intervals are large
and overlap throughout much of the measurement range, making the identification of definitive
parametric trends difficult. Similarly, the distributions generated at a flow rate of 35 LPM
(shown in Figure A11) also have large confidence intervals because size-resolved measurements
were only collected during 3 and 5 trials at the low and high velocity settings, respectively. Many
more trials were conducted at a flow rate of 28 LPM, and consequently the confidence intervals
in Figure A10 are more constrained.
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Figure A9. Size distributions of total particle number and volume emitted over the cold start,
normalized by the average cooking power, for both air injection velocities tested at a secondary
air flow rate of 21 LPM. Distributions are measured by FMPS (A and B) and APS (C and D).
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Figure A10. Size distributions of total particle number and volume emitted over the cold start,
normalized by the average cooking power, for both air injection velocities tested at a secondary
air flow rate of 28 LPM. Distributions are measured by the FMPS (A and B) and APS (C and D).
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Figure A11. Size distributions of total particle number and volume emitted over the cold start,
normalized by the average cooking power, for both air injection velocities tested at a secondary
air flow rate of 35 LPM. Distributions are measured by FMPS (A and B) and APS (C and D).

A2.5 Particulate Emissions: Optimal MOD vs. TSF

The parametric particle distributions provided in Figure A8 show that the MOD stove
minimizes volumetric PM emissions when operating at an air injection flow rate of 28 LPM, and
injection velocity of 20 m/s. This trend supports the analysis of performance metrics, which also
show that this configuration minimizes pollutant mass emissions. The total particle number and
volume distributions are provided for the optimal MOD stove configuration and traditional TSF
in Figure A12. These distributions represent the mean from 12 optimal MOD stove trials and 6
TSF trials. Similarly to the performance metrics presented previously, the size-resolved particle
emissions data presented for the TSF are cited directly from a comparative study of several
improved biomass cookstoves by Rapp et al.”” In addition, it should be noted that the particle
density correction applied to the APS data is different for the TSF and MOD stove. Using the
method outlined in Section A1.7, it was found that the TSF and optimal MOD stove have particle
densities of 1.5+0.2 g/cm® and 2.3+0.3 g/cm’, respectively. These density values are used to
correct the APS distributions provided below. In addition, it should be noted that during testing
of the TSF, data were not collected for the first measurement bin of the APS, due to an
instrument logging error. Consequently, the TSF distributions shown in Figure A12(c) and
A12(d) begin at a particle diameter of 475 nm, rather than 440 nm (as adjusted for density).
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Figure A12. Size distributions of total particle number and volume emitted over the cold start,
normalized by the average cooking power, for the traditional TSF and MOD stove in the optimal
parametric configuration (flow =28 LPM, velocity = 20 m/s). Distributions are measured by the
FMPS (A and B) and APS (C and D).

Overall, the plots in Figure A12 show that the MOD stove reduces all PM emissions
larger than 10 nm in diameter. Furthermore, Figure A12(b) shows that volumetric emissions with
a diameter smaller than 500 nm are reduced by roughly an order of magnitude, while Figure A12
(c) and (d) show that particle emissions from about 500 to 2500 nm are reduced by nearly two
orders of magnitude throughout.

A3 — Comprehensive Testing Data and Results
A3.1 Exploratory Testing

This section provides complete data and results from the exploratory phase of MOD
stove testing. During the initial portion of this testing, incomplete data were often collected, as
parametric stove adjustments were often made using experimental observations and practical
testing considerations. Data collected for all 71 exploratory trials are provided in Table A5, while
the stove design parameters implemented for each trial are provided in Table A6. It should be
noted that the first two trials were not completed, as the water could not be brought to a boil
within 40 minutes. Six trials were removed from the collected data set due to erroneous data
collection resulting from instrumentation malfunctions, or stove operation far below the 5-KW
firepower set point.

In the parametric settings presented in Table A6, the grill height is measured as the
vertical distance between the top of the fuel feed and the grate, as this distance is convenient for
the operator to measure. There is a constant vertical gap of 21 mm (1.25 inches) between the top
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of the fuel feed and the bottom of the air injection manifold, which should be added to the
recorded values presented if the total vertical distance between the grate and bottom of the
manifold is desired. The height of the pot was measured in terms of the number of washers
placed under the bolts supporting the pot. Each washer has a thickness of 0.78 mm (0.03125
inches). A pot height of 9 washers corresponds to a roughly constant 15 mm (0.60 inch) gap
between the pot and stove skirt.

Table A7 provides a detailed description of each air injection pattern implemented.
Generally, the air injection patterns were arranged in three concentric rows along the length of
the sloped, conical portion of the removable air injection manifold (known as the ‘cone’). The
top row of holes was located 25 to 38 mm (1.0 to 1.5 inches) along the cone from the straight
pipe ‘throat’ at the top. The bottom row was generally located 5 to 13 mm (0.25 to 0.50 inches)
along the cone from the flat lip at the bottom. The middle row was located at a point equidistant
from the top and bottom rows. For the last trials, row location was recorded more carefully as
replicability of successful configurations became more important.

Nearly all injection patterns use only a single hole diameter throughout. Only the patterns
tested during trials 28 and 29 of this phase used both 1.59 mm (0.0625 inch) and 3.20 mm (0.125
inch) diameter holes. These two patterns are excluded from all comparison analyses.
Furthermore, some configurations were tested with a ‘spiral’ applied to air injection holes. This
‘spiral’ consists of using a screwdriver to bend the air injection holes in a uniform direction, with
the resulting holes resembling the perforations on a cheese grater. These spirals are intended to
create a swirled injection pattern that could potentially promote better mixing in the firebox.
During experimentation, however, the spirals had no observable effect on the combustion or the
air injection patterns’ emissions performance, and are consequently treated as trials without
spirals.

In order to accelerate stove testing, several experimental measurements were omitted
during the initial 21 trials of this testing phase. In order to execute complete calculations, several
assumptions were made to account for omitted measurements, as outlined in Section Al. The
performance and emissions metrics calculated for each trial in this test phase are provided in
Table A8 and Table A9.

Test Water Wood Wood Start | End Final Pot/ | Empty | Duct Flow Filter
Initial (°C) | Initial (g) | Final (g) Water (g) | Pot (g) (CFM) Mass (mg)
1 18.8 1018.4 NaN 10:37 | NaN NaN NaN NaN NaN
2 18.7 1036.9 NaN 12:27 | NaN NaN NaN NaN NaN
3 17.1 1060 572 10:28 | 11:00 NaN NaN NaN NaN
4 18.3 1034.8 606.5 11:29 | 11:55 NaN NaN NaN NaN
5 21.7 1042.5 585.6 12:57 | 13:23 NaN NaN NaN NaN
6 23 944 479.2 13:14 | 13:47 NaN NaN NaN NaN
7 20.5 1017.3 591.6 15:03 | 15:29 NaN NaN NaN NaN
8 21.1 1002.3 550.6 16:25 | 16:58 NaN NaN NaN NaN
9 24 932.2 398.3 13:15 | 13:50 NaN NaN NaN NaN
10 22.7 938.9 441.8 14:13 | 14:41 NaN NaN NaN NaN
11 23.6 942.2 425.7 14:59 | 15:26 NaN NaN NaN NaN
12 21.7 924 .4 402.4 12:55 | 13:24 NaN NaN NaN NaN
13 22.4 938.7 376 14:18 | 14:45 NaN NaN NaN NaN
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14 21.9 964.4 402 15:20 | 15:48 NaN NaN NaN NaN
15 22.2 1065.2 505.8 11:30 | 11:56 NaN NaN NaN NaN
16 22 979.7 467.1 13:12 | 13:36 NaN NaN NaN NaN
17 28.1 957.5 467.9 14:27 | 14:51 NaN NaN NaN NaN
18 249 1032.7 495.2 11:43 | 12:15 NaN NaN 200 2.5614
19 25.2 1058 526.8 13:12 | 13:38 NaN NaN 200 2.0805
20 253 937.2 432.9 14:28 | 14:51 NaN NaN 200 2.5351
21 24.6 988.9 500.2 15:17 | 15:39 NaN NaN 200 29315
22 972.6 5001.1 4743 11:06 | 11:35 6485.2 1720.4 205 2.135
23 926.2 5002.8 353.9 12:08 | 12:41 6330 1719.7 207 1.670
24 1022.5 5001.7 394.2 13:36 | 14:09 6390.1 1720.1 208 1.099
25 974.2 5001 414.5 13:21 | 13:49 6460 1718.1 210 1.470
26 964.6 5000 499.6 15:08 | 15:33 6463.2 1718.4 205 0.820
27 972.8 5002.3 528.7 16:29 | 16:53 6522.7 1718.3 208 0.956
28 946.9 5000.8 492.8 12:28 | 12:56 6430.5 1716.8 205 2.373
29 953.5 5003.1 507.4 13:59 | 14:27 6504.3 1717.2 205 2.173
30 960.1 5002.1 483.4 15:33 | 15:58 6484.1 1716.9 208 0.867
31 961.1 4999.3 4573 10:57 | 11:24 6443.9 1715.8 205 0.638
32 957.3 4999.1 404 11:57 | 12:27 6388.7 1714.9 205 0.412
33 962.6 5001.5 474.8 12:56 | 13:21 6474.5 1714.3 205 0.965
34 965.1 5002.4 483.9 10:50 | 11:16 6493.7 1714.6 208 1.494
35 968.1 5002.7 529.3 11:58 | 12:23 6499.2 1714.4 208 1.076
36 959.9 5001.5 489.6 13:20 | 13:47 6458.4 1714.7 208 1.129
37 992.5 5000.7 504.7 14:19 | 14:43 6465.9 1714.1 207 0.726
38 932.6 5000.1 451.6 15:30 | 15:56 6489.5 1713.2 209 1.681
39 925.7 5000.2 470.9 10:43 | 11:07 6493.7 1713.7 212 1.477
40 923.9 4998.7 492.7 12:19 | 12:42 6486 1713.2 212 0.664
41 955.5 5001.2 520 13:31 | 13:55 6499.5 17133 212 1.679
42 923.4 5002.6 454 14:21 | 14:46 6480.5 1713.5 213 0.989
43 915.4 5007.8 461.8 10:45 | 11:12 6482.2 1713.4 205 1.154
44 996.6 5000.8 548.9 11:45 | 12:11 6482.4 1713.2 208 0.974
45 958 5000 487.6 13:00 | 13:27 6440 17133 205 0.880
46 974.6 5000.2 426 12:13 | 12:47 6337.9 1713.7 208 1.826
47 993.5 5001.5 492.6 13:26 | 13:54 6409.7 1713.2 210 1.467
48 945.2 5000.2 456 14:26 | 14:53 6457.9 1712.9 212 1.297
49 915.9 4997 385 11:58 | 12:29 6369.8 1712.8 214 1.330
50 964.4 5004.1 443.8 13:05 | 13:36 6390 1713.5 215 0.920
51 991 4999.7 511.3 14:53 | 15:22 6433 1712.9 206 0.719
52 998.2 4996.9 526.1 10:11 | 10:40 6497.1 1712.8 210 1.123
53 989.1 5004.6 518.8 11:31 | 11:58 6476.7 1712.4 205 0.681
54 957.6 5006.1 499.5 12:37 | 13:04 6491.5 1712.3 212 0.824
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55 956.2 5002.5 482.4 14:06 | 14:33 6486 1712.4 205 0.829
56 1040.6 5007.5 543.9 11:29 | 11:56 6498.9 1711.8 207 1.245
57 924.9 5000.1 452.6 12:49 | 13:16 6477.8 1712.1 207 1.171
58 1048.1 5007.3 538.1 13:58 | 14:24 6459.5 1711.9 210 1.153
59 938.7 4997.9 474.6 15:06 | 15:35 6509.5 1711.6 210 1.174
60 992.1 5000.9 487.1 12:13 | 12:42 6466.8 1711.8 200 1.199
61 965.4 5000.7 535.2 13:25 | 13:50 6482.2 1711.6 199 0.927
62 997 5001 522.4 14:48 | 15:16 6465.9 1712.1 200 2.079
63 1015 5002.2 500.6 13:31 | 14:03 6453 1711 200 1.151
64 945.3 5004.4 465.2 14:48 | 15:17 6445.4 1711.1 200 0.928
65 1085.6 5000.8 568.1 10:56 | 11:24 6492.7 1710.9 128 1.424
66 959.4 5000.3 480.9 12:59 | 13:25 6510.7 1710.6 129 1.788
67 950 5002.8 471.9 14:16 | 14:41 6490.6 1710.4 127 1.666
68 923.8 5004 431.7 11:04 | 11:32 6473.5 1710.4 198 0.511
69 992.6 5002.6 515.1 12:19 | 12:44 6504.2 1710.2 200 1.189
70 953.4 5001.6 498.9 13:28 | 13:54 6479.1 1710.3 200 0.989
71 931.1 5003.6 472.4 15:01 | 15:28 6490.2 1710.2 200 0.996
Table AS. Exploratory Testing Collected Data
Test Grill Pot Height Hole Top Middle | Bottom Flow Rate
Height (in) | (washer #) | Diameter (in) Holes Holes Holes (CFM)

1 NaN 6 0.125 6 6 6 1

2 0.7 6 0.125 6 6 6 1

3 0.7 6 0.125 6 6 6 1

4 0.7 6 0.125 6 6 6 1.5

5 0.7 6 0.125 6 6 6 2

6 0.7 6 0.125 12 12 12 1

7 0.7 6 0.125 12 12 12 1

8 0.7 6 0.125 12 12 12 1

9 0.7 6 0.125 12 12 12 0.5

10 0.7 6 0.125 12 12 12 0.75

11 0.7 6 0.125 12 12 12 1

12 0.7 6 0.0625 6 6 6 NaN

13 2 6 0.0625 6 6 6 1

14 2 9 0.0625 6 6 6 0.75

15 2 9 0.0625 6 6 12 1

16 2 9 0.0625 6 12 12 1

17 2 9 0.0625 12 12 12 1

18 2 9 0.0625 12 12 12 0.25

19 2 9 0.0625 12 12 12 0.5

20 2 9 0.0625 12 12 12 0.75
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21 2 9 0.0625 12 12 12 1
22 2 9 0.0625 12 12 12 1.25
23 2 9 0.0625 12 12 12 1.5
24 2 9 0.0625 12 12 12 1.75
25 1.4 9 0.0625 6 0 6 1
26 1 9 0.0625 6 0 6 1
27 1 9 0.0625 6 0 12 1
28 1 9 0.0625 6 0 12 1
29 1 9 0.0625 6 0 12 1
30 1 9 0.0625 6 0 6 1
31 1 9 0.0625 6 0 6 1.25
32 1 9 0.0625 6 0 6 1.5
33 1 11 0.0625 6 0 6 1
34 1 9 0.0625 0 0 12 1
35 1 9 0.0625 0 0 6 0.75
36 1 9 0.0625 0 0 6 0.5
37 1 9 0.0625 0 0 6 1
38 1 9 0.0625 0 0 6 1.5
39 1 9 0.0625 0 0 6 1.5
40 1 9 0.0625 0 3 6 1
41 1 9 0.0625 0 6 6 1
42 1 9 0.0625 0 6 6 1.5
43 1 9 0.0625 0 3 6 0.5
44 1 9 0.0625 0 3 6 1.5
45 1 9 0.0625 0 3 6 1
46 1 9 0.125 3 0 6 1
47 1 9 0.125 3 0 3 1
48 1 9 0.125 0 0 3 1
49 1 9 0.0625 0 0 6 1
50 1 9 0.0625 0 0 6 1
51 1 9 0.0625 0 3 6 1
52 1 9 0.0625 0 3 6 1
53 1 9 0.0625 0 6 6 1
54 1 9 0.0625 0 6 6 1
55 1 9 0.0625 0 6 6 1
56 1 9 0.0625 0 6 6 1
57 1 9 0.0625 0 6 6 1
58 1 9 0.0625 0 3 6 1
59 1 9 0.0625 0 3 6 1
60 1 9 0.0625 0 3 6 1
61 1 9 0.0625 0 6 6 1
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62 1 9 0.0625 0 3 9 1
63 1 9 0.0625 0 3 6 1
64 1 9 0.0625 0 6 6 1
65 1 9 0.0625 0 6 6 1
66 1 9 0.0625 0 3 9 1
67 1 9 0.0625 0 6 9 1
68 1 9 0.0625 0 6 9 1.25
69 1 9 0.0625 0 3 9 1
70 1 9 0.0625 0 6 9 1
71 1 9 0.0625 0 3 9 1

Table A6. Exploratory Testing Parametric Configurations

Test

Pattern Description

—_

0.125", 3 rows , 6 holes for each row

0.125", 3 rows , 6 holes for each row

0.125", 3 rows , 6 holes for each row

0.125", 3 rows , 6 holes for each row

0.125", 3 rows , 6 holes for each row

0.125", 3 rows , 12 holes in the bottom row

0.125", 3 rows ,12 holes in the middle & bottom rows

0.125", 3 rows, 12 holes in each row

O ([0 | Q|| ||

0.125", 3 rows, 12 holes in each row

—_
(=]

0.125", 3 rows, 12 holes in each row

11

0.125", 3 rows, 12 holes in each row

12

0.0625" , 3 rows , 6 holes in each

13

0.0625" , 3 rows , 6 holes in each

14

0.0625" , 3 rows , 6 holes in each

15

0.0625" , 3 rows , 6 holes in top & middle rows, 12 holes in bottom row

16

0.0625" , 3 rows , 6 holes in top row, 12 holes in middle & bottom row

17

0.0625", 3 rows , 12 holes in each row

18

0.0625" , 3 rows , 12 holes in each row

19

0.0625", 3 rows , 12 holes in each row

20

0.0625" , 3 rows , 12 holes in each row

21

0.0625", 3 rows , 12 holes in each row

22

0.0625" , 3 rows , 12 holes in each row

23

0.0625", 3 rows , 12 holes in each row

24

0.0625" , 3 rows , 12 holes in each row

25

0.0625", 2 rows (bottom & top), 6 holes in each row

26

0.0625", 2 rows (bottom & top),6 holes in each row

27

0.0625", 2 rows (bottom & top), 12 holes in bottom & 6 in top

28

2 rows (bottom & top), 12 holes in bottom (0.0625") & 6 in top (3 of 0.125" & 3 0f 0.0625)
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29

2 rows (bottom & top), 12 holes in bottom (0.0625") & 6 in top (0.125")

30 0.0625", 2 rows (bottom & top), 6 holes in each row

31 0.0625", 2 rows (bottom & top), 6 holes in each row

32 0.0625", 2 rows (bottom & top), 6 holes in each row

33 0.0625", 2 rows (bottom & top), 6 holes in each row

34 0.0625" , 1 row (bottom), 12 holes

35 0.0625" , 1 row (bottom), 6 holes

36 0.0625" , 1 row (bottom), 6 holes

37 0.0625" , 1 row (bottom), 6 holes

38 0.0625" , 1 row (bottom), 6 holes

39 0.0625" , 1 row (bottom), 6 holes

40 0.0625", 2 row (bottom & middle), 6 holes in bottom & 3 in middle

41 0.0625", 2 row (bottom & middle), 6 holes in each

42 0.0625", 2 row (bottom & middle), 6 holes in each

43 0.0625", 2 row (bottom & middle), 6 holes in bottom & 3 in middle

44 0.0625", 2 row (bottom & middle), 6 holes in bottom & 3 in middle

45 0.0625", 2 row (bottom & middle), 6 holes in bottom & 3 in middle

46 0.125", 2 rows (top & bottom), 6 holes in bottom & 3 in top

47 0.125", 2 rows (top & bottom), 3 holes in each

48 0.125", 1 rows (bottom), 3 holes

49 0.0625", 1 row (bottom), 6 holes

50 0.0625", 1 row (bottom), 6 holes

51 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 3 holes middle

52 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 3 holes middle

53 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 6 holes middle

54 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 6 holes middle

55 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 6 holes middle (spiraled)
56 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 6 holes middle (spiraled)
57 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 6 holes middle (spiraled)
58 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 3 holes middle (spiraled)
59 0.0625", 2 rows (bottom & middle [1" below collar]) 6 holes bottom, 3 holes middle (spiraled)
60 0.0625", 2 rows (bottom & middle [1.5" below collar]) 6 holes bottom, 3 holes middle (spiraled)
61 0.0625", 2 rows (bottom & middle [1.5" below collar]) 6 holes bottom, 6 holes middle (spiraled)
62 0.0625", 2 rows (bottom & middle [1" below collar]) 9 holes bottom, 3 holes middle

63 0.0625", 2 rows (bottom & middle [.5" below collar]) 6 holes bottom, 3 holes middle (spiraled)
64 0.0625", 2 rows (bottom & middle [.5" below collar]) 6 holes bottom, 6 holes middle (spiraled)
65 0.0625", 2 rows (bottom & middle [.5" below collar]) 6 holes bottom, 6 holes middle (spiraled)
66 0.0625", 2 rows (bottom & middle [1" below collar]) 9 holes bottom, 3 holes middle

67 0.0625", 2 rows (bottom & middle [1" below collar]) 9 holes bottom, 6 holes middle

68 0.0625", 2 rows (bottom & middle [1" below collar]) 9 holes bottom, 6 holes middle

69 0.0625", 2 rows (bottom & middle [.5" below collar]) 9 holes bottom, 3 holes middle (spiraled)
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70 0.0625", 2 rows (bottom & middle [.5" below collar]) 9 holes bottom, 6 holes middle (spiraled)

71 0.0625", 2 rows (bottom & middle [1.5" below collar]) 9 holes bottom, 3 holes middle (spiraled)

Table A7. Exploratory Testing Air Injection Patterns

Test Time to Time to Boil Moist Fuel Eq.Dry | Firepower Combustion Thermal
Boil (min) | Corrected (min) (kg) Fuel (kg) (kW) Efficiency (%) Efficiency (%)

1 NaN NaN NaN NaN NaN NaN NaN
2 NaN NaN NaN NaN NaN NaN NaN
3 327 304 0.563 0.510 4.88 98.9 23.6
4 25.4 239 0.503 0.456 5.61 99.4 26.2
5 26.8 26.3 0.532 0.482 5.63 99.3 24.0
6 325 32.6 0.540 0.489 4.70 98.8 233
7 25.7 25.0 0.501 0.454 5.51 99.1 25.7
8 33.2 325 0.527 0.477 4.50 98.6 243
9 35.4 359 0.609 0.552 4.87 98.2 20.5
10 28.9 28.8 0.572 0.518 5.61 98.9 22.1
11 26.6 27.0 0.592 0.536 6.29 99.0 21.1
12 29.4 29.0 0.597 0.541 5.75 98.9 21.3
13 26.5 26.2 0.638 0.578 6.83 99.2 19.9
14 28.3 28.1 0.637 0.578 6.38 99.2 19.9
15 26.5 26.3 0.634 0.575 6.80 99.3 19.9
16 243 24.1 0.588 0.532 6.84 98.6 21.6
17 23.6 253 0.565 0.512 6.78 98.7 21.2
18 32.1 33.0 0.613 0.555 5.41 98.5 20.2
19 26.6 274 0.606 0.549 6.45 98.5 20.3
20 22.8 23.7 0.579 0.525 7.20 97.3 21.2
21 22.4 23.1 0.564 0.511 7.12 96.8 21.9
22 29.1 29.2 0.573 0.519 5.59 98.9 21.5
23 325 35.0 0.647 0.587 5.64 99.1 21.3
24 32.4 335 0.703 0.637 6.15 99.3 19.0
25 28.3 29.8 0.635 0.575 6.36 99.0 19.2
26 25.0 25.5 0.540 0.489 6.11 99.2 23.1
27 24.6 24.8 0.519 0.470 5.99 99.2 22.7
28 28.4 29.8 0.529 0.479 5.29 99.2 23.8
29 27.7 28.1 0.521 0.472 5.33 98.9 23.0
30 252 25.0 0.552 0.500 6.21 99.4 22.5
31 26.7 27.3 0.579 0.524 6.14 99.3 21.9
32 29.8 324 0.628 0.569 5.98 99.5 20.4
33 24.9 26.9 0.563 0.510 6.40 99.4 20.9
34 26.0 25.8 0.556 0.504 6.07 98.9 22.1
35 24.5 25.7 0.514 0.466 5.96 99.2 22.7
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36 27.2 28.8 0.545 0.494 5.68 98.9 223
37 242 25.0 0.563 0.510 6.58 99.3 21.8
38 25.5 26.1 0.556 0.504 6.18 99.0 21.6
39 24.1 25.0 0.530 0.480 6.23 99.1 223
40 23.5 25.6 0.506 0.459 6.10 99.1 22.7
41 242 26.1 0.511 0.463 5.98 98.9 22.4
42 24.5 25.5 0.544 0.493 6.30 99.0 22.0
43 26.9 28.6 0.529 0.479 5.57 99.1 22.5
44 25.5 27.7 0.523 0.474 5.80 98.9 222
45 26.7 28.8 0.545 0.494 5.80 99.2 22.4
46 33.7 353 0.624 0.565 5.24 99.1 22.1
47 28.0 28.7 0.576 0.522 5.82 98.9 22.7
48 27.1 28.9 0.564 0.511 5.89 99.0 21.4
49 30.9 36.3 0.606 0.549 5.55 98.8 20.4
50 30.8 314 0.596 0.540 5.48 98.6 22.5
51 28.7 29.0 0.555 0.503 5.48 99.1 23.1
52 28.2 27.8 0.547 0.496 5.51 98.8 222
53 27.3 28.2 0.545 0.494 5.66 99.5 222
54 27.2 28.1 0.533 0.483 5.55 99.3 22.5
55 27.2 27.9 0.549 0.497 5.71 99.5 22.0
56 26.5 26.1 0.572 0.518 6.12 99.4 21.5
57 27.2 27.2 0.547 0.496 5.70 99.5 22.6
58 26.1 26.2 0.585 0.530 6.36 99.4 21.6
59 29.3 29.6 0.539 0.488 5.21 99.4 21.9
60 28.9 29.8 0.580 0.526 5.69 99.3 21.0
61 254 26.8 0.505 0.458 5.63 99.4 234
62 27.6 28.4 0.550 0.498 5.65 98.5 223
63 313 304 0.589 0.534 5.34 99.3 22.0
64 29.4 28.7 0.555 0.503 5.35 99.3 23.5
65 27.5 25.8 0.593 0.537 6.11 99.5 21.5
66 26.0 24.8 0.554 0.502 6.03 99.3 223
67 25.1 24.1 0.553 0.501 6.24 99.0 22.8
68 27.8 26.0 0.567 0.514 5.78 99.3 23.1
69 25.2 23.9 0.553 0.501 6.22 99.2 22.6
70 25.7 25.5 0.530 0.480 5.84 99.1 234
71 27.2 27.1 0.534 0.484 5.55 99.2 22.9

Table A8. Exploratory Testing Performance Metrics

105



Test Total CO2 | Total CO | Total PM | CO/Energy | CO/Power | PM/Energy | PM/Power
Mass (g) Mass (g) Mass (g) (g/MJd) (g/KWd) (mg/MJd) (mg/KWd)

1 NaN NaN NaN NaN NaN NaN NaN
2 NaN NaN NaN NaN NaN NaN NaN
3 860.5 4.49 NaN 2.02 3.96 NaN NaN
4 756.6 2.08 NaN 0.94 1.44 NaN NaN
5 806.3 2.56 NaN 1.19 1.91 NaN NaN
6 853.6 4.64 NaN 2.19 4.28 NaN NaN
7 785.5 3.36 NaN 1.55 2.40 NaN NaN
8 860.5 5.70 NaN 2.66 5.30 NaN NaN
9 1005.8 8.70 NaN 4.12 8.76 NaN NaN
10 893.1 4.93 NaN 2.30 3.99 NaN NaN
11 878.9 4.30 NaN 2.02 3.23 NaN NaN
12 917.8 4.20 NaN 1.96 3.45 NaN NaN
13 896.7 2.81 NaN 1.31 2.09 NaN NaN
14 937.3 3.51 NaN 1.64 2.79 NaN NaN
15 885.2 2.65 NaN 1.23 1.96 NaN NaN
16 830.1 6.10 NaN 2.82 4.11 NaN NaN
17 795.0 5.15 NaN 2.52 3.57 NaN NaN
18 1005.8 7.10 0.905 3.35 6.46 430.6 829.7
19 821.2 6.10 0.737 2.87 4.59 351.7 561.9
20 776.7 11.16 0.901 5.31 7.27 4324 591.9
21 767.4 12.99 1.034 6.15 8.28 493.2 663.9
22 775.9 4.10 0.747 1.96 3.41 356.7 622.2
23 997.7 4.17 0.585 1.78 3.47 249.5 487.0
24 1050.2 3.04 0.390 1.34 2.61 171.8 333.9
25 895.5 4.06 0.520 1.95 3.32 250.6 425.1
26 826.2 2.52 0.289 1.19 1.79 136.5 205.1
27 783.1 2.72 0.336 1.36 2.00 167.7 247.0
28 838.0 3.04 0.833 1.42 2.41 388.2 660.7
29 768.4 3.73 0.765 1.83 3.04 375.4 623.5
30 840.7 2.36 0.306 1.12 1.69 144.7 218.6
31 871.8 2.93 0.225 1.36 2.18 104.6 167.7
32 954.3 2.13 0.144 0.98 1.75 66.3 118.4
33 848.5 2.33 0.339 1.16 1.74 169.2 253.0
34 834.1 4.24 0.523 2.03 3.16 250.7 390.3
35 793.1 3.14 0.378 1.58 2.32 190.4 279.4
36 840.5 4.19 0.397 2.03 3.31 192.2 313.7
37 826.2 2.72 0.254 1.31 1.90 122.2 177.6
38 848.0 4.07 0.590 2.00 3.05 288.8 441.6
39 829.6 3.70 0.527 1.84 2.67 262.4 379.7
40 762.1 3.27 0.235 1.68 2.37 120.6 170.3
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41 738.7 3.68 0.596 1.89 2.75 306.6 445.2
42 793.1 3.53 0.351 1.73 2.54 172.1 252.9
43 840.6 3.44 0.410 1.71 2.75 203.4 328.2
44 805.7 4.14 0.346 2.10 3.22 175.7 269.3
45 839.7 3.00 0.311 1.45 231 150.2 240.3
46 1027.3 4.03 0.647 1.72 3.47 275.6 557.6
47 870.2 438 0.518 1.97 3.31 232.8 391.6
48 882.9 4.25 0.457 2.07 3.37 222.8 362.7
49 1026.2 5.97 0.470 2.83 5.26 2232 414.0
50 1007.2 7.08 0.326 3.10 5.73 142.8 264.1
51 897.1 3.78 0.256 1.73 2.98 117.3 201.7
52 910.0 4.93 0.399 238 4.03 192.7 325.5
53 867.3 2.01 0.241 0.98 1.60 116.6 191.2
54 847.8 2.57 0.293 1.26 2.06 143.9 234.9
55 870.0 1.93 0.293 0.94 1.54 142.9 233.7
56 869.3 2.54 0.440 1.21 1.93 210.6 334.4
57 853.7 1.68 0.414 0.80 1.30 196.9 321.4
58 909.7 2.54 0.408 1.18 1.84 189.3 296.0
59 871.4 2.37 0.417 1.18 2.07 207.9 365.6
60 886.8 2.78 0.404 1.34 232 194.8 337.6
61 767.6 1.81 0.313 0.90 1.38 155.8 237.7
62 760.6 5.83 0.703 2.80 4.63 337.2 557.8
63 897.2 2.65 0.387 1.20 2.26 175.5 329.4
64 852.2 2.55 0.310 1.15 2.03 139.8 246.9
65 824.0 1.95 0.310 0.90 1.48 143.3 236.2
66 772.4 253 0.389 1.20 1.88 185.2 289.3
67 747.7 3.84 0.359 1.79 2.70 167.7 252.8
68 835.2 2.78 0.171 1.25 2.08 76.7 127.9
69 807.4 3.21 0.406 1.51 2.28 191.3 289.0
70 776.6 3.20 0.338 1.52 2.34 160.2 247.0
71 817.6 2.86 0.340 1.38 2.25 163.4 266.9

Table A9. Exploratory Testing Emissions Metrics

A3.2 Parametric Testing

Table A10 through Table A13 provide the raw collected data, parametric settings,
performance metrics, and emissions metrics, respectively, for each test conducted during the
parametric testing phase. The cone identification numbers provided in Table A7 correspond to
air injection patterns 1 and 2 shown in Figure A6. It should be noted that the first 12 trials do not
have BC emission data, as the Magee Scientific AE-22 instrument was out for maintenance and
calibration.
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W?t.er W.o ?d VV.OOd W?t.er Wood Leftover | Leftover |Final Pot/| Empty e
Test | Initial | Initial | Final [Initial] MC | Start | End Wood (g) | Char (g) | Water (2)| Pot (g) Flow | Mass
CO | ® | ® | ® | (D) (CFM) | (mg)

1 25.7 | 979.6 |499.4| 5006 | 8.3 |13:29] 13:58 443 24.1 6475.6 1711 201 | 1.3601
2 26.2 | 871.2 |290.8 | 5002 | 8.3 |14:54| 15:26 16.4 452 6422.5 | 1710.7 | 199 1.681
3 19.7 | 961.5 | 169.4| 5002 | 8.0 |11:22] 12:09 26.4 59 6276.5 | 1710.5| 201 | 3.1537
4 28.6 | 986.7 |456.9| 5287 | 6.9 |12:11| 12:36 74.1 27.1 6811.2 | 1710.8 | 199 | 1.2424
5 23.8 | 959.8 |457.8| 5001 | 6.9 |13:43] 14:08 323 28.7 6503.5 | 1710.8 | 200 | 1.1639
6 27.7 | 1008.3 |461.4| 5003 | 7.3 |11:34| 12:00 32.6 37.2 6502.4 | 1710.7 | 195 | 1.2925
7 27.9 |1002.9|485.1|5004 | 7.3 |13:08| 13:33 67.5 30.3 6490.2 1711 197 | 0.9853
8 25.5 | 961.1 | 4543|5004 | 7.3 |14:32| 14:57 30.8 322 6448.9 | 1710.7 | 198 | 1.1776
9 28.1 | 980.3 |534.7| 5005 | 10.4 |10:43| 11:04 69.5 224 6527.1 | 1710.6 | 214 | 0.8091
10 24 809.3 |277.8| 5001 | 7.3 |15:46/| 16:16 42.6 335 6471.6 | 1710.6 | 197 | 1.1202
11 32 958.3 |522.4| 5005 | 10.4 |12:04] 12:25 60.4 324 6504.6 | 1710.5| 218 | 0.4293
12 | 299 | 971.8 |500.4 | 5012 | 10.4 |13:34| 13:59 39.5 18.4 6519.8 | 1710.3 | 218 | 0.7117
13 | 30.8 | 988.8 [562.3|5004 | 9.0 |[11:45] 12:07 76 32 6526.8 | 1710.6 | 200 | 0.589
14 | 36.2 | 9353 | 5583|5004 | 9.0 |13:10| 13:29 30.1 224 6510.1 | 1710.8 | 202 | 0.8541
15 | 259 | 937.9 [458.7| 5008 | 9.0 |[14:32] 14:57 223 27.6 6478.5 | 17109 | 205 | 1.2194
16 | 32.1 | 9855 |591.0[4999 | 81 |10:58| 11:19 45.5 4.9 6521.6 | 1710.7 | 203 | 0.5492
17 | 34.8 | 983.1 [572.3| 5001 | 8.1 |[12:41] 13:02 36 28.8 6529.4 | 1710.7 | 205 | 0.4457
18 | 25.6 | 969.6 |371.0( 5006 | 8.1 |13:58| 14:33 11.2 41.4 6354.1 1711 209 | 1.2637
19 | 20.5 | 972.2 |510.0| 5008 | 8.1 |[10:01]| 10:29 242 38.2 6455.7 | 1710.8 | 201 | 1.1054
20 | 254 | 905.5 |433.7| 5004 | 8.1 |11:21]| 11:45 322 353 6492.1 | 1710.8 | 204 | 1.2097
21 | 28.7 | 918.0 |324.3| 5000 | 8.1 |12:35| 13:04 20.7 42 6381.4 | 1710.9 | 204 | 0.9893
22 | 235 | 9339 |501.0( 4999 | 7.8 |11:58]| 12:24 20.4 15.1 6466.3 1711 203 0.739
23 | 259 | 904.7 |404.4| 5007 | 7.8 |13:42]| 14:08 222 6.0 6405.8 1711 204 | 0.589
24 | 27.1 | 9443 |493.6| 4999 | 9.3 |13:05]| 13:25 35.6 43.0 6503.7 | 1710.2| 200 | 0.708
25 | 253 | 952.6 | 4349|5007 | 9.3 |14:28]| 14:50 49.9 51.9 64944 | 1710.1 | 206 | 0.740
26 | 24.6 | 955.7 |524.7|5001 | 8.0 |10:57| 11:17 44.7 37.8 6542.7 | 1709.7 | 204 | 0.948
27 | 235 | 984.9 |501.1|4999 | 8.0 |12:53|13:14 46 39.6 6501.6 | 1709.6 | 204 | 0.392
28 | 242 | 994.0 |451.1| 5001 | 8.0 |14:07| 14:33 29.5 56.6 6517.3 1710 202 1.886
29 | 249 | 9469 |482.6|5002 | 9.0 |10:31]| 10:53 68.7 343 65304 | 1709.8 | 204 | 0.476
30 | 274 | 977.4 |440.4| 5004 | 9.0 |13:16]| 13:40 54.2 50.9 6477 1710 203 1.741
31 | 255 | 936.3 |476.4|4996 | 9.0 |11:50| 12:12 38 45.9 6497.9 | 1709.7 | 205 0.746
32 | 23.6 | 940.3 |470.2| 5005 | 11.0 |11:19] 11:45 40.9 30.0 6444.4 | 1709.7 | 201 0.554
33 23 945.4 | 4459|5004 | 11.0 |12:38] 13:04 69.9 16.2 6511.1 | 1709.7 | 200 | 0.657
34 | 233 | 984.5 | 4251|4998 | 11.0 |13:50| 14:19 57 32.8 6475 1709.8 | 201 1.166
35 | 244 | 960.8 | 5452|5001 | 11.1 |11:48]| 12:12 18.6 28.7 6517.6 | 1709.5| 204 | 0.747
36 | 269 | 946.6 |482.1|4999 | 11.1 |13:24]| 13:46 18.9 52.0 6511.3 | 1709.8 | 205 1.049
37 25 891.9 |380.2 4999 | 11.1 |14:33| 14:59 24.6 40.1 6492.7 | 1710.7 | 205 0.748
38 | 22.7 | 961.9 |514.9| 4998 | 10.0 |10:51]| 11:15 15 433 6526.7 | 1709.6 | 204 | 0.882
39 | 26.1 | 932.6 |487.3|4996 | 10.0 |13:01]| 13:28 4.5 243 6451.4 | 1709.9 | 203 0.622
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40 | 273 | 958.3 |388.3/4999 | 10.0 [14:39| 15:10 | 352 38.2 64023 | 1710.5 | 205 | 1.781
41 | 27.8 | 933.1 [515.9]5005 | 9.7 |13:54|14:18 | 93 32.5 6505.2 | 1709.6 | 206 | 0.369
42 | 302 | 947.9 [523.7]5004 | 93 |11:09|11:33 | 282 28.9 6482 | 1709.6 | 203 | 0.568
43 | 263 | 966.6 [478.4|4997 | 9.6 |12:32|12:56 | 51.8 32.7 64842 | 1709.8 | 205 | 0.437
44 | 29 |999.7 [571.3]4997 | 9.0 |14:15|14:39 | 14.9 30.5 6487.6 | 1710 | 203 | 0.433
45 | 21.8 | 978.3 [466.4| 5000 | 89 |11:00|11:25 | 73.8 44.8 6497.7 | 1709.2 | 204 | 0.709
46 | 22.9 | 921.2 [465.8|4996 | 83 |12:44|13:08 | 33.2 35.7 65149 | 1709.5 | 204 | 0.467
47 | 232 | 924.1 [442.8|4998 | 8.6 |15:11|15:37 | 426 34.3 6457.6 | 1709.5 | 204 | 0.388
48 | 21.4 | 965.7 [457.8]5003 | 9.6 |13:18|13:43 | 569 373 64753 | 1709.6 | 205 | 0.553
49 | 22.3 | 961.1 [493.2]4999 | 89 |14:37|15:02 | 23.8 350 | 6478.1 |1709.7 | 206 | 0.453
50 | 21.2 | 949.3 [505.4|5004 | 7.9 |[11:220| 11:51 | 39.8 24.3 6529.7 | 1709.7 | 203 | 1.072
51 | 21.8 | 993.3 [532.3]5005 | 8.8 |14:09|14:38 | 19.4 17.7 6511.8 | 17102 | 206 | 1.346
52 | 207 | 9452 [473.4]5002 | 8.8 [12:02|12:32 | 524 36.7 6510.6 | 1710 | 203 | 1.048
53 | 209 | 927.9 |505.7|5000 | 9.2 |13:32] 13:59 19 33.4 6502 | 17102 | 203 | 0.562
54 | 22,5 | 932.6 [498.8| 5001 | 9.2 |14:50| 15:14 | 27.7 42.7 6524.5 | 1710.6 | 203 | 0.778
55 | 20.1 | 928.5 [496.7| 4999 | 8.9 [10:17| 10:44 | 32.1 16.3 64724 | 17102 | 203 | 0.463
56 | 212 | 9382 |511.7]5002 | 8.8 |[11:36]12:05 | 12.1 25.3 6461.5 | 17104 | 202 | 0.707
57 | 22.1 | 936.6 [492.3]5005 | 8.2 [13:08]13:33 | 28.1 36.0 | 6544.8 | 1710.7 | 203 | 0.983
58 | 209 | 954.0 [519.3|4996 | 8.7 |11:59|12:30 | 249 159 | 6491.8 |1710.5| 203 | 0.905
59 | 21.8 | 969.4 |544.7|4999 | 8.9 |13:38]14:04 | 27.5 24.1 6500.3 | 1710.6 | 203 | 0.522
60 | 23.8 | 961.7 [518.0| 5005 | 8.1 |14:51|15:14 | 44.6 31,0 | 65135 | 1710.8| 203 | 0.768
61 | 24.8 | 935.6 [484.7|5001 | 9.0 |10:54| 11:21 31 23.2 6494.1 | 1710.6 | 201 | 0.898
62 | 24 | 942.6 [475.8|5004 | 88 |12:19|12:43 | 42 18.3 6493 | 1710.7 | 203 | 0.529
63 | 253 | 910.0 [453.0| 4996 | 8.9 |13:42]14:07 | 49.5 28.1 6476.9 | 17109 | 202 | 0.422
Table A10. Parametric Testing Collected Data

Test Cone ID Flow Rate (CFM)

1 1 0.75

2 1 1

3 1 1.25

4 2 0.75

5 2 1

6 2 1.25

7 2 0.75

8 2 1

9 2 0.75

10 2 1.25

11 2 1

12 2 1.25

13 2 0.75

14 2 1
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Table A11. Parametric Testing Parametric Configurations

Test Time to Time to Boil Moist Eq.Dry | Firepower Thermal Con.lbustion
Boil (min) | Corrected (min) | Fuel (kg) | Fuel (kg) (kW) Efficiency (%) | Efficiency (%)
1 29.1 30.1 0.511 0.429 4.61 25.67 99.30
2 31.6 33.1 0.639 0.512 5.07 22.46 96.96
3 47.1 44.5 0.841 0.677 4.49 20.8 97.6
4 24.8 26.6 0.531 0.449 5.65 234 99.4
5 253 252 0.545 0.460 5.67 23.8 99.5
6 26.3 27.5 0.589 0.485 5.78 21.7 97.8
7 25.0 26.2 0.525 0.437 5.46 245 99.4
8 25.2 25.7 0.551 0.458 5.69 24.9 98.8
9 20.1 21.6 0.451 0.368 5.72 274 99.1
10 30.5 30.5 0.564 0.468 4.80 24.0 99.5
11 21.3 23.7 0.451 0.351 5.17 28.6 99.6
12 25.4 27.7 0.507 0.424 5.22 239 99.0
13 223 24.6 0.426 0.335 4.71 29.3 99.4
14 19.6 233 0.422 0.347 5.56 27.3 99.0
15 25.6 26.5 0.532 0.439 5.37 25.0 99.2
16 21.1 23.7 0.424 0.380 5.64 25.5 99.6
17 21.2 24.5 0.450 0.366 5.39 25.8 99.1
18 349 36.1 0.662 0.541 4.85 23.1 98.1
19 28.0 27.1 0.513 0.409 4.58 28.8 99.3
20 235 243 0.515 0.415 5.52 259 99.0
21 29.2 32.1 0.648 0.527 5.64 22.0 99.3
22 26.4 26.4 0.488 0.424 5.01 26.7 99.5
23 26.6 27.4 0.553 0.498 5.85 239 99.6
24 20.5 21.4 0.490 0.375 5.73 27.9 98.4
25 22.4 232 0.543 0.409 5.70 26.4 96.9
26 19.3 19.9 0.461 0.363 5.88 28.0 97.7
27 20.8 20.9 0.513 0.407 6.14 26.5 98.5
28 254 25.7 0.581 0.443 5.46 28.9 92.5
29 223 22.7 0.471 0.373 5.22 27.9 98.8
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30 24.8 26.5 0.556 0.424 5.35 13.3 96.7

31 214 22.3 0.497 0.378 5.53 27.8 98.5

32 25.5 26.0 0.504 0.400 491 28.6 99.4

33 254 25.3 0.505 0.422 5.20 25.7 99.2

34 29.1 29.5 0.577 0.461 4.95 24.0 98.9

35 23.7 24.0 0.472 0.373 4.93 28.3 99.3

36 22.1 233 0.521 0.380 5.38 272 98.7

37 26.1 26.2 0.562 0.435 5.22 25.1 98.9

38 24.0 23.9 0.507 0.387 5.04 27.3 99.1

39 26.8 27.9 0.516 0.424 4.96 26.1 99.3

40 30.5 323 0.610 0.487 5.00 23.8 97.9

41 239 25.5 0.483 0.383 5.02 27.1 99.2

42 23.6 25.9 0.471 0.380 5.04 274 99.2

43 24.1 25.3 0.511 0.409 5.30 26.0 99.3

44 242 26.0 0.489 0.395 5.11 26.3 99.1

45 24.8 24.1 0.513 0.395 4.99 28.2 99.3

46 23.8 23.8 0.497 0.398 5.22 26.8 99.9

47 26.0 26.5 0.514 0.414 4.98 27.0 99.5

48 25.7 252 0.526 0.415 5.04 27.5 99.3

49 25.6 25.5 0.519 0.416 5.09 26.9 99.5

50 30.8 29.6 0.479 0.401 4.08 27.2 98.5

51 28.7 28.2 0.517 0.441 4.80 24.9 96.4

52 30.5 29.8 0.494 0.391 4.01 28.1 98.7

53 26.4 25.8 0.478 0.380 4.50 29.2 99.0

54 23.6 23.8 0.481 0.368 4.87 28.7 99.0

55 26.7 25.6 0.475 0.405 4.73 28.6 99.5

56 29.0 28.6 0.489 0.405 4.36 28.4 99.4

57 242 23.6 0.491 0.393 5.07 27.1 99.2

58 30.7 29.8 0.485 0.416 4.24 27.0 99.2

59 26.1 25.8 0.472 0.390 4.67 28.1 99.5

60 23.1 234 0.474 0.385 5.20 27.8 98.9

61 26.7 27.1 0.495 0.412 4.83 26.4 99.3

62 245 24.5 0.500 0.425 5.43 26.0 99.3

63 25.3 26.0 0.483 0.394 4.86 27.7 99.4

Table A12. Parametric Testing Performance Metrics
Test Total CO2[Total CO Total PM|Total BC| CO/Energy | CO/Power | PM/Energy | PM/Power BC/Energy| BC/Power
Mass (g) | Mass (g) | Mass (g) | Mass (g) | (g/MJd) | (g/KWd) | (mg/MJd) [(mg/KWd)| (mg/MJd) | (mg/KWd)

1 600.9 2.7 0.464 NaN 1.31 NaN 165.1 391.9 NaN NaN
2 703.6 13.9 0.573 NaN 6.45 NaN 185.3 503.5 NaN NaN
3 970.3 15.2 1.074 NaN 5.75 3.96 155.2 1146.3 NaN NaN
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4 593.1 2.40 0.420 NaN 1.22 1.44 180.0 318.0 NaN NaN
5 628.5 1.89 0.395 NaN 0.92 1.91 82.7 293.2 NaN NaN
6 679.7 9.68 0.435 NaN 4.89 4.28 135.5 346.6 NaN NaN
7 606.4 2.40 0.331 NaN 1.20 2.40 110.7 247.9 NaN NaN
8 642.0 4.87 0.397 NaN 2.28 5.30 166.5 279.7 NaN NaN
9 502.1 2.84 0.293 NaN 1.50 8.76 204.9 187.2 NaN NaN
10 666.0 2.28 0.380 NaN 1.08 3.99 103.8 328.8 NaN NaN
11 500.8 1.15 0.156 NaN 0.61 3.23 86.4 105.4 NaN NaN
12 584.7 3.84 0.257 NaN 2.02 3.45 187.4 206.4 NaN NaN
13 468.0 1.88 0.204 0.068 1.02 2.09 172.3 148.0 37.1 49.6
14 471.1 2.87 0.296 0.172 1.62 2.79 207.2 195.3 96.8 113.6
15 623.8 3.39 0.422 0.081 1.64 1.96 157.2 3143 394 60.5
16 480.8 1.30 0.189 0.077 0.71 4.11 119.4 131.4 423 53.6
17 490.2 2.84 0.153 0.092 1.60 3.57 91.0 110.1 51.9 66.2
18 768.7 9.44 0.439 0.107 4.03 6.46 124.0 392.6 45.5 95.4
19 639.8 2.69 0.382 0.127 1.21 4.59 126.6 289.2 57.4 96.3

20 599.8 4.01 0.419 0.088 1.98 7.27 170.0 2923 43.7 61.7
21 740.1 3.26 0.342 0.049 1.50 8.28 66.3 275.6 22.7 39.8
22 600.9 1.83 0.254 0.094 0.86 3.41 83.3 189.3 443 70.2
23 716.2 1.80 0.203 0.078 0.81 3.47 129.5 145.3 35.0 55.8
24 515.1 5.42 0.244 0.092 2.76 2.61 88.2 152.4 47.0 57.7
25 575.9 11.83 0.256 0.075 5.85 3.47 110.9 170.4 373 50.2
26 498.1 7.62 0.324 0.112 4.00 4.74 191.6 197.0 58.8 68.1

27 546.5 5.18 0.134 0.059 2.55 3.32 130.1 82.6 29.1 36.2
28 559.5 28.92 0.643 0.109 14.56 323.92 55.0 222 493.0 83.7
29 514.9 4.11 0.163 0.066 2.10 1.79 186.4 111.4 33.9 45.4
30 613.5 13.26 0.600 0.081 6.61 299.55 40.4 9.8 445.4 60.1

31 534.2 5.26 0.256 0.073 2.66 2.00 125.9 166.3 36.7 47.2
32 575.1 2.39 0.190 0.063 1.11 3.40 153.1 135.1 29.2 447
33 563.8 2.85 0.226 0.061 1.40 2.41 103.7 168.9 30.1 45.8
34 646.0 4.58 0.398 0.028 221 3.04 284.6 334.9 13.7 239
35 524.1 2.44 0.258 0.090 1.23 1.69 65.7 184.6 45.2 64.1

36 538.5 4.56 0.360 0.063 2.36 2.18 99.4 246.7 32.7 433

37 588.0 4.25 0.258 0.044 2.07 1.75 74.6 196.9 21.5 33.6
38 545.1 3.29 0.303 0.076 1.66 1.74 75.9 220.5 38.5 55.5
39 614.9 2.82 0.216 0.045 1.36 3.16 116.9 166.5 21.7 34.8
40 661.2 8.89 0.618 0.081 4.10 232 80.1 520.1 37.4 68.2
41 545.7 2.74 0.128 0.048 1.41 3.31 63.7 94.1 24.9 35.7
42 512.5 2.74 0.194 0.046 1.40 1.90 89.4 140.7 23.7 335
43 508.5 2.19 0.149 0.048 1.10 3.05 74.7 108.1 24.0 34.8
44 546.8 3.21 0.148 0.048 1.65 2.67 180.5 110.0 24.4 354
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45 554.4 2.66 0.244 0.050 1.27 2.37 225.0 173.5 23.8 353
46 455.4 0.25 0.161 0.041 0.12 2.75 174.7 114.5 20.4 29.2
47 548.8 1.87 0.134 0.043 0.89 2.54 92.9 99.3 20.3 31.6
48 597.6 2.53 0.191 0.034 1.19 2.75 135.1 138.1 16.1 24.8
49 567.9 1.83 0.157 0.041 0.87 3.22 73.2 114.5 19.6 30.1
50 540.8 5.16 0.369 0.113 2.52 2.31 112.5 333.2 554 102.3
51 588.6 13.73 0.463 0.162 6.67 3.47 169.1 388.0 78.7 135.7
52 584.2 4.88 0.361 0.082 2.36 3.31 146.5 319.6 39.6 72.4
53 552.8 3.45 0.193 0.100 1.66 3.37 86.8 147.1 48.1 76.2
54 544.4 3.36 0.268 0.097 1.70 5.26 130.5 191.5 49.0 69.4
55 605.5 1.76 0.159 0.046 0.81 5.73 150.7 117.5 21.2 34.0
56 570.3 2.13 0.243 0.055 0.99 2.98 87.8 195.9 25.5 44.4
57 577.1 2.78 0.338 0.106 1.39 4.03 70.8 245.6 52.9 76.8
58 519.6 2.56 0.308 0.048 1.22 1.60 116.6 270.0 22.6 41.7
59 564.7 1.91 0.179 0.055 0.93 2.06 143.9 136.2 26.6 41.7
60 503.3 3.59 0.262 0.121 1.79 1.54 142.9 181.2 60.3 83.8
61 601.9 2.58 0.307 0.071 1.27 1.93 210.6 241.4 35.1 56.2
62 587.6 2.55 0.182 0.092 1.23 1.30 196.9 129.0 44.5 65.4
63 582.5 2.16 0.145 0.064 1.05 1.84 189.3 107.6 31.1 47.2

Table A13. Parametric Testing Emissions Metrics

A4 — Duct Flow Rate Calibration

Cookstoves are tested under a steel exhaust hood that completely captures pollutant
emissions. Electric blowers exhaust all captured emissions outside the building using a steel duct
system. Accurate volumetric flow rate measurements of the exhaust passing through this duct are
required to calculate the mass of pollutants emitted by the cookstoves. Volumetric flow rate is
calculated using differential pressure measurements across a Fantech IR Series iris damper
installed in the 152-mm (6-inch) diameter ducting. This iris damper is adjustable, and set to a
diameter of 110 mm (4.5 inches). Differential pressure measurements are taken at static ports on
either side of the iris using pressure sensors integrated into the Energy Conservatory Automated
Performance Testing System (APT-8) unit.

In order to convert differential pressure measurements across the iris to volumetric flow
measurements, a calibrated equation is required. The basic calibration method presented in this
Appendix is adapted from ISO 5167, which provides standard hardware configurations and
empirical equations for the measurement of fluid flow rates using differential pressure devices.'*”
In this calibration method, the volumetric flow rate of air aspirated into the exhaust duct is
measured using a Minneapolis Duct Blaster while differential pressure measurements are
recorded across the iris. The Minneapolis Duct Blaster is operated in accordance with the
procedures outlined in the manual and instructional video cited in the References below. **'?7

Using this set of experimental measurements, it is possible to generate a calibration
equation for the iris. This procedure is repeated over four trials, as the temperature of the duct
flow 1s modulated. The duct flow was heated using a large propane burner upstream of the Duct
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Blaster instrument, which is connected directly to the duct. The collected data from these four
trials is provided in Table A14.

Duct Temp Duct Flow Pressure Diff
Trial [°C] [m*/min] [Pa]
1 23.7 6.9093 125.9
2 38.0 6.6261 123.8
3 52.3 6.4138 119.5
4 68.4 6.2155 112.7

Table A14. Duct Flow Rate Calibration Data

Using the experimental data from Table A14, the differential pressure measurements
across the iris can be used to calculate the volumetric flow of air through the duct iris according
to the governing equation,

2AP[Pal] 4
P2 (- (3))

where AP is the pressure differential measured across the iris, A is the area of the duct (0.0182
m?), D is the diameter of the duct (0.152 m), Do is the diameter of the iris, and C is the discharge
coefficient.'”® The air density, p, is calculated as a function of temperature using the equation,

m3 "
Qauct [El = A[m ]C (AIO)

kg _ Pamb [Pa]

M (Tel°C] + 273)  Ra % kg

ol (A11)

where P, 1s the ambient pressure (97.77 KPa at the laboratory’s altitude of 300 m MSL), Tqyet
is the temperature in the duct, and Ra is the gas constant (286.9 J/Kg K for air)."”® All inputs to
equations A10 and All are known experimental measurements, except for the discharge
coefficient and iris diameter. Although the iris diameter can be measured directly, this procedure
calculates the effective iris diameter for added calibration accuracy. Equation A10 can be
rearranged to yield the discharge coefficient as follows,

Cane|Z2] [ [22] (1- (%))

A[m?] 2AP[Pa]

C =

(A12)

In addition, the ISO 1057 Standard defines the discharge coefficient through a concentric
iris in a pipe flow using the following empirical function,
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2.1 8

D D D,\%5 (106\%7°
C = 0.5959 + 0.312 (FO) —0.184 (3") +0.0029 (FO) (R—e> (A13)

where Re is the dimensionless Reynolds number.'*” The Reynolds number is calculated using,

m3
4‘Qduct Q]
Re = (A14)

2
v m_] D[m]
sec

where v is the kinematic viscosity of air. The kinematic viscosity is calculated as a function of
duct airflow temperature using Equation A15."

V=

1/1.458x107¢(T °Cl + 273)1°
_< (duct[ ] ) > (A15)

o\ (Tyuel°Cl+273) + 1104

Overall, Equations A12 and A13 form a system of two equations with two unknowns.
Using MATLAB, this system of equation is solved implicitly to yield values of the discharge
coefficient and effective iris diameter for each trial, as provided in Table A15 below.

Density Kinematic Reynolds | Coefficient | Iris Diameter
Trial (kg/m3) Viscosity (m?/s) | Number | of Discharge (m)
1 1.148 1.60x10 6.25%10" 0.6042 0.1163
2 1.095 1.73%10° 5.78x10" 0.6053 0.1159
3 1.047 1.88x10” 5.41x10" 0.6056 0.1162
4 0.998 2.04x107 5.06x10" 0.6056 0.1171

Table A15. Calibration Procedure Results

Table A15 shows that the iris has a discharge coefficient of 0.6052 £+ 0.0007 and effective
iris diameter of 0.1164 = 0.0005 m (both results represent the mean and 90% confidence interval
from the four trial results). Using these calibration factors and governing equation A10, it is
possible to calculate volumetric flow rate through the 152 mm (6-inch) diameter duct as a
function of differential pressure across the iris and air flow temperature in the duct.

The Minneapolis Duct Blaster and Fantech iris damper are rated to measure volumetric
air flow rate with + 3% and + 5% accuracy, respectively.'”**®” The APT-8 measures pressure
with +1% accuracy and temperature with + 0.25 °C accuracy (or a maximum error of around +
1%, given an ambient temperature of ~25 °C).**' Combining these sources of measurement error
(by taking the root of sum of squares), it can be estimated that the flow rate measurements are
recorded with a nominal accuracy of around + 6%.

AS — Secondary Diluter Overview

Real time particulate matter (PM) concentrations in the exhaust duct are measured and
recorded at a frequency of 1 Hz using a suite instruments. However, PM concentrations in the
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duct are typically an order of magnitude greater than the ambient concentrations for which the
instruments are intended. Consequently, a custom secondary diluter was designed and
constructed to reduce emission concentrations to levels that the instruments can safely measure,
while maintaining isokinetic sampling conditions that prevent distortion of the particle size
distribution collected.

The secondary diluter, schematically illustrated in Figure A13, samples cookstove
emissions using a stainless steel tube (known as the sampling probe) mounted in the 254 mm
(10-inch) diameter exhaust duct. This sampling probe is parallel to the longitudinal axis of the
duct (with the opening facing directly into the flow), and located on the horizontal plane at the
center of the duct, offset by about 50 mm (2 inches) from the duct’s central axis. The sample
flow from the duct subsequently enters the secondary diluter, shown in Figure A14.

The secondary diluter consists of a long cylindrical mixing volume equipped with
plumbing fittings at either end. The sample is diluted using ultra-zero air (O, 19.5% - 23.5%,
water < 2 ppm, hydrocarbons < 0.1 ppm, CO, < 0.5 ppm, CO < 0.5 ppm) injected at the top of
the diluter. The sample probe extends 57 mm (2.25 inches) into the diluter body so the secondary
dilution air can develop a flow profile parallel to the sample flow prior to mixing, thereby
preventing the impaction of particles onto the walls of the diluter. The sample flow and
secondary dilution air are subsequently allowed to mix through two succeeding tubes: the first is
58 mm (2.0 inches) long in a tube with an internal diameter of 12 mm (0.46 inches), while the
second is 89 mm (3.5 inches) long with an internal diameter of 4.9 mm (0.19 inches). This two
stage mixing section provides about 25 characteristic turbulent mixing lengths, fully ensuring
that the duct sample and secondary dilution air are well mixed prior to sampling by the
instruments. Excess flow is purged at the bottom of the diluter using a splitter. The diluted flow
from the diluter subsequently passes through a BGI Very Sharp Cut Cyclone (VSCC) with a
nominal particle size cutoff of 2.5 um prior to sampling by the suite of PM instruments. Flow
rate through this cyclone must be maintained at a constant 16.7 LPM in order to ensure effective
particle removal from the sample flow.
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Figure A13. Schematic of secondary diluter
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Figure Al14. Photograph of secondary diluter at Lawrence Berkeley National Laboratory (left)
and cut-section of the diluter as built (right). The diluter is entirely constructed from plumbing
parts, and volumetric flow rates are controlled using Alicat Scientific mass flow controllers
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The flow rates of dilution and purge air are controlled using Alicat Scientific mass flow
controllers to adjust the secondary dilution ratio through the tunnel while maintaining isokinetic
sampling conditions. Flow rate settings are calculated using the methods outlined below. Firstly,
the secondary dilution ratio is defined as,

 QuILPM] + QuulLPM]
DR = = [IPM] (A16)

where Qs is the sample flow rate and Qg is the dilution flow rate. Given isokinetic sampling
conditions at the nominal duct flow rate of 200 CFM (5660 LPM), the sample flow can be
calculated as,

LT S

QuILPM] = Quuce[LPM] (5o
where Qguc 1S the duct flow rate, D is the inner diameter of the sampling probe (3.00 mm, or
0.118 inches), and Dy is the duct diameter (254 mm, or 10 inches). Given these values, the
sample flow is calculated to equal 0.789 LPM for isokinetic sampling conditions. Using
equations A16 and Al7, it is possible to calculate the dilution flow rate as a function of the
desired secondary dilution ratio. The purge flow rate can be calculated by balancing the mass
flows of air entering and exiting the secondary diluter,
Qp[LPM] = Quu[LPM] + Qs[LPM] — Qun5:[LPM] (A18)

where Qing 1s the flow rate sampled by the suite of instruments (set to a constant 16.7 LPM to
accommodate the nominal flow rate of the PM;s cyclone). Using these three equations, it is
possible to calculate dilution and purge flow rates to sample PM from the duct isokinetically
over a range of secondary dilution ratios. It should be noted, however, that there exists a
minimum dilution ratio below which isokinetic sampling conditions cannot be achieved. This
minimum secondary dilution ratio occurs when the purge flow is set to zero, and the sum of the
dilution and sample flow rates is equal to 16.7 LPM (the total flow rate sampled by the suite of
instruments). For the design parameters provided above, a minimum secondary dilution ratio of
21.5 maintains isokinetic sampling.

Although the secondary diluter is initially set using the calculations above, the dilution
ratio is also validated and monitored in real time. CO; concentrations in the duct are measured
with a CAI gas analyzer, while concentrations in the diluted flow are measured using with a PP
Systems SBA-5 NDIR gas analyzer. Given that the ultra-zero air used for secondary dilution
does not contain CO,, the dilution ratio can be calculated as the ratio of CO, concentrations in
the duct and diluted flows. Prior to each day of testing, volumetric sample and instrument flow
rates are measured using a Gillian Gillibrator. In conjunction with the volumetric dilution and
purge flow measurements from the Alicat Scientific flow controllers, these measurements are
used to validate and calibrate the secondary diluter’s operation.

The PM instrument suite consists of six instruments, as illustrated in Figure A15. In order
to accommodate the PM, s cyclone, the combined sample flow rate from all the instruments in
the suite is set to 16.7 LPM. A purge line was installed to allow the secondary diluter to operate
with any combination of instruments. Flow through the purge line is driven by a vacuum pump
and controlled by an Alicat Scientific mass flow controller such that the total sample flow rate is
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maintained at the 16.7 LPM setting. In addition, it should be noted that the TSI 3330 OPS
particle sizer is particularly sensitive to high PM concentrations. Consequently the OPS sample
flow is provided with additional (tertiary) dilution using a TSI 3332 Aerosol Diluter. This diluter
provides an additional 10:1 dilution ratio, further decreasing sampled PM concentrations to
levels that the OPS can measure accurately.

FROM SECONDARY
DILUTER

FMPS — Fast Mobility Particle Sizer
CYCLONE OPS - Optical Part_icle Si_zer _

APS — Aerodynamic Particle Sizer

SBA-5 — CO, Monitor

DT — Dustrak PM Monitor

AE-22 — Black Carbon Monitor

FMPS
(10 LPM)

10:1
Diluter SBA-5 DT AE-22 APS PURGE

‘ (0.475 LPM) (3 LPM) (1.25 LPM) (1 LPM)

OPS
(1 LPM)

Figure A15. PM instrument suite at Lawrence Berkeley National Laboratory. The suite consists
of three particle sizers (TSI 3091 FMPS, TSI 3330 OPS, and TSI 3321 APS), black carbon
monitor (Magee Scientific AE-22), PM monitor (TSI 8532 Dustrak II), and CO, gas analyzer (PP
Systems SBA-5). The system also has a purge line to ensure that the entire system draws a
constant 16.7 LPM flow rate of air through the cyclone regardless of which instruments are in
use. Flow through the purge line is driven by a vacuum pump and controlled by an Alicat
Scientific mass flow controller.
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Appendix B — Supporting Information: Practical Design
Considerations for Secondary Air Injection in a Wood-Burning
Cookstove

B1 — Materials and Methods

B1.1 Modular Air Injection Cookstove Design: Version 2 (MOD2)

The MOD2 stove is a wood-burning cookstove that enables the experimental
optimization of secondary air injection design parameters. Figure B1 and Figure B2 below
provide a rear and top view of the MOD2 stove, respectively, showing the location of the
secondary air supply line, thermocouples, and manifold pressure port. Figure B2 also shows the
junctures at the top of the manifold that leaked during testing. The outer juncture was sealed with
a high-temperature graphite gasket (Figure B3(b)), but the thin top plate warped over extended
use and thermal cycling (Figure B3(a)), resulting in leakage. Figure B1 shows that secondary air
is injected into the manifold through a removable access port, which can be easily modified to
accommodate a small electric fan or blower in future studies.

Manifold . g

Pressure Tap 5
Manifold TC ===

Secondary Air

| N

Figure B1. Rear view of the MOD?2 stove, showing the secondary air inlet, thermocouples (TC),
and manifold pressure port.
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Figure B2. Top view of the MOD?2 stove, showing the secondary air inlet, thermocouples (TC),

manifold pressure port, and the leaky manifold junctures. The pot skirt and pot supports were
removed so as to expose the top of the manifold assembly.

Figure B3. (a) Top of the manifold assembly, showing the thermocouple and pressure port that
extend into the manifold. (b) High temperature graphite gasket, used to seal the outer juncture
between the top of the manifold assembly and the stove body.

B1.2 Parametric Testing Procedure

Over the course of 52 preliminary tests, a total of 7 injection patterns were evaluated at
secondary flow rates ranging from 14 to 43 SLPM (the total flow into the stove manifold), and
two promising air injection patterns were identified for further parametric testing (Figure B4).
Pattern 1 consists of two concentric rows, each with three orifices evenly spaced around the
circumference of the conical chimney. The bottom row of orifices is located ~6.4 mm (0.25 inch)
above the juncture of the conical chimney and firebox, while the top row is located ~25 mm (1.0
inch) below the throat. The orifices in each row are offset, such that orifices in the top row are
exactly above the midpoint between two orifices in the bottom row. Pattern 2 is identical to the
Pattern 1, except that the bottom row has six evenly spaced orifices, rather than three. The two
rows in Pattern 2 are vertically aligned, such that orifices in the top row are directly above every
other orifice in the bottom row. In both patterns, all air injection orifices have a diameter of 1.59
mm (0.0625 in).
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In order to increase the height of the pot above the chimney throat, 2.5-mm (0.10-inch)
thick washers were added under the three bolts that serve as pot supports. Primary air flow was
controlled using adjustable intakes located under the grate. After initial tests showed that the
combustion lacked primary air, these adjustable intakes were left fully open throughout. The
stove was not fitted with a pot skirt or thermocouples during preliminary testing. As a result, no
secondary air temperature data was collected.

(1) ()

25.4 mm _
3 holes/row (1 inch)
3 holes/row ® \---e- - SIDE
o AN
I K
6.4 mm

(0.25 inch)

TOP

Figure B4. Schematic representation of the two injection patterns (Pattern 1 and Pattern 2)
identified during preliminary testing, and evaluated through parametric testing. All air injection
orifices have a diameter of 1.59 mm (0.0625 inch). Schematic is not drawn to scale.

B1.3 Manifold Leakage Correction

The MOD?2 stove’s integrated manifold had some faulty juncture seals (Figure B2), and
so a portion of the secondary air systematically leaked to the environment, rather than flowing
through the orifices in the injection pattern and into the combustion chamber (firebox). In order
to calculate the portion of the secondary flow injected through the orifices, the stove manifold
was completely sealed using hot glue, as shown in Figure BS5. For the two air injection patterns
identified during preliminary testing, Figure BS shows the manifold pressure at secondary flow
rates ranging from 14 to 57 SLPM, with the manifold both in the normal operating configuration
(leaking) and fully sealed using hot glue. Manifold pressure measurements were collected with
the stove at ambient conditions throughout. Figure B6 shows that for both air injection patterns,
the manifold pressure is much greater once the junctures are sealed with hot glue.
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Junctures sealed
with hot glue

Figure B5. Top of the manifold assembly, sealed with hot glue.
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Figure B6. Manifold pressure as a function of secondary air flow rate for two injection patterns,
with the manifold in both the normal operating configuration (leaking) and fully sealed using hot
glue.

With the stove manifold completely sealed and all the secondary air passing through the

injection pattern, it is possible to use the corresponding pressure and flow rate measurements to
calculate the coefficient of discharge (C,) through the orifices using Equation B1,

_( 40Q Pstp
Ca = (NnDZ) 2AP (B1)
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where Q is the standard volumetric flow rate of secondary air (SLPM), pstp is the density of air
at standard conditions (1.225 kg/m’), AP is gauge pressure in the manifold (Pa), N is the number
of orifices in the injection pattern, and D is the orifice diameter (1.59 mm)."”® The standard
volumetric flow rate of secondary air into the manifold was measured with a rotameter (SLPM),
and so must correspondingly be converted to mass flow rate using the density of air at standard
conditions. Figure B7 below shows the coefficient of discharge calculated at each parametric
setting (with the manifold fully sealed). The coefficient of discharge remains relatively constant
throughout, ranging from 0.82 to 0.88, and has an average value of 0.846 + 0.008 (mean of C, at
all parametric configurations + 90% confidence interval). This value of discharge coefficient
agrees closely with that derived in other experimental studies of turbulent air discharge through
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Figure B7. Coefficient of discharge (C4) calculated at each parametric configuration, using
pressure and flow rate measurements collected with the MOD?2 stove manifold fully sealed, such
that all the secondary air passes through each of the two patterns presented.

Using the average coefficient of discharge calculated above (0.846 + 0.008) and the
manifold pressure measurements collected in the normal operating configuration (with the
leakage), it is possible to determine the standard volumetric flow rate of secondary air passing
through each injection pattern as follows,

(CdNnD2> 2AP
= . (B2)
4 Pair

For each combination of secondary flow rate (the total flow into the manifold) and injection
pattern, Figure B8 and Figure B9 show the standard volumetric flow rate (SLPM) and fraction
(%) of secondary air injected into the firebox, respectively. The flow rate of injected air increases
linearly with total secondary flow, and is generally consistent between the two patterns at each
setting. As total secondary flow increases, the fraction of injected air initially decreases from
around 39% to 27%, presumably because higher manifold pressures push against the top of the
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manifold assembly and expand the cracks through which air is leaking. However, the leakage
stabilizes for flow rates > 40 SLPM, as the cracks can expand no further.

Using these calculations, it is possible to present the stove performance results in terms of
the standard volumetric flow injected through the patterns, rather than the total secondary flow
into the manifold. Since secondary air leaked mostly through the outer juncture at the top of the
manifold assembly, away from the firebox, it is unlikely that the leakage significantly impacted
the stove’s combustion performance. However, it should be acknowledged that the leakage of
cold secondary air near the pot of water (the thermal load) may have hampered heat transfer from
the hot exhaust flow, and restricted the stove’s thermal performance. Future iterations of the
MOD stove should rectify the leakages, and manifold pressure measurements should be collected
in real time throughout testing (as was done for temperature).
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Figure B8. Standard volumetric flow rate of air injected through the orifices in each pattern,
calculated using Equation B2, as a function of total secondary flow rate into the manifold.
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Figure B9. Fraction of the total secondary flow rate injected through the orifices in each pattern.
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B1.4 Data Analysis and Performance Metrics

Performance metrics, such as firepower, equivalent dry mass of fuel consumed, and
thermal efficiency, are calculated for each test using the methods provided in the WBT Protocol
4.2.3.% Emission factors are calculated according to the methods outlined by Caubel et al.,'” and
some additional methods are presented below. Size-resolved particle concentration
measurements from the TSI 3321 APS instrument are corrected using a particle density of 1.90 +
0.05 g/cm® (mean of particle density calculated at all parametric tests + 90% confidence
interval).” The total mass of gaseous emissions emitted (CO, CO,) or consumed (O,) is
calculated using Equation B3 below,

f=tf
Z MW(CgaS (t) - Cgas,bkg)Qduct(t)PambAt
R(Tduct(t) + 273)

Myas (BB)

t=0

where mg, (g) 1s the total mass of gaseous emissions, ¢ is the time step, #s1s the duration of the
cold start test (sec), Cgus 1s the volumetric gas concentration (ppmv), Cgas pig 18 the background
gas concentration (ppmv), MW is the molecular weight of the gas species (g/mol), Qu.c: 1s the
duct flow rate (m’/sec), P is the ambient pressure (97150 Pa at the laboratory’s altitude of
~300 m MSL), 4t is the sampling period (1 sec), R is the ideal gas constant (8.314 J/ (mol K)),
and Ty, 1s the temperature in the duct (°C). The background levels of each gas species are
calculated by taking the average of concentration measurements collected for 1 min prior to the
start of the test phase (ignition of the kindling), while the system is sampling ambient air.
Background concentrations of PM, s and BC are always assumed to be exactly 0 pug/m’.

The average standard volumetric flow rate of air stoichiometrically consumed by the
combustion (Qswich, SLPM) is calculated using Equation B4 below,

4.76mq, (MW, /MW,,)
Psrptth

(B4)

stoich =

where m; is the total mass of O, consumed over the cold start (g, calculated using Equation B3),
MW, 1s the molecular of air (28.97 g/mol), MW, is the molecular mass of O, (32.0 g/mol), and
tth is the time to boil (min). Throughout the cold start test, the air injection velocity (v, m/s) is
calculated at every time step (¢) using Equation B5,

4psrpQ _ 4psrpQ (Tinan (t) + 273)R iy
p(t)TND? BpanND?

v(t) = (B5)

where p is the density of air in the manifold (kg/m®), Ty is the air temperature in the manifold
(°C), Rgir1s the ideal gas constant for air (287 J/Kg K), and P, is the absolute pressure in the
manifold (roughly equal to the local ambient pressure, 97150 Pa). Similarly, the manifold gauge
pressure (4P, Pa) is calculated as follows,

pSTP) _ APsrppsrp (Tman(t) + 273)Ryir

p(®)) P (B6)

man

AP(t) = APgrp (
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where APgrp (Pa) is the manifold gauge pressure measured at ambient (standard) conditions,
show in Figure B6. The average secondary air velocity and manifold pressure are evaluated
using measurements calculated over the length of the cold start air. The average rate of heat
transferred to the secondary air in the manifold (H,,.,, kW) is calculated using,

Hman = pSTPQ Cp (Tman,avg - Tin,avg)

(B7)

1 Tonanave + 273)\ Tonave + 273)\°
+§(4PSTPQRair)2 <<( Zass )> —<( 229 )>>

Py (NTD?2) Pran(TDZ,

where C, is the specific heat of air (1.055 KJ/Kg K), D;, is the secondary air inlet diameter (4.6
mm), and Tyanave and Tj, 40 are the average secondary air temperatures in the manifold and inlet
(°C), respectively, over the length of the test.”**

Multiple tests were conducted for each parametric stove design configuration (unique
combination of secondary air injection pattern and flow rate), and the first and third quartiles (Q1
and Q3) were calculated for each replicate set of results. Outliers in each replicate set are defined
as,

Q1 — 1.5IQR > outlier > Q3 + 1.5IQR (B8)

where IOR is the interquartile range (= 03 — Q1).>”” Outliers are removed from the replicate set
according to this criterion, and for each stove design configuration, the mean and 90%
confidence interval of the remaining measurements (or calculated metrics) is evaluated.

B2 — Results and Discussion

B2.1 Preliminary Testing Results

Manifold pressure measurements were only collected with air injection patterns 1 and 2,
and so some operational metrics are unavailable for the remaining patterns (e.g. the calculated
portion of secondary flow rate of air injected into the firebox). Figure B10 and Figure B11 below
summarizes the preliminary testing results collected with air injection patterns 1 and 2. For
Pattern 1, 5 to 8 replicate tests were conducted at four flow rate settings, ranging from 7.2 to 12
SLPM. Only 1 or 2 tests were conduced at each of five flow rate settings using Pattern 2, and so
the corresponding confidence intervals are large or non-existent. When comparing results from
the preliminary and parametric testing phases, only results collected with Pattern 1 should be
considered, as insufficient trials were conducted with Pattern 2. Since thermocouples were not
installed during preliminary testing, some temperature dependent parameters are omitted, such as
average air injection velocity.
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Figure B10. MOD?2 stove performance, emissions, and operational metrics during high-power
cold start testing (preliminary tests), presented as function of secondary air injection flow rate
and pattern: (a) Firepower (kW); (b) Thermal Efficiency (%); (c) Cooking Power (kWd); (d)
Time to boil (min); (e¢) Combustion Efficiency (%); (f) CO emissions (g/KWd); (g) PMs
emissions (mg/KWd); (h) BC emissions (mg/KWd); (1) BC/ PM; s ratio. Bars represent the mean
of replicate test data collected for each stove configuration, while error bars represent the
corresponding 90% confidence interval. Only 1 test was conducted for some configurations
(Pattern 1), and so confidence intervals are not shown.
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Figure B11. MOD?2 stove operational metrics during high-power cold start testing (preliminary
tests), presented as function of secondary air injection flow rate and pattern: (a) Stoichiometric
flow rate of air into the combustion (SLPM); (b) Ratio of the secondary to stoichiometric flow
rate of air. Bars represent the mean of replicate test data collected for each stove configuration,
while error bars represent the corresponding 90% confidence interval. Only 1 test was conducted
for some configurations (Pattern 1), and so confidence intervals are not shown.
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B2.2 Parametric Testing Results

performance at all twelve parametric design configurations.

During parametric testing, two air injection patterns were evaluated at six flow rate
settings. In addition to Figure 2 in the manuscript, Figure B12 summarizes the stove’s
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Figure B12. MOD?2 stove performance, emissions, and operational metrics during high-power
cold start testing, presented as function of secondary air injection flow rate and pattern: (a)
Cooking Power (kWd); (b) Average secondary air injection velocity (m/s); (c) Stoichiometric
flow rate of air into the combustion (SLPM); (d) Average rate of heat transfer to secondary air in
the manifold (kW); (e) Black carbon (BC) emissions (mg/kWd); (f) PM, s density (g/cm’). Bars
represent the mean of replicate test data collected for each stove configuration, while error bars
represent the corresponding 90% confidence interval. Error bars necessarily are omitted for

metrics calculated from a single data point.

B2.3 Optimal MOD2 Stove and TSF Comparison

During parametric testing, MOD2 stove performance was found to be optimal using
secondary air injection Pattern 2 at a flow rate of 12 SLPM. Table B1 below summarizes the
performance of the MOD2 stove in this optimal design configuration, and compares it to a
traditional three stone fire (TSF). Testing results for the TSF are provided by Rapp et al., and
were 00715160ted using the same experimental set up and methods as that used during MOD?2 stove
testing.
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TSF MOD2 Difference (%)
Number of Tests 10 4 N/A
Firepower (kW) 5.3(0.4) 4.7 (0.2) -11 (8)
Time to boil (min) 31 (3) 24 (2) -20 (10)
Cooking Power (kW) 1.22 (0.08) | 1.48 (0.08) 21 (9)
Thermal Efficiency (%) 23 (1) 31 (1) 34 (6)
Combustion Efficiency (%) 95.9(0.3) | 98.95(0.07) 3.2(0.3)
CO (g/kWd) 18 (3) 1.7 (0.3) -90 (20)
PM2.5 (mg/kWd) 1200 (200) 90 (20) -90 (20)
BC (mg/kWd) 550 (40) 54 (6) -90 (10)

Table B1. Performance and emissions metrics for a traditional three-stone fire (TSF) and the
MOD?2 stove in the optimal configuration (air injection Pattern 2 at 12 SLPM). The mean and 90%
confidence interval (in parentheses) are provided for each metric, and the corresponding number
of replicate tests is indicated for each stove. The table also provides the percent change in MOD2
performance relative to the TSF.

B2.4 PM, s Generation: Additional Plots and Results

Size-resolved PM measurements were collected during parametric testing of air injection
Pattern 2. For each secondary flow rate setting, Figure B13 presents the mean and 90%
confidence interval of PM;s emission metrics from each set of replicate cold start tests. The
metrics presented in Figure B13 are identical to that shown in Figure 4 except that the emission
contributions from each particle size range have been rearranged such that confidence intervals
can be displayed clearly. Similarly, Figure B14 and Figure B15 present the same time-resolved
PM,; s accumulation measurements as that shown in Figure 5, but the data from the six parametric
design configurations is split up over two Figures, such that 90% confidence intervals are clearly
discernible. It should be noted that only 2 tests were conducted at a secondary flow rate of 14
SLPM, and so the corresponding 90% confidence intervals are much larger than shown at other
secondary flow settings, for which 4 to 8 replicate tests were conducted.
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Figure B13. (a) Total PM, s number and (b) volume emissions from the MOD2 stove over the
cold start (normalized by cooking power), as a function of secondary air flow rate through
injection Pattern 2 for three particle size ranges: 5 to 20 nm, 20 to 100 nm, and 100 to 2500 nm.
(c) Portion of the total number, and (b) volume of particles emitted in each of the three particle
size ranges. Each bar represents the mean of replicate test data collected for each stove
configuration, and error bars represent the corresponding 90% confidence interval.
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Figure B14. (a) Accumulation of PM; s number and (b) volume emissions from the MOD?2 stove
over the first 18 minute of the cold start. (¢) Temperature of secondary air in the MOD2 stove
manifold over the first 18 minute of the cold start. Each bold line represents the mean of replicate
test measurements collected at secondary flow settings of 5.3, 8.5, and 12 SLPM (using air
injection Pattern 2), while shaded areas represent the corresponding 90% confidence interval. All
data presented is block-averaged on a 20-sec time base.
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Figure B15. (a) Accumulation of PM; s number and (b) volume emissions from the MOD?2 stove
over the first 18 minute of the cold start. (¢) Temperature of secondary air in the MOD?2 stove
manifold over the first 18 minute of the cold start. Each bold line represents the mean of replicate
test measurements collected at secondary flow settings of 7.2, 10, and 14 SLPM (using air
injection Pattern 2), while shaded areas represent the corresponding 90% confidence interval. All
data presented is block-averaged on a 20-sec time base.

For each secondary flow rate setting, Figure B16 provides the size distributions of total
PM; s number and volume emissions from the MOD?2 stove during the cold start. Figure B17
shows the count median diameter (CMD) and volume median diameter (VMD) of PMj;s
emissions over the first 18 minutes of the cold start. Figure B18 and Figure B19 present the same
time-resolved median particle diameter data as that shown in Figure B17, but include the
corresponding 90% confidence intervals at each stove configuration.
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Figure B16. Size-resolved distribution of total particle number or volume emitted during the
cold start, normalized by the average cooking power, for each secondary flow rate setting (using
injection Pattern 2): (a) FMPS particle number distribution; (b) FMPS particle volume
distribution; (c) APS particle number distribution; (d) APS particle volume distribution.
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Figure B17. (a) Count median diameter and (b) count volume diameter of PM; s emissions from
the MOD2 stove over the first 18 minute of the cold start. Each line represents the mean of
replicate test measurements collected at each of the six secondary flow rate settings (using
injection Pattern 2). Confidence are omitted here for clarity, and instead provided in Figure B18
and Figure B19 for all secondary flow rate settings. All data presented is block-averaged on a 20-
sec time base.
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Figure B18. (a) Count median diameter and (b) count volume diameter of PM,; s emissions from
the MOD?2 stove over the first 18 minute of the cold start. Each bold line represents the mean of
replicate test measurements collected at secondary flow rate settings of 5.3, 8.5, and 12 SLPM
(using air injection Pattern 2), while shaded areas represent the corresponding 90% confidence
interval. All data presented is block-averaged on a 20-sec time base.
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Figure B19. (a) Count median diameter and (b) count volume diameter of PM; s emissions from
the MOD?2 stove over the first 18 minute of the cold start. Each bold line represents the mean of
replicate test measurements collected at secondary flow settings of 7.2, 10, and 14 SLPM (using
air injection Pattern 2), while shaded areas represent the corresponding 90% confidence interval.
All data presented is block-averaged on a 20-sec time base.
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Appendix C — Supporting Information: A New Black Carbon
Sensor for Dense Air Quality Monitoring Networks

C1 — Field Validation Site

During field validation, Aerosol Black Carbon Detector (ABCD) units were deployed on
the roof of the Bay Area Air Quality Management District (BAAQMD) roadside monitoring
station, located near Laney College and Highway 880 in Oakland, California (as shown in Figure
Cl).

Figure C1. (a) Over 60 Aerosol Black Carbon Detector (ABCD) units hung from the railing of
the Bay Area Air Quality Management District (BAAQMD) roadside monitoring station in
Oakland, California; (b) Close up view of ABCD units deployed at the monitoring station, with
California Highway 880 in background.

C2 — Sensor Principle of Operation

The Aerosol Black Carbon Detector (ABCD) calculates black carbon (BC) mass
concentrations (ng m™) at each measurement time interval using the sample and reference
voltage outputs from the optical cell, and flow rate measurements from the differential pressure
sensor:

A ] < Vref (ti) . Vsmpl(ti—1)>. (Cl)

Q(t) MAC - (t; — 1) \Vorpt @) Vyep (1)

where #;; and ; are the time stamps of two consecutive measurements, Vi, and Vs (V) are the
optical cell’s sample and reference voltage outputs, respectively, and 4 (m?) is the surface area of
each filter orifice. In the ABCD optical cell, both circular orifices have a diameter of 0.003175 m
(0.125 in), and corresponding area of 7.87x10° m*. O (m’ s™) is the volumetric flow rate of air
through the instrument, as measured by the differential pressure sensor downstream of the optical
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cell (see Appendix C). The ABCD’s flow rate is set between 1.67x10® and 4.17x10° m® s (100
and 250 cc min™), and held constant. MAC (m”g™) is the mass attenuation coefficient of BC,
which is set at 12.5 m* g"'. The ABCD uses Teflon-coated glass filters (Pallflex® Emfab™) and
LEDs centered at a wavelength of 880 nm. Other BC instruments using similar fibrous filter
materials at this incident wavelength use the same MAC value. 2°° Throughout this study, the
ABCD operated at a sampling frequency of 0.5 Hz, so 4t =t; — t,.; = 2 seconds.

C3 — Flow Rate Sensor Calibration

The flow rate of air sampled through the Aerosol Black Carbon Detector (ABCD) is
measured using an Omron D6F differential pressure sensor installed inline between the optical
cell and vacuum pump (as illustrated in Figure 15). The sensor outputs an analog voltage that is
dependent on the volumetric flow rate of air through the sensor. The MCU digitizes the analog
voltage using an integrated, 10-bit analog-to-digital converter (ADC), so it can be used to
calculate BC mass concentrations. To calibrate the differential pressure sensor, the analog
voltage output is recorded while the ABCD’s sample flow rate (at the inlet, with clean filters
loaded in the optical cell) is simultaneously measured with a bubble meter (Gilian Gilibrator).
Flow calibration data was collected using four different sensor units, as shown in Figure C2, and
a least-squares regression was used to generate the quadratic calibration equation:

where FR (cc min™) is the sample flow rate at the inlet, and Vsz (V) is the analog voltage output
by the differential pressure sensor. Figure C2 shows that the calibration data is repeatable

between sensor units, and that the empirical equation generated from the aggregate data set has a
coefficient of determination (R?) of 0.992.
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Figure C2. Flow sensor calibration data. Volumetric flow rate of air sampled through ABCD
plotted as function of voltage output from four different Omron D6F differential pressure sensor
units. A quadratic regression equation is derived for the aggregate data collected from all four
sensors, and is shown with the corresponding coefficient of determination (R?).
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C4 — Sensor Components List

Table C1 below lists the major components shown in the ABCD functional diagram
(Figure 15), the corresponding material cost, and the component manufacturer and model where
applicable. The prices listed represent the approximate cost of each component when ordering
150 units, and do not reflect the costs associated with the assembly, calibration, and validation of
each ABCD. The total material cost of the components listed is $430.

Component Manufacturer / Model Approximate
Material Cost (USD)

Optical Cell N/A 100
AUX Board N/A 80
Pump Schwartzer / 135 FZ 125
Flow Sensor Omron / D6F 40
Battery KXD/ 12V, 10AH 35
Photovoltaic Panel Shine Solar / 18V, 8W 20
Packaging BUD Industries / NBF-32002 20
Miscellaneous' N/A 10

Miscellaneous components include electrical connectors, packaging insulation, and other minor items.

Table C1. Major components of the Aerosol Black Carbon Detector.

C5 — Data Processing and Quality Assurance

The ABCD generates BC data that is stored directly on the onboard memory card (SD
card) every 2 seconds. After zero-response trials, 2-second data is collected from the SD cards
and used for temperature compensation calculations, without any data correction or filtering.
During field validation, the ABCD transmits one-minute time base data to an online server every
hour, where it is cataloged and stored. SD card data is also collected manually to supplement the
wireless data set during periods when the sensor is operating but unable to communicate with the
online server. The 2-second time base data from the SD card is averaged down to a one-minute
time base (with time stamps synchronized to calendar minutes) and concatenated with the
wireless data set downloaded from the online server.

The aggregated field validation data is filtered to remove erroneous measurements
resulting from hardware errors or unsuitable operating conditions. Three data filters are
implemented on the one-minute time base data:

1. BC Outlier Filter: Remove all data points where the absolute value of the BC measurement
is greater than 100 pg m™. BC concentrations on this order of magnitude are improbable
while sampling ambient air, and instead usually result from hardware errors, such as
disconnection or disturbance of the optical cell during field maintenance (changing of filters
or batteries).

2. High Attenuation Filter: Remove data when measured optical attenuation is greater than
100 units to avoid possible optical saturation effects. Attenuation is mathematically defined
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as 100 times the natural log ratio of the reference to sample voltage outputs from the ABCD
optical cell (ATN = 100In(Vsppi/ Viep))-

3. Flow Rate Filter: Remove all data generated when the ABCD is operating at a flow rate that
deviates by more than 5 cc min" from the nominal set point (usually 110 cc min™). It was
found that some rotary vane pumps failed during deployment, so the flow rate through the
ABCD could not be steadily maintained. Consequently, all data with non-nominal sample
flow 1s discarded to account for pump failures and potentially inaccurate flow rate
measurements.

Hourly average values are calculated by taking the simple mean of all filtered one-minute
measurements collected within a calendar hour. Hourly average values calculated using less than
48 measurements (less than 80% of the 60 one-minute time base measurements that should
ideally be collected every hour) are discarded. This filtering accounts for periods when the
ABCD is operating intermittently, and may consequently provide inaccurate or erroneous data.
The ABCD’s performance is quantified using hourly average BC measurements. The Mean
Absolute Error (MAE (ug m™)) of the hourly BC measurements when sampling with HEPA-
filtered inlets is calculated as:

t t
Y/ |BC(®) = BCre|  XIBC(D)]
MAE = =& - =—— (C3)

where BC(#) (ng m™) represents hourly BC concentrations during the zero-response tests, from t
=t to t =ty and N is the total number of hourly measurements collected. Since the ABCD is
operated with a filtered inlet, the reference measurement (BC..r(ug m™)) is 0 ug m™ throughout,
and the MAE expression reduces to the simple mean of the absolute BC data.

During field validation, the ABCDs are operated in collocation with a commercial BC
instrument, the Magee Scientific AE33. The Mean Absolute Percent Error (MAPE (%)) of
hourly BC measurements from the ABCD is evaluated relative to hourly reference measurements
from the Magee Scientific AE33 (BCg33(2) (ug m™)):

MAPE =

(C4)

ty
100 Z ‘BC(t) — BCyg33()
N - BCyE33(t) '

where BC(#) (ng m™) represents hourly BC concentrations during the field validation, from t =t;
to t =tg, and N is the total number of hourly measurements collected.

C6 — Performance Evaluation of Commercial BC Instrument

Over a period of 20 days, two Magee Scientific AE33 instruments were operated side-by-
side inside the Bay Area Air Quality Management District monitoring station in Oakland,
California. The instruments sampled ambient air at the same flow rate through two adjacent
inlets extending out of the monitoring station roof. Figure C3a provides a time series of the black
carbon (BC) mass concentration data collected, and Figure C3b is a scatter plot that illustrates
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precision. Over the 20-day period, both instruments exhibit a mean absolute percent error
(MAPE) of roughly 9% relative to the mean of their measurements.
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Figure C3. Two Magee Scientific AE33 instruments operating inside the Bay Area Air Quality
Management District roadside monitoring station: (a) Time series of black carbon (BC) mass
concentration measurements; (b) Precision of black carbon (BC) concentrations. All data is
provided on a 60-minute time base. Precision error is evaluated relative to the mean of BC
measurements from both AE33 units, and is provided in the legend.
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Appendix D — Supplementary Information: A Distributed Network
of 100 Black Carbon Sensors for 100 Days of Air Quality
Monitoring in West Oakland, California

D1 — Materials and Methods
D1.1 Aerosol Black Carbon Detector (ABCD)
Figure D1 shows an Aerosol Black Carbon Detector (ABCD) deployed to a sampling site

in West Oakland. The figure demonstrates how the ABCD is mounted using zip ties and shows
the instrument’s photovoltaic panel and sample flow inlet.

Photovoltaic panel

Zip-tie mounting

Weatherproof
enclosure

Exhaust

Inlet
(with rain cover)

Figure D1. An Aerosol Black Carbon Detector (ABCD) deployed outdoors

Prior to deployment in the 100100 Network, each ABCD was validated outdoors at one
of three sampling sites in Oakland, California. At each validation site, groups of ABCD units
were deployed for 2 to 7 days and collocated with a commercial BC monitor (Model AE33,
Magee Scientific) that was housed inside an air-conditioned station. Using the data from the
collocated ABCD units and AE33, the precision and accuracy of each ABCD was evaluated in
terms of mean average percent error (MAPE):

MAPE =

(D1)

ty
100 Z ‘BC(t) — BC,er (1)
N e BCref(t)
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where BC(t) represents the hourly average BC mass concentration measurements (pg m™)
collected by the ABCD during the field validation, from t = t; to t = t, and N is the total number
of hourly measurements collected. When evaluating sensor precision, BC..(t) represents the
mean of hourly measurements (ug m™) from all ABCDs at the validation site at time “t”.
Similarly, accuracy MAPE is evaluated by setting BC,.(t) equal to hourly BC measurements
from the collocated AE33. Figure D2 provides histograms of the precision and accuracy MAPEs
for 115 ABCD units operated during the study.
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Figure D2. Measurement performance of 115 ABCD units during field validation (prior to
deployment in the 100x100 Network): (a) Precision MAPE, evaluated relative to the ABCD fleet
average data; (b) Accuracy MAPE, evaluated relative to the AE33 data.

Figure D2 shows that > 75% of ABCD units demonstrate precision MAPEs < 10% and
accuracy MAPEs < 27% during the validation period. Following investigation, the remaining
~25% of ABCD units exceeding these MAPE values were shown to have miscalibrated flow rate
sensors, resulting in BC measurements proportionally offset from the corresponding reference
values. Flow rate sensors were re-calibrated in the field. At the end of the 100-day campaign, any
remaining measurements errors resulting from the miscalibration of flow rate sensors were
corrected according to the methods described in Section D-1.6. In addition, it should be noted
that Figure D2 only represents the validation performance of 115 ABCD units, although a total
of 128 units were constructed for the study. Validation data from the remaining 13 ABCD units
was either lost during the development of the network’s database or invalidated by erroneous
AE33 measurements. Overall, the validated fleet of 115 sensors demonstrated average precision
and accuracy MAPEs of 8.5 + 0.7% and 26 + 1%, respectively (fleet-average + 90% confidence
interval). These performance metrics are derived from 115 of the 128 ABCD units used in the
study because the AE33 monitors sometimes provided invalid measurements and some ABCD
data was lost during early development of the network’s custom database.
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D1.2 Network Deployment

Figure D3 shows all 100 sampling sites in the 100x100 BC Network categorized by the
type of host who accommodated the sensor (e.g., residents, businesses, etc.). One ABCD sensor
was deployed to most sampling sites in the network, a pair of ABCD units were operated at 12
sampling sites, and four ABCD units were collocated with a commercial BC monitor (Model
AE33, Magee Scientific) at three sites. Figure D4 shows the location of the 3 validation and 8
collocation sites in the 100x100 Network, labeled with their corresponding site ID numbers.
Validation sites 1 and 3 are the Bay Area Air Quality Monitoring District’s (BAAQMD) air
quality monitoring stations at West Oakland and Laney College, respectively, while validation
site 2 1s the West Oakland Environmental Indicators Project (WOEIP) office. The map in Figure
D4 also provides the names of major roads and freeways in West Oakland.
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Figure D3. All 100 sampling locations in the 100x100 BC Network, categorized by host type.
Major roads and highways are also labeled for reference.
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Figure D4. ABCD collocation sites in the 100x100 Network. At validation sites, four ABCD
units were deployed in collocation with a commercial BC monitor (Model AE33, Magee
Scientific). At collocation sites, ABCD units were deployed in pairs. Major roads and highways

are also labeled for reference.

D1.3 Network Data Aggregation

Data from the 100x100 network is aggregated from two distinct sources: (1) An online
database containing 1-minute average measurements wirelessly transmitted by each ABCD and
stored in a custom SQL database online, and (2) SD cards collected manually from each ABCD
in the field, containing 2-second time base data that was downloaded and stored in a separate
Google drive database (Figure D5). The first ABCD units were deployed to the validation sites
(sites 1, 2, and 3) on February 16, 2017, and the last sensors were removed from their sampling
sites in West Oakland on September 22, 2017. All wireless and SD card data collected during
this period was filtered according to the methods outlined below. However, only the data
collected over the official 100-day campaign, from May 19 to August 27, are presented in this
study. Data collected at the validation sites prior to May 19 is used to quantify and validate each
sensor’s accuracy and precision. Data collected after August 27 is used to evaluate the filter

loading artifact at some collocation sites.
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Figure D5. Schematic representation of data collection and analysis from the 100x100 Network

The data was extracted as custom data objects in MATLAB, where each individual object
represented a unique combination of sensor ID and sampling site ID (e.g., ABCD 5 at site 67 is
its own data object, containing the corresponding data stream). The SD card data was averaged
down to a I-minute time base and combined with the data collected wirelessly. During time
periods when data was collected both wirelessly and on the SD card, SD card data was retained.
The final combined data set had 329 distinct data objects (each representing a unique
combination of sensor and sampling site ID) and contained a total of over 22 million 1-minute
time base measurements. The data set collected during the 100-day campaign consisted of 155
data objects containing ~15 million 1-minute time base measurements.

D1.4 Programmatic Data Filtering

During sensor deployment, technical and procedural errors sometimes resulted in the
collection of invalid or inaccurate BC mass concentration measurements. Consequently, a
program was written in MATLAB to automatically detect and remove these invalid
measurements. In order to facilitate error detection, the complete set of 329 data objects
described above were split up such that each object only contained data collected during the
loading of a single aerosol filter, henceforth referred to as a ‘loading event’. A loading event
began when an ABCD’s clean fibrous filter first sampled ambient air and ended when the BC-
loaded filter was replaced (typically after sampling for 5 to 7 days). By splitting up the data into
discrete loading events using the method outlined below, invalid BC concentration
measurements were detected more robustly and efficiently.

1. Each data object in the raw aggregated set represented a particular ABCD unit at a single
sampling site. In order to keep track of optical cells during maintenance, the ID of the optical
cell housed inside each ABCD was logged continuously. Using this log, each data object was
divided up to contain data from only a single optical cell, such that each object then
represented a unique combination of sensor, location, and optical cell ID. Over 1900 data
objects resulted from splitting up the data this way.

2. All data objects containing < 500 valid 1-minute data points (where BC mass concentration

is a non-NaN value) were deleted.

All data objects using optical cell 32 were deleted, as this cell was shown to be faulty.

During periods of intermittent ABCD operation, when sensors transmitted data for less than

30 minutes continuously (interruptions shorter than 5 minutes), all collected measurements

were assigned a value of NaN.

bl
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5.

Some ABCD units may have received the same optical cell multiple times over the course of
campaign. In order to split up individual filter loading events, the MATLAB program also
analyzed the sensor’s attenuation (ATN) signal. The program detects abrupt changes in the
optical attenuation’s mean and linearity that occur during filter replacement. In order to
validate that break points resulted from filter replacements, rather than interruptions in data
collection, the program also checked that the reference and sample voltage signals changed
by > 0.3 V at each break point. This reason is that clean filters do not have identical optical
depth, and so transmitted light intensity signals typically changed appreciably when filters
were replaced.

Following these data filtering operations, all data objects containing < 500 valid 1-minute
data points (where BC mass concentration is a non-NaN value) were again deleted.

By splitting up the data in this way, over 2000 data objects were created, each

representing a single loading event. This set of data objects was then programmatically filtered
for invalid BC mass concentration measurements according to the procedure outlined below.
When a measurement met a filtering criterion, all measurements collected at that time stamp
were assigned a value of NaN. For example, if attenuation exceeded the set limit of 100 units, all
measurements collected at that time (BC concentration, sample flow rate, optical signal voltages,
etc.) were assigned a value for NaN. In this way, the final data set allows for differentiation
between data that is missing (never collected), and data that was removed during filtering. In
addition, a log was created for each data object to catalog the data points discarded by each
programmatic filtering criterion.

1.

Data transmissions where the absolute value of the BC mass concentration measurements
were > 100 pg/m’ are removed. l-minute average BC concentrations on this order of
magnitude are improbable while sampling ambient air and usually result from hardware
errors, such as disconnection or disturbance of the sensors’ optical components during field
maintenance (changing of filters or batteries).

It was found that many rotary vane pumps failed during deployment, so the flow rate through
the ABCD could not be steadily maintained. Data points where the flow rate was < 50 cc
min” were removed. Since sample flow rate was never set below 90 cc min™' during the field
campaign, flow rate measurements in this range indicated a failing pump.

The nominal flow rate of the loading event was determined (90, 100, 110, 135, 150, 220 or
250 cc min™). Data points where the flow rate deviated by more than 3 cc min™' from this
nominal set point were removed, as this too indicated a failing pump or flow sensor and, thus,
untrustworthy data.

The optical cells’ electrical connections were sometimes faulty, resulting in highly scattered
optical voltage signals. Data was removed during intervals when consecutive reference
voltage measurements changed by more than 0.0025 V. Periods when data was missing for >
5 minutes were not considered, ensuring that the voltage fluctuations detected resulted from
faulty connectors rather than interruptions in data transmission.

The LEDs were sometimes set too brightly, such that photodetectors became saturated. All
data points where the reference or sample voltage was > 2.5 V were removed. Similarly, all
data points where the reference or sample voltage was < 0 V were also removed, as this
indicated that the optical cell was disconnected or inoperative.
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6. Optical cells were occasionally installed inside the ABCD sensor backwards (‘flipped’),
resulting in negative BC concentration measurements that exactly mirrored the correct
measurements. For each data object, if the mean of all BC measurements collected during the
loading event was < — 0.1 pg/m’, the sensor was considered flipped. In this case, the
reference and signal voltage measurement logs were switched, and the attenuation and BC
measurements were both mirrored about the zero axis.

7. By definition, a clean filter (free of light-absorbing PM deposits) has an optical attenuation
(ATN) value of zero. For all data objects, each representing a single loading event, the mean
of the first 3 valid ATN measurements was subtracted from the ATN time series, such that
ATN = 0 when clean filters are initially loaded.

8. With ATN values reset to zero at each filter replacement, all data points where ATN > 100
units were removed to avoid optical saturation effects.

9. When data was removed according to the filters above, this may result in intermittent data
periods. Intervals when data was collected for less than 10 minutes continuously (containing
data interruptions shorter than 2 minutes) were removed.

10. Following these data filtering operations, data objects containing < 500 valid 1-minute data
points (where BC mass concentration is a non-NaN value) were again deleted.

With the data filtered programmatically, there were still over 2000 data objects in the set.
In order to facilitate subsequent analyses, the sensor objects were re-aggregated such that each
object represents a unique sensor and location ID, containing multiple optical cells (if applicable).
The result is 326 unique data objects, containing a total of 19.3 million filtered data points
collected from February to September 2017.

D1.5 Manual Data Filtering and Quality Assurance

After programmatic filtering, the 326 data objects were manually inspected using a
custom graphical user interface (GUI) written in MATLAB (Figure D6). The GUI displayed
each data object’s BC mass concentration, attenuation, sample flow rate, and optical voltage
measurements on a l-minute time base, exactly as they were stored. For reference and
comparison, the GUI also provided the BC mass concentration measurements collected by the
ABCD on an hourly time base, overlaid with BC measurements from the AE33 housed in the
BAAQMD’s West Oakland monitoring station. After inspecting the data displayed, the user was
presented with three options: (1) Trim: One of the six displayed variables was chosen and plotted
in a new window. The user was then prompted to select the beginning/end points of the data
period to be removed (Figure D7a), and both the resulting trimmed data and original data sets
were shown together (Figure D7b). At this juncture, the user could select another interval to
remove, or revert to the original data set and repeat the trimming process. After trimming was
complete, the data was saved, and the next data object was loaded/displayed for inspection; (2)
Remove: The entire data object was deleted, as all measurements contained were invalid; (3)
Next: All measurements shown were valid; the data object was saved without modification, and
the next object was loaded/displayed. In this way, each data object was inspected, and any
remaining erroneous measurements were removed. When data was trimmed using the GUI, the
time stamp of the measurements removed and the data variable used during the trimming (which
is usually indicative of the error mode) were both logged for analysis.
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Figure D6. Screenshot of the Graphical User Interface (GUI) used for quality assurance
screening of data collected by the 100x100 Network. The GUI is presented with data collected
by ABCD unit 29 at sampling site 60, and provides the corresponding BC mass concentration,
attenuation, sample flow rate, and optical voltage measurements on a 1-minute time base, exactly
as they are stored in the data object. The GUI also presents BC mass concentration
measurements on an hourly time base, overlaid with BC measurements from the commercial BC
monitor (Magee Scientific, Model AE33) housed in the BAAQMD’s West Oakland monitoring
station. The three GUI options (Trim, Delete, Next) are shown in the top left of the figure.
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Figure D7. Trimming data using the GUI: (a) Selecting the beginning/end points of the data
interval to be removed. In this case, the interval during which the attenuation remains constant
was trimmed, as this suggested that disconnected tubing is preventing the sensor’s optical cell
from sampling ambient air or that a HEPA filter had been installed on the sensor inlet during
zero calibration; (b) Trimmed and original (‘Raw’) data shown together for comparison. The
GUI presents the user with three options: (1) Trim again: Select more data to remove from the
set; (2) Revert: Return to the original data set and repeat the trimming process; or (3) Done:
Accept and save the trimmed data set.

D1.6 Sample Flow Rate Correction

Following the 100-day measurement campaign, 96 operational units (out of the 128
originally deployed) were taken down from their assigned sampling sites and brought back to the
laboratory. In order to help validate the accuracy of collected BC measurements, the sample flow
rate of each ABCD was measured using a wet bubble cell flow calibrator (Gillian Gilibrator) and
compared to measurements from the ABCD’s onboard flow rate sensor. Figure D8 shows that
nearly 70% of ABCD units in the fleet had flow rate measurement errors < 5%. This degree of
flow rate measurement error was accepted and data from these units was not corrected. However,
for each ABCD unit with a flow rate error > 5 %, BC concentrations were scaled by the ratio of
the sample flow rate measured by the onboard flow sensor to that measured using the Gilibrator
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during the post-deployment calibration. This flow rate correction was applied to BC
concentrations collected after June 15“’, as flow rate calibrations were conducted in the field
from June 10" to June 15™. Data collected prior to this date could not be flow rate corrected.
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Figure D8. Flow rate measurement error in the ABCD fleet collected at the end of the 100-day
campaign.

D1.7 Filter Loading Correction

The ABCD, like other aerosol photometers, increasingly underestimates BC mass
concentrations as light-absorbing PM accumulates on the filter. This measurement bias,
commonly known as the “filter loading artifact’, is corrected using the following function'®’:

BC
~ axexp(—ATN/100) + (1 — a)

BC, (D2)

where BC and BC, are the uncorrected and corrected BC measurements (ug m™), respectively,
ATN is the corresponding optical attenuation measurement, and a is the filter loading correction
factor (FLCF). The FCLF 1is dependent on many factors, including the composition of PM
sampled and the type of fibrous filter used (e.g., quartz, glass fiber, etc.). Consequently, a FLCF
was derived specifically for the ABCD units deployed in the 100x100 Network as follows.

Pairs of ABCD units were collocated at 12 sampling sites, as shown in Figure D4. For
each collocated pair, one ABCD was set to a flow rate of 110 cc min™ (“low flow™), while the
other was set to either 150 or 220 cc min™ (“high flow”). Henceforth, ABCD 1 and ABCD 2 will
refer to the “low flow” and “high flow” sensors in a collocated pair, respectively. Figure D9
shows the hourly-average BC, ATN, and sample flow rate measurements collected by a
collocated pair of ABCD units. The figure shows that the sensors’ BC measurements agreed
closely when both their filters were lightly loaded. However, as ABCD 2 accumulated BC more
rapidly than ABCD 1, ABCD 2 increasingly underestimated BC mass concentrations relative to
ABCD 1. In order to model this measurement artifact, we only analyzed measurement trials
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when filters in both collocated sensors were changed simultaneously. This method ensures that
BC measurement disparities result mainly from differences in filter loading, as all other
experimental factors are constant for both sensors. At each filter replacement, ABCD attenuation
reset to a value of zero units (by definition, ATN = 0 for clean filters).

== ABCD 1
== ABCD 2
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Figure D9. Hourly-average black carbon (BC), optical attenuation (ATN), and sample flow rate
measurements collected by a pair of collocated ABCD units deployed at sampling site 1 from
July 18 to August 1, 2017.

For each collocated pair of ABCD units, it is possible to determine a FLCF that
minimizes the observed BC measurement bias. Throughout the collocated deployment, we
calculated the ratio of the hourly-average attenuation rates measured by the high and low flow
ABCD units: (dATN,/dt)/(dATN,/dt). Since the change in attenuation was evaluated over the
same time period for each collocated sensor, this ratio reduces simply to dATN,/dATN,;. We
compared the dATN,/dATN; ratio to the corresponding difference in the sensors’ optical
attenuation measurements at each hour: ATN, — ATN;. Ideally (when BC, = BC,), the ratio of
the attenuation rates should always equal the ratio of the sensors’ sample flow rates (FR»/FR)),

dATN,/dt _ dATN, (BC,xFR,x0)/A _FR,
dATN,/dt ~ dATN, (BC,xFR,xc)/A  FR,

(D3)

where all ABCD units utilize the same mass absorption coefficient (o, m* g™') and filter orifice
area (A, m”), and so these factors cancel. Figure D10 shows the ratio of the attenuation rates
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(dATN,/dATN;) plotted as a function of the attenuation difference (ATN, — ATN;) between
collocated ABCD units at three sampling sites. For each collocated ABCD pair, a reference line
was provided at dATN,/dATN,; = FRo/FR;. For these same sites, Figure D11 compares the BC
measurements collected by each collocated ABCD. As expected, the figure shows that
uncorrected BC concentrations measured by “low flow” ABCD 1 systematically exceeded those
measured by “high flow” ABCD 2, whose fibrous filters were more heavily loaded with BC.
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Figure D10. Ratio of the hourly-average attenuation rates (dATN,/dATN;) measured by
collocated pairs of ABCD units at sampling sites 1, 2, and 3, plotted as a function of attenuation
difference (ATN, — ATN;)). At each site presented, ABCD units 1 and 2 were set to sample flow
rates of 110 and 220 cc min™, respectively. Both the uncorrected (red) and filter loading
corrected (blue) dATN,/dATN; measurements are shown, with the slope (m), intercept (b), and
correlation coefficient (R?) of the corresponding linear regression provided in the legend. The
legend also provides the FLCF (a) calculated and applied to each pair of ABCD units.
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Figure D11. Comparison of hourly-average black carbon (BC) mass concentration
measurements collected by collocated ABCD units at sampling sites 1, 2, and 3. Both
uncorrected (red) and filter loading corrected (blue) BC measurements are shown, with the slope
(m), intercept (b), and correlation coefficient (R*) of the corresponding least-square linear
regressions provided in the legend. The legend also provides the FLCF (a) applied to each pair of
ABCD units and the mean average percent error (MAPE) for each set of collocated BC
measurements.

As a result of the filter loading artifact, the data collected from all three sites show that
dATN,/dATN; decreased linearly as the attenuation difference between the collocated sensors
increased. A FLCF factor was iteratively calculated to minimize this linear dependence. At each
possible LCFL value (ranging from 0 to 1), both collocated sensors’ attenuation rate
measurements were corrected for filter loading using Equation D2. The ratio of the corrected
attenuation rates was calculated and the linear dependence on attenuation difference (slope and
intercept) was determined using a least-squares regression. The LCFL value providing a linear
regression slope closest to zero was identified and used to correct the data, as shown in Figure
D10. The figure shows that for each site, the ratio of the corrected attenuation rates was no
longer linearly dependent on the attenuation difference between the two sensors (slope = 0).

Following the filter loading correction, Figure D10 shows that the ratio of the attenuation
rates still did not equal FR,/FR; throughout the trial, as would be expected. For the three
sampling sites shown, the linear regression of corrected dATN,/dATN; measurements always
exceeded the FR,/FR; ratio. As a result, Figure D11 shows that corrected BC measurements from
the high flow sensor (BC, ) generally exceeded those from the low flow sensor (BC; ). This bias
is the result of errors in the sensors’ flow rate measurements (when miscalibrated, ABCD flow
rate measurements were proportionally offset from the actual value). Since the ratio of the
corrected attenuation rates reflects the real flow rate ratio, we used the intercept of the
corresponding linear regression to compensate for the flow rate measurement error. Arbitrarily,
we assumed that low flow sensors were accurate and only compensated measurements collected
by the high flow sensors in each collocated pair:
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(FRy/FR,)

BC; prc = BCy X b

(D4)

where BC; g, represents high flow BC measurements corrected for both the filter loading artifact
and flow rate measurement error (ug m™), and b represents the intercept of the linear regression
derived for the filter loading corrected dATN,/dATN; measurements as function of attenuation
difference (Figure D10). For each collocated ABCD at the three sites, Figure D12 compares filter
loading corrected BC measurements both before and after compensation for the flow rate
measurement error. Overall, the figure shows that BC measurements from the collocated sensors
generally agreed closely when corrected for both the filter loading artifact and the flow rate
measurement error.
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Figure D12. Comparison of hourly-average black carbon (BC) mass concentration
measurements collected by collocated ABCD units at sampling sites 1, 2, and 3, and corrected
for the filter loading artifact. BC measurements are presented both before (blue) and after (green)
flow rate correction, with the slope (m), intercept (b), and correlation coefficient (R”) of the
corresponding least-square linear regressions provided in the legend. The legend also provides
the FLCF (a) and linear intercept () applied to each pair of ABCD units, and the mean average
percent error (MAPE) for each resulting set of collocated BC measurements.

The procedure outlined above was repeated for 28 pairs of ABCD units collocated at 12
sampling sites. At sites where high flow sensors were operated at both 150 and 220 cc min™, the
data was analyzed separately, such that the measured flow rate ratio (FR»/FR) remained constant
for each collocated dataset. For six of the collocated pairs analyzed, the data collected was
erroneous or insufficient to calculate a valid FLCF. Table D1 provides the FLCF (a) calculated
for each of the remaining 22 collocated ABCD pairs at 11 sampling sites (the data collected at
collocation site 50 could not be analyzed). The calculated FLCF ranged from 0.47 to 0.77, with
an average value of 0.64 + 0.03 (mean + 90% confidence interval). This derived FLCF agrees
roughly with that derived by Good et al. (~0.73) for ambient BC measurements collected with a
commercial portable aethalometer (Model AES51, AethLabs)'®®. Exact agreement with this
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published value is not expected due to variations in the composition of PM sampled during each
study and the different fibrous filter material utilized by the AES1. However, it should be noted
that the FLCF value calculated using the collocated ABCD units were highly consistent (small
confidence interval), suggesting that this correction factor is applicable across the 100 x 100 BC
Network. Consequently, the average FLCF of 0.64 + 0.03 is used to correct all BC measurements
for filter loading (using Equation D2).

Table D1 also provides the mean average percent error (MAPE) between each set of
collocated BC measurements. The table shows that the filter loading correction often increased
the MAPE of hourly BC measurements, as a result of the flow rate measurement error outlined
above. The linear intercepts (b) derived to correct the relative error in collocated flow rate
measurements are also shown in Table D1. This relative flow measurement error was unique to
each pair of ABCD units, and thus the intercept values cannot be used to correct data from the
ABCD fleet as a whole. However, Table D1 shows that the MAPE of hourly BC measurements
always improved when corrected for both filter loading and flow rate error. These results
illustrate that the filter loading correction was effective and that the remaining measurement
errors were largely due to miscalibrated flow rate sensors (which were corrected separately
according to the methods outlined in Section D1.6).

It should also be noted that the MAPE of uncorrected BC measurements was ~10% for
most collocated sensors, suggesting that the filter loading artifact and miscalibrated flow rate
sensors did not significantly diminish the accuracy of most BC measurements. However, some
ABCD units were subject to significant errors from these sources (up to ~40%), therefore
justifying the effort dedicated to their correction. For example, the MAPE of collocated
measurements at site 67 was reduced from 28% to 10% using the correction methods outlined
above.
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FR, FR, MAPE | MAPE, | MAPE,
Site ID | (cc min™) | (cc min?) a b (%) (%) (%)
1 129 220 0.71 1.86 74 10.7 5.5
1 110 150 073 | 1.51 59 114 4.3
1 110 220 074 | 2.12 11.2 10.0 8.1
2 110 150 0.66 | 1.37 7.1 5.7 5.7
2 110 220 0.77 | 2.13 11.0 10.1 8.0
2 110 220 0.68 | 2.23 12.0 14.7 104
3 110 150 0.67 | 1.54 9.8 14.7 8.2
3 110 220 072 | 2.17 144 17.1 14.1
3 110 220 0.64 | 2.01 14.3 12.0 12.0
12 110 127 0.72 | 1.38 13.6 19.5 79
25 110 150 073 | 145 5.7 8.1 4.7
51 110 150 0.51 141 6.1 6.8 59
51 110 220 0.66 | 2.30 9.0 17.2 6.5
67 110 220 047 | 2.37 12.8 199 6.0
67 72 150 0.64 | 1.67 275 21.5 9.5
71 110 150 0.56 | 1.53 10.2 15.0 74
71 110 220 0.68 | 2.54 13.2 253 6.2
79 110 150 057 | 148 7.7 104 7.1
79 110 141 053 | 147 10.0 144 4.1
81 110 150 0.71 1.56 119 17.1 9.6
81 110 220 0.51 | 2.17 9.6 11.8 8.3
91 110 150 0.57 | 1.31 155 14.2 13.8

Table D1. Sampling site ID, low/high flow rate settings (FR;/FR;), and the FLCF (a) and linear
intercept (b) derived for each collocated pair of ABCD units. The table also provides the mean
absolute percent error of the uncorrected (MAPE), filter loading corrected (MAPE,), and filter
loading/flow rate corrected (MAPErr.) BC measurements.

D1.8 Site Categorization

In total, 68 sampling sites in the 100x100 BC Network were assigned to represent six
location categories: (1) Upwind, (2) Residential, (3) Industrial, (4) Near Highway, (5) Truck
Route, and (6) Port. The land use designation map in Figure D13 was used to identify residential
sites in areas designated “Mixed Housing Type Residential” use, which contain “a mix of single-
family, townhomes and small, multi-unit buildings along with small-scale neighborhooDserving
businesses.”””’” Similarly, industrial sampling sites were selected in “Business Mix” areas,
primarily allocated for “a wide variety of businesses, and related commercial and industrial
establishments.”*”” Most uncategorized sites in the network did not meet any of the criteria
detailed above, such as those located in areas designated for “Community Commercial” or
“Urban Residential” use. Sampling sites located near the border between two land use
designations were also excluded from the analysis to ensure that sites are fully representative of
their assigned location category. For example, sampling site 23 is in a “Mixed Housing Type
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Residential” area, but remained unassigned because it so closely borders an “Urban Residential”
area. Furthermore, some sampling sites met the criteria for multiple location categories, such as
sites 60 and 71, which were categorized as industrial but also lie within 150 meters of [-880. In
these cases, categorizations were chosen to ensure that a representative set of sampling sites was
assigned to each location category. Since large portions of “Business Mix” areas are located near
highways, sampling sites 60 and 71 were classified as industrial to accurately represent BC
concentrations in this category.
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Figure D13. Land use designations in West Oakland.”™" The 100x100 Network’s sampling sites
are shown in green and labeled.

D2 — Results and Discussion

D2.1 Network and Sensor Performance

While Figure 27 presents the aggregated data collection performance of the entire
100x100 network, Figure D14 the same performance data broken down by sampling site. For
each site, the percentage of missing hourly data was evaluated relative to the 2400 hourly BC
measurements that should have ideally been collected during the 100-day campaign. Figure D15
shows each sampling site’s data collection status at each hour of the measurement campaign
(from May 19 to August 27, 2017).
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Figure D14. Data collection performance of each sampling site in the 100x100 Network.
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Figure D15. Hourly data collection status of each sampling site in the 100x100 Network.

D2.2 Black Carbon Concentrations in West Oakland: Spatiotemporal Trends and Outliers

For each of the 100 sampling sites in the network, hourly- and daily-average BC
concentrations (and corresponding 90% confidence intervals) were calculated over the diurnal
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and weekly cycles using all hourly BC measurements collected during the 100-day campaign.
Using the diurnal and weekly trends calculated at each site, the bold lines in Figure 28 represent
the mean of the hourly- and daily-average BC concentrations calculated at all sites assigned to
each category. For example, the dark red line in Figure 28(a) represents the mean of hourly-
average BC concentrations measured at the 8 Port sites. Measurement error was propagated
through the site-averaging operation, such that the confidence intervals shown in Figure 28
represent the root-sum-square of the confidence intervals associated with all sampling sites in
each category, divided by the corresponding number of sites. As such, the dark red shaded area
in Figure 28(a) represents the root-sum-square of the hourly-average confidence intervals at the 8
Port sites, divided by 8.

Figure D16 provides a satellite image of the area surrounding sampling site 94 along the
outer boundary of the Port of Oakland and shows trucks parked in the middle lane of Maritime
Street. Figure D17, on the other hand, shows a section of Maritime Street that does not have a
middle lane (near sampling site 88) so trucks cannot park.

Figure D16. Satellite image of the area surrounding sampling site 94 on Maritime Street along
the outer boundary of the Port of Oakland, showing trucks parked along the middle lane of the
road.
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Figure D17. Satellite image of the area surrounding sampling site 88 on Maritime Street along
the outer boundary of the Port of Oakland, showing that trucks cannot park along this stretch of
road where there is no middle lane.

Figure D18 shows the diurnal wind speed and direction trends in West Oakland,
calculated using hourly wind speed and direction measurements collected at the BAAQMD
monitoring station (site 3) over the 100-day campaign (from May 19 to August 27, 2017).
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Figure D18. Hourly-average wind speed and direction trends in West Oakland over the diurnal
cycle. Bold lines represent average values, and shaded areas represent the corresponding 90%
confidence intervals.

Figure D19 and Figure D20 provide satellite images of the areas surrounding the two
outlier sites where unusually elevated BC concentrations were detected during the 100-day
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measurement campaign. Each figure shows the location of the outlier site, likely emission source
nearby, and surrounding sampling sites where BC concentration trends were more typical of
general trends observed across the neighborhood.

Figure D19. Satellite image of the area surrounding outlier site 84 (purple). The ABCD was
mounted to the fence surrounding the public park, directly across from the street from a trucking
company. Site 100 (white) is located at the southwest corner of the park (~100 meters away), and
does not detect the elevated concentrations measured at site 84.
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Figure D20. Satellite image of the area surrounding outlier site 26 (purple). The ABCD was
mounted to a fence outside a small business. A metals recycling plant occupies the block across
the street, and the block directly to the southwest. Sampling sites 40 and 75 (white) are located at
a residence and business, respectively, and do not detect the elevated concentrations measured at
site 26.

From April 25 to May 29, the sensor at industrial sampling site 70 was mounted to a
fence < 5 m from Mandela Parkway. After the sensor was stolen, a replacement unit was
mounted to the fagade of a building ~ 20 m further from the roadway, and operated at this
location for the remainder of the study (June 2 to August 26). Both sensor locations at site 70 are
shown in Figure D21. Figure D22 provides the diurnal and weekly BC trends measured at both
sensor locations, and shows that hourly- and daily-average concentrations at sampling site 70
were clearly much higher when the sensor was mounted closer to the roadway.
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Figure D21. Satellite image of the area surrounding industrial site 70. From April 25 to May 29,
the ABCD was originally mounted to a fence near Mandela Parkway, shown in white. From June
2 to August 26, the ABCD was mounted to a building facade ~25 m away, shown in purple.
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Figure D22. Average BC concentration trends at industrial site 70 before and after the sensor
was moved ~20 m further from the nearby roadway: (a) Hourly-average BC concentrations over
the diurnal cycle, (b) Daily-average concentrations over the weekly cycle. Bold lines represent
the mean of hourly- or daily-average BC concentrations measured at each sensor location, with

shaded areas representing the corresponding 90% confidence intervals.
D2.3 Air Quality Monitoring Networks: Lessons Learned and Future Approaches

Figure D23 presents diurnal and weekly BC concentration trends derived using data
collected at site 62 (located in a residential area) over 2, 4, and 6 weeks of continuous sampling,
and compares these trends to those derived using data collected over the entire 100-day
campaign (~14 weeks). Figure D24 provides the same analysis for site 53 (located near 7™ Street,
a busy truck route). Both figures show that after 2 weeks of sampling, the BC concentration

166



trends (and associated 90% confidence intervals) were similar to those derived over the entire
campaign. Although a more thorough sensitivity analysis should be conducted that comprises all
network sites, these results illustrate that several weeks of continuous monitoring may be
sufficient to accurately characterize BC concentration trends at each sampling location. Sites 62
and 53 were chosen for this sensitivity analysis to show that BC concentrations were highly
repeatable and consistent both in residential areas, where concentrations were typically low and
stable, and near emissions from trucks along designated routes, where concentrations were
generally higher and more variable. Otherwise, the choice of sites was arbitrary, with similar
trends generated at all other network sites investigated for this analysis.
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Figure D23. BC concentration trends at site 62 (located in a residential area): (a) Hourly-average
BC concentrations over the diurnal cycle, (b) Daily-average concentrations over the weekly
cycle. Colored lines represent trends derived using data collected over 2, 4, and 6 weeks, while
the black line represents the trends derived using all available measurements (collected over ~14
weeks of sampling). Shaded areas represent the corresponding 90% confidence intervals.
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Figure D24. BC concentration trends at site 53 (located near a designated truck route): (a)
Hourly-average BC concentrations over the diurnal cycle, (b) Daily-average concentrations over
the weekly cycle. Colored lines represent trends derived using data collected over 2, 4, and 6
weeks, while the black line represents the trends derived using all available measurements
(collected over ~14 weeks of sampling). Shaded areas represent the corresponding 90%
confidence intervals.
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