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Abstract

Billions of people worldwide use biomass fires or cookstoves on a daily basis, with significant resultant
contributions to emissions of global carbonaceous aerosols. The use of biomass as a fuel has an impact on local
ecosystems, contributes to CO, levels in the atmosphere, and black carbon (BC) and organic carbon (OC) affect the
earth’s radiative balance. Widespread initiatives, including carbon funding programs, propose to replace traditional
“three-stone” open fires with “improved” cookstoves designed to reduce fuel usage. While numerous studies
investigate cookstove efficiency and publish emissions factors for gaseous pollutants and overall particulate matter
(PM), there is a lack of focus on the size and nature of ultrafine particulate (UFP) emissions. This paper compares
ultrafine emissions during steady combustion from a traditional three-stone fire and two improved stoves: a Rocket

stove (“Chulika”) and a Gasifier stove (“Oorja”).

An AVL emissions bench measured gaseous products. PM instrumentation included a TSI SMPS, TSI APS, TSI
DustTrak DRX, Magee Scientific Aethalometer, and 47mm PTFE and quartz filters; a thermophoretic sampling

device was employed to gather material for PM imaging using transmission electron microscopy (TEM).

The improved cookstoves demonstrated high combustion efficiency compared to the three-stone fire and are likely
to reduce biomass consumption. Additionally, emitted PM mass was reduced by a significant amount. PM
emissions from improved stoves had a higher proportion of BC compared with total PM, though there was relatively
little variation in overall BC levels. The reduction in highly scattering OC that would accompany a large-scale shift
towards usage of improved stoves could affect the earth’s radiative balance, but this merits investigation with
consideration to other particle characteristics. Primary particles emitted from the improved stoves were smaller than
those from the three-stone fire and appeared slightly less likely to coagulate into chain agglomerates. The observed
shift towards greater quantities of smaller nanometer-sized particles could pose health concerns and is a point for
further consideration by health scientists and reinforces the need for adequate ventilation for all cookstoves,

independent of type.
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1 Introduction

Billions of people worldwide use biomass fires or cookstoves on a daily basis, with significant resultant
contributions to emissions of global carbonaceous aerosols. The potential to reduce health and environmental
impacts by using “improved” cookstoves is well documented (Grieshop, Marshall, and Kandlikar 2011; K. R. Smith
and Haigler 2008), as improved cookstoves can reduce fuel consumption and particulate matter (PM) emissions by
reducing waste heat and/or enabling more complete combustion. Numerous initiatives target the replacement of
traditional “three-stone” open fires with cookstoves designed to reduce fuel usage and emissions; e.g., the Global
Alliance for Clean Cookstoves targets the distribution of 100 million cookstoves by the year 2020 (United Nations
Foundation 2012).

Many cookstove studies investigate cookstove efficiency and report emissions factors for gaseous pollutants and
PM, the latter reported as either total mass or PM2.5, total mass of PM with diameters smaller than 2.5 um (e.g., (J.
Zhang et al. 2000; MacCarty et al. 2008; J. J. Jetter and Kariher 2009)). However, few studies focus on the size and
nature of ultrafine particulate emissions which may penetrate the body more efficiently and be more harmful to
humans (Auger et al. 2006). Roden et al. (2006) measured the black carbon (BC) and organic carbon (OC) content
of cookstove PM; this detail helps to fill a gap in knowledge of the emissions characteristics of cookstoves, but there
is still a need to determine whether PM from improved cookstoves may be smaller, more numerous, and/or
morphologically or chemically different in a way that could adversely affect the expected environmental and health

benefits of emissions reductions.

1.1 Biomass combustion

1.1.1  Wood composition

The dry composition of wood is dominated by cellulose (40-50% by dry mass), followed by hemicelluloses, lignin,
and extractives. Cellulose is a linear, high molecular weight polymer that serves as the main structural element.
Hemicellulose is amorphous and has a lower degree of polymerization than cellulose. Lignin acts as the cement that
holds the cellulose together. Extractives, typically comprising less than 5% of dry mass, include alcohols, waxes,
phenolics, and proteins. For reference, the elemental composition of an average of eleven hardwoods has been
reported as 50.2% carbon, 6.2% hydrogen, 43.5% oxygen, and 0.1% nitrogen (Tillman, Rossi, and Kitto 1981). The

chemical formula CH,O can be used as an approximate proxy for the elemental content of wood.
1.1.2  The combustion process

Cellulose decomposes (pyrolyzes) with heat addition. This occurs first at the surface and in cracks, and volatile

gases are emitted. These gases oxidize at temperatures above ~200°C according to the exothermic reaction

~CH,0+0, —CO, + H,0



Heat from this reaction causes further cellulose decomposition once a fire has “started.” Meanwhile, in a separate

and parallel reaction, charred wood (C) is oxidized by O,, with CO, the lone product (of complete combustion).

Smouldering, which occurs when a fire is nearly extinguished, is a flameless low-temperature surface reaction
involving endothermic pyrolysis and exothermic oxidation. Further notes on combustion phases and their

characteristics appear in subsequent discussion.

Complete combustion results in two products: CO, and H,O. Various other gases and solids represent various
products of incomplete combustion (PICs), the emissions of which are of relevance to both climate and health

concerns.

1.1.3  Gaseous emissions

Carbon dioxide (CO,) is the most well-known greenhouse gas and, along with water, a product of complete
combustion. Carbon monoxide (CO) is the primary PIC in wood combustion. Other carbonaceous by-products
include CH (also a powerful greenhouse gas), and non-methane hydrocarbons (NMHC).” All of the above are
needed in order to complete a carbon balance calculation, a useful tool for calculating emissions factors. Traces of

other gases (e.g. NO,) may also be present; see later discussion.

1.1.4  Particle emissions

Several commonly used terms relating to PM can cause confusion. Atmospheric aerosol represents a suspension of
fine solids and liquids in a gas (air). Smoke “occurs” when small particles are present in sufficient quantities to be
visible. Sooft refers to agglomerations of light-absorbing carbon particles. Ultrafine PM (or UFP) is a subset of PM,

typically referring to particles smaller than 0.1 um; these are also sometimes referred to as nanoparticles.

PM composed of primary particles and agglomerates represents the solid PICs and is considered to comprise
continuous units larger than molecular dimensions (size range 0.001 um — 50 um). It is categorized and measured in
various ways. Total suspended particulate (TSP) and subcategories PM10, PM2.5, and PMO.1 (total PM smaller
than 10 um, 2.5 um, and 0.1 um, respectively) are common measures that report PM in terms of mass per volume of
air. However, it is important to remember that PM does not consist of uniform, chemically-defined particles, but
rather solids, liquids, and combinations thereof suspended in the air. It may be primary (emitted at the emission
source) or secondary (the product of chemical or physical reactions that can involve other primary or secondary
emissions), with size varying from nanoparticles to comparatively large particles with diameters measured in

hundreds of microns. Chemically, PM contains a spectrum of substances, from innocuous materials like simple

* Some instruments report total hydrocarbons (THC), which combines CH, and NMHC/TNMHC (total NMHC).



water to carcinogenic compounds such as polycyclic aromatic hydrocarbons (PAHs).” In addition to size and
composition differences, PM also varies by particle morphology, which is important because shape can affect its

physical and chemical interactions with humans and the environment.

As an example of the complexity of PM, Figure 1 shows the processes involved in soot formation and effectively
summarizes several processes and associated particle sizes and morphologies; timescale is dependent on the

application.
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Figure 1. Kinetically limited chemical reactions and physical processes involved in soot formation (Lighty, Veranth,
and Sarofim 2000), used with permission from Taylor and Francis.

The spherical “primary particles” indicated in Figure 1 are composed of “large numbers of lamellar crystallites that
typically contain 5 to 10 sheets containing on the order of 100 carbon atoms each” (Flagan and Seinfeld 1988); see
Figure 2 for an illustration. The spheres coagulate to form chain agglomerates and can also grow by the adsorption

of vapour species on their surfaces.

* In some contexts chemical composition can actually be used to determine the source of PM; e.g., (Goudie and
Middleton 2001).



30 nm

Figure 2. Schematic of soot microstructure (Flagan and Seinfeld 1988), used with permission from CaltechBOOK.

As carbon, hydrogen, and oxygen dominate the dry chemical composition of wood, other elements are present in
only small amounts. As such, PM emissions are predominantly carbon-containing species that can be subdivided

into OC and BC."

1.2 Effects of pollutants from cookstoves

1.2.1  Environmental

730 million tons of biomass are burned in developing countries each year, with over a billion tons of resulting CO,
emitted (World Bank 2011). The aim to minimize global climate change effects by controlling greenhouse gases
has spurred programs that target reductions in biomass fuel usage. In addition to global effects, local ecosystems
and social systems are affected by fuel collection which can cause depletion of resources, deforestation, and other

land-use changes.

In addition to these local-to-regional effects, the OC and BC content of aerosols (PM) has the ability to affect the
earth’s radiative balance. From a simplistic point of view, OC scatters light, with a net cooling effect on both
ground and atmosphere. Meanwhile, BC absorbs radiation, with the net effect of atmospheric warming and ground
cooling (less radiation reaches the earth’s surface). Factors such as land use change and settled BC that changes
surface albedo (e.g., decreasing the reflective properties of ice and snow) complicate the quantification of aerosol
effects. The total direct aerosol radiative forcing (RF) effect is estimated at -0.5 (£0.4) W/m?, with biomass burning
contributing +0.03 (£0.12) W/m?; for reference, RF from fossil fuel OC is estimated to be -0.05 (£0.05) Wi/m?, fossil
fuel BC +0.2 (+0.15) W/m? (Forster et al. 2007).

* Elemental carbon (EC) is the operational equivalent to BC. The two terms are used interchangeably in this text.



Emissions from biomass-fuelled cookstoves represent ~20% of pyrogenic BC and OC; compare to fossil fuel
burning, which contributes to 38% of pyrogenic BC and 7% of OC (Bond et al. 2004). Venkatamaran et al. (2005)
calculate that biofuel combustion is the largest source of BC emissions in India and suggest its control as means to
combat regional climate change. Menon et al. (2002) conclude that, in addition to radiative effects, BC significantly

affects regional climate by altering the hydrologic cycle.

Other research has combined the varied effects of cookstove emissions with IPCC factors for 100-year CO,
equivalent global warming potential (GWP) in order to compare the global warming impact of stove design

alternatives (MacCarty et al. 2008).

In summary, biomass collection practices and the various constituents of cookstove emissions have the potential to
affect the environment on many levels. Reductions in biomass usage and/or cookstove improvements that reduce

emissions are likely to have positive environmental effects.

1.2.2  Health
Products of biomass fuel combustion include a wide range of gases ranging from the asphyxiant CO to carcinogenic
hydrocarbons (e.g., benzene) and mutagenic organics. PM size and chemical content can vary immensely.

Woodsmoke contains at least 26 hazardous air pollutants (Nacher et al. 2007).

According to the World Health Organization, nearly two million human deaths per year are attributed to the effects
of cookstoves; indoor smoke is estimated to cause 21% of lower respiratory infection deaths, 35% of chronic
obstructive pulmonary deaths, and 3% of lung cancer deaths worldwide (2009). Low birth weight and stillbirth have
also been linked to indoor air pollution from stoves (Pope et al. 2010). According to Environment Canada,
“Numerous studies have linked [particulate matter] to aggravated cardiac and respiratory diseases such as asthma,

bronchitis and emphysema and to various forms of heart disease” (2012).

Not to be understated is the potential harm caused by UFP, or nanoparticles. It is important to understand the
significance of PM size in proper context. In the human body, particle diameter (d) matters since it indicates
if/where particles are likely to deposit. And though PM is typically reported in mass (d*), surface area (d*) is a better
indicator of reactivity. Regarding the effects of nanoparticles on human beings, the literature is limited but provides

evidence of size-dependent health effects.

Brown et al. (2001) investigated proinflammatory responses to polystyrene in rats and found a “significantly greater
neutrophil influx into the rat lung after instillation of 64-nm polystyrene particles compared with 202- and 535-nm
particles and this was mirrored in other parameters of lung inflammation, such as increased protein and lactate
dyhydrogenase in bronchoalveolar lavage.” Renwick et al. (2004) instilled fine and ultrafine carbon black (mean

diameters 260.2 and 14.3 nm, respectively) and titanium dioxide (250.0 and 29.0 nm) into rats; the ultrafine particles



of both materials induced more inflammation and epithelial damage than the (larger) fine particles. Auger et al.
(2006) exposed human nasal epithelial cells to both diesel exhaust and Paris urban air particles and reported that
“internalization of particles, which is believed to initiate oxidative stress and proinflammatory cytokine expression,
was restricted to small nanoparticles (<40 nm).” In a report of the effects of nanoparticles, Oberdorster (2007)
notes that the main deposition mechanism for inhaled particles <100 nm is due to diffusion from collisions with air
molecules and states that alveolar macrophages (the prevalent mechanism for clearing larger particles from the
alveolar region) do not efficiently clear particles <100 nm; deposited nanoparticles “appear to translocate readily to
extrapulmonary sites and reach other target organs by different transfer routes and mechanisms.” It is not clear to
what extent inhaled nanoparticles enter the blood stream of humans, though evidence supports the occurrence in

rodents (e.g. 30 nm gold particles were found in pulmonary capillary platelets within 30 minutes of exposure to
intratracheal regions (Berry et al. 1977)).

As indicated by Figure 3, deposition region is highly dependent on particle size; e.g. a high percentage of inhaled
PM larger than 2.5 um can be removed by moist surfaces and nasal hairs while many smaller particles will enter the

lungs and may be deposited on the alveolar surfaces.

Fractional Deposition of Inhaled Particles in the Human Respiratory Tract
(ICRP Model, 1994; Nose-breathing)
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Figure 3. Predicted fractional deposition of inhaled particles in the nasopharyngeal, tracheobronchial, and alveolar
region of the human respiratory tract during nose-breathing (based on data from ICRP (1994)). (Drawing courtesy
of J. Harkema.) Springer and Springer Netherlands (Nanotechnology — Toxicological Issues and Environmental
Safety and Environmental Safety, 28:15-51, 2007, p25, “Biokinetics and Effects of Nanoparticles,” Oberdorster,
Figure 4. © 2007 Springer); with kind permission from Springer Science and Business Media.



Clearly, the health effects of cookstove emissions are not yet fully understood, especially with respect to
nanoparticles. While this research cannot help to that end, it can help fill a gap in knowledge about the size and

nature of nanoparticles emitted as a by-product of biomass combustion in cookstoves.

1.3 Cookstove interventions
A number of initiatives aim to replace traditional cooking methods with “improved” or “clean” cookstoves and are

further detailed after an introduction to stove types.

1.3.1 Stove types
Billions of people worldwide use traditional methods for cooking. These may include the three-stone fire (Figure
4(a)), in which an open fire is lit directly underneath a cooking apparatus supported by stones, bricks, or other solid

materials, and other simple traditional stoves (e.g., Figure 4(b)).

¥ 3 1
(b)

Figure 4. Traditional cooking methods: (a) three-stone fire, (b) traditional cookstove (Reprinted with permission

from Roden, C. A., Tami C. Bond, Stuart Conway, and Anibal Benjamin Osorto Pinel. 2006. “Emission Factors and

Real-Time Optical Properties of Particles Emitted from Traditional Wood Burning Cookstoves.” Environmental
Science & Technology 40 (21) (November 1): 6750-6757. © 2006 American Chemical Society.).

Numerous improved or clean cookstoves aim to reduce the environmental and/or health effects of traditional
cookstoves. There is no accepted distinction between “improved” and “clean;” they are often used interchangeably
and without quantification of advantages offered versus traditional methods. Excellent overviews to stove types are
given by MacCarty et al. (2008) and Jetter and Kariher (2009); Figure 5 shows a sampling of the large number of
stove design alternatives available. In particular, two classes of improved cookstove designed for biomass

combustion warrant further introduction.



Ceramic Jiko, charcoal
Metal Jiko, charcoal
Belonio, rice hull

Onil, wood

Protos, plant oil

Mayon Turbo, rice hull
Qorja, pellet

KCJ, charcoal
GERES, charcoal
StoveTec, charcoal
Jingilin CKQ-80I, cobs
3-Stone Fire, wood

. Upesi, wood

Uhai, charcoal

Gyapa, charcoal
Envirofit G-3300, wood
Sampada, wood
Berkeley Darfur, wood
StoveTec TLUD, pellet
Philips HD4012, wood
Philips HD4008, wood
StoveTec, wood

SCHAVAPOVOoZZICrRETIOMMOOD®

Figure 5. Stove examples (J. Jetter 2011), used with permission from J. Jetter.

1.3.2  Rocket stoves
“Rocket” stoves (see Figure 6) are based on a few key features that include an insulated combustion chamber to
keep the fire above 650° C, insulating, lightweight stove materials, an L- or J-shaped design with an elbow for fuel

feeding, and a skirt that minimizes the distance between the stove and cooking pot (Still and Winiarski 2001).

Figure 6. Diagram of Rocket stove (Still and Winiarski 2001), used with permission from HEDON Household
Energy Network.

Hot, insulated combustion allows for more complete burning of fuel. An insulating, lightweight design with a skirt
minimizes heat losses. The fuel-feed opening near the bottom allows sufficient quantities of air to enter the
combustion chamber; the temperature gradient between this cool air and the hot combustion gases above the flame
establishes a one-way air flow. A myriad of rocket stove designs and configurations exist beyond some of those

depicted in Figure 5. Many target local economics and cater to available materials and fuels.



1.3.3  Gasifier stoves

Gasifier stoves create a combustible gas in a pyrolysis zone that is slightly separated from a combustion zone (see
Figure 7). Within the stove base, biomass is pyrolyzed (charred, or decomposed without oxygen) in a high
temperature region within a zone between unburned fuel and already-pyrolyzed char. Volatile gases, water vapour,

and solid char are by-products of the reaction.

Primary and secondary air flows are employed. Primary air flow (at ambient temperature) is drawn through the fuel
mixture and the pyrolysis zone; limited oxidation provides the heat required to sustain burning and pyrolysis. Some
of the charred biomass (carbon) combusts in the primary air flow oxygen. Other char is subject to gasification; it
reacts with water vapour and carbon dioxide to form hydrogen and carbon monoxide (partial oxidation). The
resulting “syngas” and volatiles rise to the “top” of the stove, where they encounter a secondary air flow (which may
be preheated via its pathway adjacent to a conductive combustion chamber wall) that mixes with the gases to allow

for sustained burning.
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Figure 7. Example gasification stove cross-section

Gasifier stove designs can include forced air (typically via fan and battery) or natural draft for the air supply.
Operation near stoichiometric air to fuel ratio maximizes combustion temperature while maintaining combustion
efficiency (rate of air flow offers a means to control combustion rate), but adjusting the air flow rate can present a
challenge, especially with natural draft designs. Some gasifier stove configurations create char / charcoal that can be
subsequently reused in other applications. Most require batch loading, since fresh material added to the top of the

fuel supply interferes with effective stove operation.



1.3.4  Key organizations and programs

A number of organizations and initiatives target the wider distribution of improved cookstoves. Among the biggest
is the Partnership for Clean Indoor Air (PCIA), a group of several hundred public and private organizations that
aims to “improve health, livelihood, and quality of life by reducing exposure to indoor air pollution” (The
Partnership For Clean Indoor Air 2012). The collective hosts forums and other events attended by leading players in
the field; e.g., in February 2012 it hosted an International Standards Organization (ISO) workshop on cookstoves."
Engineers in Technical and Humanitarian Opportunities of Service (ETHOS) is a non-profit organization that
focuses on “improving vernacular wood burning cooking stoves, including increasing efficiency and effectiveness
while reducing emissions, addressing problems brought forward by the in-field partners”(Engineers in Technical and
Humanitarian Opportunities of Service 2012); it holds annual conferences and its published proceedings are a rich
source of information on stoves, testing and programs. The Aprovecho Research Center (ARC)" focuses on the
design and testing of improved biomass cooking and heating. It conducts cookstove testing, training, and research
and development. A number of researchers and higher learning institutions focus on cookstoves and effects; Kirk
Smith’s Household Energy, Climate, and Health Project at the University of California — Berkeley* and Tami
Bond’s Aerosols in the Global Environment research group at the University of Illinois — Urbana-Champaign® are

two examples.

Recent years have yielded new programs with enormous scope for implementing change. The Global Alliance for
Clean Cookstoves targets large-scale adoption of clean cookstoves, the formulation of operational strategies, and
research to facilitate progress towards its goal of bringing clean and efficient stoves and fuels to 100 million homes
by 2020; the United States government alone has already committed over $105m to the effort (US Department of
State 2012). Another relatively recent and significant financial driver of change is the use of carbon credit funding
for cookstove upgrades. The Clean Development Mechanism (CDM) “allows emission-reduction projects in
developing countries to earn certified emission reduction (CER) credits, each equivalent to one tonne of CO,. These
CERs can be traded and sold, and used by industrialized countries to a meet a part of their emission reduction targets
under the Kyoto Protocol” (United Nations Framework Convention on Climate Change 2012). The Gold Standard
is an example of a certification scheme that deals with carbon credits for CDM and voluntary markets.” A report
published in May 2011 identified 43 cookstove projects that had applied for carbon credits, most on the voluntary
exchange market; the majority aimed for biomass fuelled replacement cookstoves rather than stoves that required
fuel switching (Cox 2011). A recent report acknowledged clean cookstoves’ ascent from “marginal volumes to
prominent project type,” noting that in 2011, clean cookstove technologies transacted 3.2 MtCO,e (primarily from

Africa-based projects utilizing The Gold Standard) (Peters-Stanley and Hamilton 2012).

" In 2012, PCIA integrated with the Global Alliance for Clean Cookstoves.
" Website: http://www.aprovecho.org/lab/home.

* Website: http:/ehs.sph.berkeley.edu/krsmith/.

¥ Website: http://www.hiwater.org/.

* Website: http://www.cdmgoldstandard.org/about-us/who-we-are.

10



One example of a cookstove intervention with relevance to this research is a project administered by Janara Samuha
Mutual Benefit Trust (JSMBT) in India. The organization used CDM funding to replace traditional cookstoves with
an improved cookstove (named “Chulika”) in 21,500 households in Karnataka State. The stoves were distributed in
2011. Expected CO, emissions reduction is 43,215 tons per year (Janara Samuha Mutual Benefit Trust 2010).

Monitoring of the program’s success is ongoing.

1.3.5 Commentary

The actual dissemination of improved cookstoves, whether by governments or non-government organizations is
complicated by factors that include design, target customers, financing, and marketing; numerous programs have not
been successful or sustainable (e.g., see (Shrimali et al. 2011)). Regardless, “clean” or “improved” cookstoves have
become the subject of much attention and money, with significant programs and changes coming online at present

and likely in the near future. This makes a better understanding of emissions — and soon — all the more important.

1.4 Review of existing research and methods

1.4.1  Previous research
Many studies evaluate cookstoves in laboratory and/or real-world environments. A selection of demonstrative
examples is presented to explore the methodologies and motives that assisted the design and focus of the present

experiment.

J. Zhang et al. (2000) compared 28 fuel / stove combinations in China. Most tests were conducted in a simulated
village kitchen house. The study focused mainly on fuel types, although various stove types were tested and
included brick and improved brick, with and without an exhaust flue. A modified water boiling test (WBT,
discussed below) was utilized. Emissions samples were collected into a Tedlar bag via a probe inserted into the flue
or inside a hood exhaust duct (for stoves with no flue). CO, CO,, CH,;, and TNMHC emissions were measured from
the Tedlar bag samples while TSP was measured gravimetrically and evaluated for carbon content with a thermal-
optical technique. A carbon balance method was used to compute emissions factors which were reported on a fuel
mass basis and on a delivered energy basis. Mean emissions factors for all tests involving wood combustion were
987, 58.7,2.70, and 3.05 g/kg of dry fuel for CO,, CO, CH,, and TSP, respectively (J. Zhang et al. 2000). The
authors note that for no biomass stove were PICs less than 4% of the original fuel carbon. The biomass stoves
showed much lower efficiencies than liquid and gaseous-fuel stoves; solid fuels’ emissions varied widely at different

times of the burn. Particulate size distributions were not measured.

Fan and Zhang (2001) measured emissions (PM, CO, CO,, CH,, THC) from five portable combustion devices
(including lamps, candles, and a heater, but no cookstoves). A well-mixed chamber / room was used, enabling
emission rates and factors to be calculated using a single-compartment mass balance model. Emissions were

collected into Tedlar bags for offline analysis of CO,, CH,, and THC. CO was measured with a real-time
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electrochemical instrument. Particle mass concentrations were measured with a nephelometer that monitored a size
range of 0.1-10 um with a detection limit of 0.02 mg/m’. Particle number concentrations and size distributions were
determined with an optical particle counter sampling at 57 mL/min with eight size bins (in um: 0.1-0.2, 0.2-0.3, 0.3-
0.4, 0.5-0.7,0.7-1.0, 1.0-2.0, >2). “Normal” and “high” burning conditions were tested. Most particles emitted
were in the 0.1-0.3 um range, with acknowledgement that smaller particles were not measurable by the devices used.
In the presentation of results, the authors gave an overview of emission factors for other combustion devices. This is
the earliest study encountered that attempted to characterize particle size, though the lower limit at 100 nm was too

large to be useful and biomass combustion sources were not tested.

Roden et al. (2006) conducted a field study with wood-burning cookstoves in Honduras. An eight-armed probe was
used to collect exhaust from the plume. CO and CO, were measured in real-time. PM was analyzed in real-time by
two optical instruments, a particle soot absorption photometer (PSAP) which measured light absorption at three
wavelengths and a nephelometer which measured light scattering at a single wavelength. PTFE and quartz filters
were collected for offline determination of PM mass and EC/OC ratio. Figure 8 shows a schematic of the testing

setup.

Cyclone
(dum cut)

Venturis
2 Ipm)

Figure 8. Schematic of emission sampling setup (Reprinted with permission from Roden, C. A., Tami C. Bond, Stuart
Conway, and Anibal Benjamin Osorto Pinel. 2006. “Emission Factors and Real-Time Optical Properties of
Particles Emitted from Traditional Wood Burning Cookstoves.” Environmental Science & Technology 40 (21)
(November 1): 6750—6757. © 2006 American Chemical Society.).

Three combustion phases were noted (vigorous flaming, gentle flaming, and smouldering) and single scatter albedo
(SSA) and absorption Angstrom exponent (Aap) were investigated at each. Mass emissions factors were reported in
addition to the ratio of EC to TC (total carbon); this varied from 0.07-0.64 with an average of 0.30. EC/PM
averaged 0.21 (in comparison, Venkataraman et al. (2005) measured BC:PM, s at 0.05-0.52 for small cooking fires.
No correlation was distinguishable between wood moisture and EC/TC or PM emission factor. PM size
distributions were not measured. Table 1 provides an overview of relevant data. The authors noted that for the

wood used (oak and pine), average carbon content was 0.50 kg-carbon/kg-fuel. Since most carbon is accounted for
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by CO, and CO, the sum of these species was considered a proxy for fuel combusted. PM size distributions were

not measured.

Table 1. Summarized emissions data from (Roden et al. 2006)

I Average I Improved stove
Mass emission factor (g-PM/kg-fuel) | 8.5+ 1.6 5.6+£0.7
OC emission factor (g-OC/kg-fuel) 40+£09 1.7+£0.3
EC emission factor (g-EC/kg-fuel) 1.5+0.3 3.1+05
EC/TC 0.30 £0.03 0.64 £ 0.04
CO emission factor (g-CO/kg-fuel) 116 + 55 46 + 19

Andreatta (2007) focused on a top-lot up draft (TLUD) gasifier stove developed by Paul Anderson and attempted to
quantify efficiency and pollutants by boiling five litres of water with various combinations and forms of biomass
fuels. Wood usage and pollutants were given in mass per litre of water boiled. Results were compared with a
forced-air and a rocket stove design, though the author noted the difficulty in accommodating the “standard test”
used by other designs (the TLUD stove is built for batch rather than continuous fuel feeding). Emissions were
observed to be unsteady, even with an apparently steady flame. Disadvantages of the gasifier stove were fuel (and
fuel packing) sensitivity, higher pollutants at shutdown, and user-dependent operation that could be inefficient and
polluting. PM size distributions were not measured. Overall, a (gasifier) performance increase over a rocket stove
was noted. Total CO emissions per liter of boiled / simmered water (per test protocol) were 3-4 times lower for the
TLUD vs. the rocket stove. Similarly, PM emissions were about 4 times lower for the TLUD. The study provided a

useful reference point for testing and emissions of a gasifier stove.

The purpose of MacCarty et al. (2008) was to quantify the relative emissions from five biomass-fuelled stoves. The
testing protocol was a modified WBT and the stove setups and burning method are well-described. A Fourier-
transform infrared (FTIR) system was used to measure 23 gaseous species. Particles were collected via a hood with
a nephelometer measuring particle scattering and a PSAP for particle absorption in real time; a filter system
collected samples for later mass and EC/OC measurement. For particulates, results were broken into EC and
organic matter (OM). Though the fuel and the manner in which fires were attended affected the types of particles
produced, the authors noted that stoves seemed to play a substantial role. In particular, the rocket design had a much
higher proportion of particles with global warming potential (see Table 2). PM size distributions were not

measured.
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Table 2. Selected EF and ratios relative to total emissions, one test only, from (MacCarty et al. 2008)

Cooling particles from Warming particles from
smouldering fire flaming fire
OM (g/kg-fuel) OM/PM | EC (g/kg-fuel) EC/PM
Three-stone 1.45 .62 0.88 0.38
Rocket 0.55 32 1.16 0.68
Karve (gasifier) 0.82 74 0.28 0.26

Roden et al. (2009) conducted field research in Honduras using traditional, “new” improved, and “broken-in”
improved cookstoves. Research questions included: Are in-use emissions similar to those measured in a laboratory,
can improved stoves improve environmental impacts, and do reductions continue as stoves age? They specified
sampling locations with and without the use of chimneys and dilution ratios and resident times sufficient to establish
phase equilibrium. Results were compared with a number of other field and laboratory studies. High PM emissions
correlated to ignition and fuel addition events. Fuel variability and fire tending accounted for significant differences
between actual in-use and laboratory results which differed by a factor of about three (laboratory results were always
lower). EC fraction of PM was fairly consistent across all tests at about 0.25. PM size distributions were not

measured.

J.J. Jetter and Kariher (2009) tested ten cookstoves with four fuels in order to measure and report cookstove
performance and emissions data using a WBT protocol. Rocket, fan, and charcoal stoves representative of the many
improved cookstove designs available were tested alongside a traditional three-stone fire. The testing system was
well-described; WBT protocol (v1.5) was employed. Gaseous pollutant emissions were analyzed, PM2.5 emissions
were measured using a filter method, and an electrical low-pressure impactor (ELPI) measured particle size
distributions and concentrations in the 30 nm — 10 um range. Results were normalized to a starting temperature of
25°C. CO/CO, was used as an indicator of quality of combustion. Aside from a table comparing United States
Environmental Protection Agency (USEPA) and ARC results, reported data was largely qualitative. PM size
distributions and concentrations were not reported, though the ELPI is in theory capable of providing useful size

data.

Q. Zhang et al. (2010) aimed to characterize UFP emissions using different cooking styles (Indian, Chinese and
Italian) in a single-story family house (noting that UFP are more toxic than larger particles); the study used modern
appliances and did not compare stove styles. A scanning mobility particle sizer (SMPS) was used to measure size
distribution in the 7.6-289 nm range. A DustTrak photometer calibrated against a tapered element oscillating
microbalance (TEOM) was used to gather particle mass concentrations. An aethalometer measured EC
concentration. Air exchange rates were calculated via CO, concentration. Particle size distributions were plotted vs.
time showing a primary mode at ~60-70 nm. A factor analysis compares particle number concentrations with
changing power source (electric vs. gas), temperature (medium vs. high), and exhaust fan status (off vs. on). The

stoves used did not burn biomass.
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In the research presented above, study motives varied widely. Climate-focused studies focused on the EC/OC

composition of PM. No literature was discovered that reported size distribution of cookstove emissions in the

nanoparticle range. Table 3 summarizes.

Table 3. Comparison of studies and motives

Jd.1.
(J. Zhang (Fan and (MacCarty Jetter and
et al. Zhang (Roden et | (Andreatta et al. (Roden et Kariher (Q. Zhang
2000) 2001) al. 2006) 2007) 2008) al. 2009) 2009) et al. 2010)
Non-stove Power
Control Fuel, v Fuel, Fuel, Setting, Stove source, fan
. combustion Stove type
variable(s) | stove type devices stove stove type stove state type status,
temperature
WBT Yes No No No Yes Yes, for Yes No
used? comparison
Health /
climate Both Health Both Both Climate Climate Both Health
focus?
PM size No, TSP Yes No No No No Yes (not Yes
measured? only reported)
UFP No No No No No No ? Yes
measured?

A literature review conducted after the conclusion of the research presented in this thesis yielded further progress in

cookstove emissions characterization.

Rehman et al. (2011) used indoor and outdoor field measurements in/around a village in rural India to correlate BC
emissions to anthropogenic events. Indoor BC was measured in 35 households using a real-time microaethalometer,
and a miniaturized aerosol filter sampler that collected 24 hour samples for later analysis. Outdoor BC was
measured with an aethalometer at two locations in the village and at a nearby highway traffic junction. Twice-daily
BC peak concentrations (up to 60 ug/m’) occurred at times coinciding with morning and evening cooking periods;

the authors linked this to cooking events, not traffic. OC was approximately five times BC.

Kar et al. (2012) tested five commercially available (in India) gasifier stoves, three natural draft and two forced
draft. A standardized Controlled Cooking Test (CCT) was used to simulate actual cooking conditions using
hardwood and mixed (biomass) fuels. Microaethalometers measured BC concentrations in real-time at the expected
inhalation height of a stove operator (“breathing zone”) and at a point 2 m directly above the burner (“plume zone”).

Summarized results appear in Table 4. PM and gaseous pollutants were not measured.

" The Zhang et al. (2000) laboratory study used an SMPS to obtain UFP data, but did not compare cookstoves.
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Table 4. BC concentration averages summarized from Kar et al. study (2012)

BC concentration in BC concentration in
breathing zone, ug/m’ plume zone, ug/m’
Mud stove 128 £ 65 335+29
Average of forced 38 +28° 78 £40
draft stoves (-70%) (-77%)
Average of natural 78 + 30° 224 + 66
draft stoves (-39%) (-33%)

* Not statistically significant due to high variance of results in each stove class

Guofeng et al. (2012) tested a number of wood fuels were in a single residential brick cooking stove in rural China.
Emissions factors for PM, EC, and OC were measured, with the addition of PM size distributions. Modified
combustion efficiency (MCE), defined as CO,/(CO,+CO), was also reported. Sampling periods covered all stages
of the burn cycle. PM was measured gravimetrically and EC/OC was analyzed. For PM size distributions, a nine-
stage cascade impactor was used. MCE varied from 93.5-96.2%. PM ranged from 0.71-4.7 g/kg-fuel and showed
high fuel dependency. OC/PM and EC/PM ratios were 0.32 + 0.27 and 0.39 + 0.26, respectively. Correlations
between emissions factors were investigated. The cascade impactor did not allow sufficient resolution (smallest bin

size < 0.4 um) to capture the mode diameter of emissions from tree biomass combustion.

While these recent studies provide more data on BC concentrations from cookstoves, PM size distributions and
morphological information are still lacking. Thus the research presented here is well justified and has potential to

help fill a noteworthy and important gap in cookstove emissions literature.

1.4.2  Cookstove testing protocols

Several protocols are used in cookstove testing. Up-to-date protocols and training presentations are available from
ARC." The most common standard protocol for cookstove testing is the Water Boiling Test (WBT). Draft version
4.1.2 was last updated on October 1, 2009. Prepared by several key contributors in the stove testing field, the WBT
is a simulation of the cooking process “intended to help stove designers measure how efficiently a stove uses fuel to
heat water in a cooking pot and the quantity of harmful emissions produced while cooking” (Anon. 2009). It is
meant to be a replicable way to assess stove performance. Three phases of cookstove operation are tested: cold-start
high-power, hot-start high-power, and controlled simmering of a measured amount of water for 45 minutes
(immediately following the second phase). Outputs are time to boil, burning rate, specific fuel consumption,
firepower, turn-down ratio (ratio of high power to low power output) and thermal efficiency. The document gives
specific instructions for each phase of the testing, along with advice for documentation and data collection; a

companion spreadsheet assists with calculations for non-experts.

* See: http://www.aprovecho.org/lab/pubs/testing.
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Weaknesses include the fact that controlled conditions are not necessarily representative of actual cooking
circumstances and usage. Furthermore, efficiency is linked to heat transfer, meaning that stove / cooking vessel
geometry and the use of auxiliary devices such as pot skirts can greatly affect results. It still provides valuable
information, but can mask fundamental differences in the combustion characteristics of stoves. Also, emissions
measurement is not an inherent feature of the WBT; rather, the protocol is perhaps best suited to field studies that
focus on efficiency measurement. Many studies refer to a “modified” WBT in which the standard WBT is

customized to suit a specific stove, fuel, and setting.

The Controlled Cooking Test (CCT) is meant to compare “improved” stoves to traditional designs in a manner that
more closely replicates actual usage in cooking. Homogenous fuel supply, cooking pots, and water / food are used
to minimize errors. The cooking is done by a local person, not by a researcher, and a single standardized test is

repeated for each stove. Like the CCT, the Kitchen Performance Test (KPT) is meant to compare improved stoves

to traditional ones; this is accomplished by measuring fuel consumption and by surveying local inhabitants.

Though the specific testing protocol is not critical, it is prudent to choose a recent, defined protocol to serve as a
template. The WBT provides useful, well thought-out, developed guidelines for testing. However, since the focus

of the present study is emissions measurement rather than efficiency, considerable modifications will be made.

1.4.3  Exhaust collection methods
Many studies collect emissions in Tedlar bags for later analysis. Existing gaseous emissions testing instruments
available at UBC make this unnecessary. Two techniques for real-time exhaust collection and emissions testing are

discussed below.

In the “chamber” method of exhaust collection, emissions factors are determined indirectly based on a mass rate
balance within a specified volume. The method is detailed by Jawurek & Ballard-Tremeer (1999) in a study that
compared emissions from two cooking devices. The chamber uses dilution, and stratification is avoided by the use
of fans that mix the air. This method presupposes constant emission rate and fuel burn rate and the stove is operated
in a way to keep both as constant as possible. For this reason, the authors determined that it is the better choice for
continuously fuelled (as opposed to batch fuelled) stoves and it is an appropriate method for open fires. Once the
emission source is removed, the air exchange rate in the closed volume must be measured (by decay of emissions

species). Differing air exchange rates can make comparisons between tests problematic.

In the “hood” method, emissions are measured directly at/near their source. Gases are captured by a canopy, usually
just above the combustion location. Ballard-Tremeer & Jawurek (1999) detailed this method in a study of three
stoves tested with three hood extraction rates. SO, and TSP were shown to be independent of extraction rate and the

effect on measured CO was small. The extraction rate range was quite narrow — 0.049 -0.065 m’/s, resulting in
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velocities of 0.10-0.12 m/s (Ballard-Tremeer and Jawurek 1999) — and the authors note that higher rates clearly
affect combustion while lower rates will not capture all emissions. So while a drawback to the method is that the
presence of an extraction hood is potentially capable of changing combustion characteristics, the influence of
extraction is independent of stove type if the extraction level does not change between tests and air velocity lies

within an acceptable range.

Based on a requirement to test different stoves (including batch and continuously fuelled designs), the hood method
was selected and implemented in an engine test cell at the Clean Energy Research Centre (CERC) at UBC.
Recommendations from WBT version 4.1.2 (see Figure 9) were used as a guideline for design and construction of

the cookstove testing exhaust system; details appear in the following chapter.

Air Flow and Blower
Temperature Sensor

= |

Smoke Sample ,\l it

Most of
exhaust
_—

Cyclone

Real-time

C[:JZ C,U ) PM sensor

Data
Fire or stove Acquisition

Figure 9. Recommended hood setup from WBT 4.1.2 (2009)
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2 Experimental design

2.1 Instrumentation
The exhaust system pictured in Figure 10(a) was designed and constructed by the author at UBC. It extracts air

from the combustion region and diverts it to the CERC building exhaust.

Exhaust

Probe for gases .
Temperature and Lo Emissions bench
relative humidity probe .

Flow rate sensor P :

Hood : *—‘—*
: A

“Background” .
CO2 probe PTFE Quartz Ps
: filter filter
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%7 Temperature probe Qf:‘:teg:z
& » ﬁ ) (e Orifices %) ( :
Video : =

FZ7773 : Flowmeter

DustTrak Aethalo-
DRX meter

“Real-time” PM mass, size distribution and BC measurement
(@) (b)

Figure 10. (a) Photograph of exhaust system and (b) schematic of emissions testing setup.

Natural dilution occurs as combustion products mix with ambient air before entering the exhaust hood; a dilution
ratio of 100-150: 1 was targeted.” A single-speed blower provided an exhaust flow rate of ~190 scfm, and mixing
baffles at the exhaust duct inlet ensured adequate mixing of combustion products with dilution (room) air in
accordance with WBT guidelines. A smoke tube was used to verify that exhaust flow rate and hood geometry
(including vertical length and access opening size) allowed for capture of all combustion products; hood height was

adjusted so that plume velocity at the average stove height was near the recommended range.” A quasi-isokinetic

" In a study of laboratory diesel emissions (from engines), Kittelson et al. (2006) recommended a primary dilution
ratio of 5-30:1 with 1-2 seconds residence time and secondary dilution with dry or humidity-controlled air used to
raise overall dilution to > 200 in order to freeze coagulation. Lipsky and Robinson report that though EC
measurements do not vary with dilution, dilution ratios < 100 are likely to “substantially overestimate” the emitted
fine particle mass, and even at 350:1 mass emission rate may still be decreasing with increasing dilution ratio
(2006). Appendix A details a dilution ratio definition and estimate for this research.

" WBT recommendations include (a) hood > 1m above the top of the stove, (b) sampling > 8 diameters downstream
of mixing baffles and > 2 diameters upstream of the blow, (c) isokinetic sampling probe facing into the flow, and (d)
all tubing made of stainless steel or conductive tubing, with lengths minimized (Anon. 2009). Exhaust flow rate
measurement instrumentation was calibrated by introducing and measuring a metered quantity of 4.5% CO, into the
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sampling probe, sized and constructed based on the expected flow requirement, is located approximately 15
diameters downstream of the exhaust inlet.” From the probe, exhaust is routed to instruments that measure gaseous

phase and PM emissions. Figure 10(b) provides a schematic display of the exhaust system and instrumentation.

2.1.1  Gaseous phase emissions

Gaseous emissions are routed to an AVL CEB II Emissions Bench (calibrated each day of testing) that measures
CO,, CO, NO, NOx, CH4, THC, and O, at 1 Hz. The line is heated to prevent condensation. A second CO, line
from a location outside of and adjacent to the exhaust hood goes to a second CO, sensor within the AVL emissions
bench and serves as a continuous background CO, measurement. See Appendix C for further details on gaseous

phase emissions instrumentation.

2.1.2  PM emissions

PM instruments are connected to the sampling probe via electrically conductive lines in order to minimize diffusion
losses.” One branch of the circuit is connected to real-time instruments. A TSI DustTrak DRX Aerosol Monitor
8533 measures light scattering of an aerosol sample and provides an indirect measurement of PM mass in the 0.1 —
15 um size range. It is calibrated with Arizona Road Dust and assumes a constant refractive index, so errors are
present when composition and size are not constant. Relative humidity (RH) may affect this scattering signal,*

though according to the manufacturer significant bias exists only at RH > 80%.

A TSI Scanning Mobility Particle Sizer (SMPS) Model 3080 with a custom differential mobility analyzer (DMA)
column measures particles in the 14.6 — 661.2 nm diameter (midpoint) range. Within the SMPS, an impactor
removes large particles before remaining particles are charged and sent the DMA, which size-classifies them
according to electrical mobility. Monodisperse aerosol exits the DMA and the condensation particle counter (CPC)
grows the particles to micrometer size and counts them optically. Scan time for the entire range of diameters is set

to 135 seconds.

The TSI Aerodynamic Particle Sizer (APS) Model 3321 measures particles in the 500 nm — 20 um aerodynamic
diameter range by a time-of-flight technique that uses two laser beams. Scan time is set to 135 seconds to coincide

with SMPS scans.

A Magee Scientific Aethalometer Model AE 21 measures BC via light transmission across quartz fibre filter
material with 60-second sampling periods. The amount of absorption corresponds (is roughly proportional) to the

amount of BC present. A spool of quartz fibre tape advances periodically when a particular filter spot reaches a

system. See Appendix A for further detail on the exhaust system, including a breakdown of components, flow rate
calibration, and plume velocities.

* See Appendix B for further details on flow requirements and probe sizing.

" See Appendix D for an estimate of diffusion losses.

* This is a potential reason to not strictly follow the WBT, which advises boiling water in an open-topped vessel.
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threshold loading density; data gaps exist when spool advances occur. A more direct but offline measure of BC is to

collect aerosol onto PTFE and quartz filters for subsequent analysis in a laboratory (see below).

The preceding equipment is used to characterize PM size, composition and (roughly) BC. The instruments have on-

board pumps that draw aerosol independently. See Appendix E for further details on PM emissions instrumentation.

In another branch of the test circuit, a pump draws air through a series of parallel devices in order to allow more
detailed PM characterization. Aerosol is collected onto 47 mm diameter filters using stainless steel Gelman filter
holders modified to accommodate backup filters. A PTFE membrane (Teflon®) filter is used for gravimetric PM

mass measurement. Filters are weighed before and after sampling.

Quartz fibre filters are collected for EC/OC analysis. These employ a quartz backup filter behind the PTFE filter to
correct for positive adsorption of organic gases; the OC content of the quartz backup filter is subtracted from the
single quartz filter to correct for the artifact.” Procedure blanks are also collected. Critical orifices control flow
rates for both 47 mm filters, and a Honeywell AWM 5104 Venturi mass flowmeter provides flow rate verification

and accurate timing of PM collection periods.

A thermophoretic particle sampler (TPS) developed at UBC by the author is used to collect material onto 3.05 mm
transmission electron microscopy (TEM) grids (Ted Pella model 0813-F, Carbon Type B support film" on 300 mesh
copper) for microscopy work that provides PM morphology and supporting PM size data in the form of images. See

Appendix F for further details on the TPS.

2.1.3  Auxiliary measurement devices

Exhaust flow rate is monitored continuously by a Nailor Ampliflow 36FMS-06 airflow sensor connected to a Dwyer
MS-121-LCD differential pressure sensor; this was calibrated using a tracer gas as mentioned previously. Exhaust
temperature and RH are measured before and after each testing period by a LabJack EI-1034 digital capacitive
sensor. An auxiliary silicon temperature sensor (LabJack EI-1050) measures the temperature of water in the
recipient vessel (in case of future interest). Video of stove flames is captured for later synchronization with data (in

case of future interest).

" Some studies show that a better correction is obtained by having a quartz backup for both the quartz and PTFE
filters; the OC content of the quartz filter behind the PTFE filter is used for the correction (it is subtracted from the
“primary” quartz filter -- which itself has a quartz backup) (see (Turpin, Huntzicker, and Hering 1994)). However,
the quartz-quartz configuration is avoided due to expense and to better align with the protocol of Chulika India tests.
" This consists of a Formvar® film coated with a heavier layer of carbon that is stable under a high array of
operating conditions.
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2.1.4  Data acquisition

Auxiliary devices are connected to a LabJack U3-HV data acquisition unit. A program designed with National
Instruments LabVIEW software serves as the user interface with the inclusion of DustTrak data (which is also
accessible via removable media). The SMPS and APS are connected to independent PCs; data is recorded via TSI’s
Aerosol Instrument Manager software. Aethalometer data is recorded onto a data card. AVL gaseous emissions
data is recorded to the CERC Cummins ISX PC. Clocks for all real-time PM instruments and data logging PCs are

synchronized before each day of testing.

2.2 Experimental setup

2.2.1  Stoves

As indicated by the selection shown earlier (see Figure 5), a large number of improved cookstoves exist, making it
necessary to justify the selection of specific models. Focus in the present study is on low-cost, portable, single-
burner stoves with wide distribution (or potential for it) in developing regions of the world. In this study, a

traditional three-stone fire (see Figure 5.L) is tested against two improved designs (one Rocket, one Gasifier).

The traditional or “unimproved” baseline for the test is a three-stone fire comprised of three bricks (57 mm x 92 mm
x 194 mm); the bricks are placed in symmetrical orientation with the cooking pot resting 92 mm from the base
surface. This is similar in manner to the method employed by Yuntenwi et al. (2008) in which three cement bricks

measuring 19 cm x 6 cm x 6 cm were used.

Two “improved” cookstoves were selected. The Chulika was chosen for the Rocket stove based on its usage in a
CO, reduction campaign funded by the Clean Development Mechanism (Janara Samuha Mutual Benefit Trust
2010). A development organization known as SAMUHA is administering the Chulika cookstove changeout in
21,500 households in Karnataka state, India. The selected Gasifier is the Oorja, formerly a British Petroleum-
funded stove project and now in private hands and with active distribution in India. It is designed for pellets and

batch loading, with forced draft powered by a fan and a single AA battery.
The Chulika and Oorja cookstoves were purchased in India in August 2012 for INR 1633 (C$36) and INR 1050

(C$21), respectively. Supplementary information on the cookstoves is available in Appendix G. The three tested

cookstoves (hereafter, the three-stone fire is considered a cookstove) are pictured in Figure 11.
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(b)
Figure 11. (a) Three-stone fire, (b) Chulika and (c) Oorja cookstoves

2.2.2  Fuels

Because the focus of the study is the change in PM size and composition across cookstove types, it is important to
aim for consistency between tests rather than replicate an exact fuel used in a real-world situation. To minimize fuel
variation as a source of error or differences in emissions, fuel for the three-stone and Chulika is from a single kiln-
dried hemlock timber cut into sticks of rectangular 15-20 mm rectangular cross section (visible in Figure 11(a,b) and
Figure 12(a)). All pieces were cut on the same day and stored in identical manner, and testing occurred over a
minimal period of time. Moisture content was measured at 9.54% (dry basis)" just prior to testing.” A carbon-
hydrogen-nitrogen (CHN) elemental analysis done at the UBC Mass Spectrometry Centre yielded a carbon content
of 47.53% of dry mass.*

Since the Oorja cookstove is not designed to burn sticks,’ commercial pellets produced in British Columbia are used.
Pellets are ~6.5 mm diameter with an average length of ~10 mm; see Figure 12(b). Moisture content was 6.94%

(dry basis) and carbon content was 47.70% of dry mass.”

" On a dry basis, moisture content is reported as moisture content divided by dry mass; in wet basis reporting, the
divisor is the wet mass (before drying). Moisture meters (e.g., Delmhorst BD-2100) typically report on a wet basis.
The two terms are not interchangeable but can be easily converted.

" Wood moisture content was measured by drying a fuel sample at 105°C until mass no longer decreased; Appendix
1 of the WBT protocol was used as a guideline; a short section is reproduced in Appendix H. The oven drying and
mass measurement were done at UBC’s Centre for Advanced Wood Processing (CAWP).

* The source of material for the CHN analysis was 5 mg of mixed fine shavings from several sticks.

¥ Appendix H contains a brief discussion of the attempt to utilize the same fuel and shape across all stoves.

™ The source of material was 5 mg of pulverized powder from a random sampling of several pellets.
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(a) (b)

Figure 12. Fuels used, (a) hemlock sticks, (b) commercial pellets

Although testing with a second fuel and/or moisture content is perhaps justifiable based on the possibility of
different combustion characteristics among the wide range of available fuel variants, it is not realistic to exactly
duplicate fuel supplies from around the world. In any case, most end-users of cookstoves likely have little control
over biomass fuel choice. The fuels used in this study have similar chemical makeup and should suffice for a
comparative study between cookstoves. Appendix H contains additional information about the fuels, data used for

moisture content calculation, and CHN analysis data sheets.

2.2.3  Protocol

Because distinct combustion phases with unique emissions properties exist between burn phases (Roden et al. 2006),
a “steady-state” combustion condition was targeted instead of using the efficiency-based WBT." Preliminary tests
were conducted with each cookstove to learn about optimal ignition and fuel loading techniques. Early testing of the
Chulika indicated an initial burn period characterized by high, unstable PM mass emissions. Starting with fresh fuel
it takes about 20 minutes to reach a stable condition in which the fire is maintained by a relatively uniform mix of
charred and fresh fuel. “Stable” is relative, as considerable spikes still occur, but with proper fuel tending
anomalous events can be avoided.” The batch-loaded Oorja reaches a “steady” well-lit condition after

approximately 10 minutes. Further discussion appears in Results.

Following the “warm-up” period, for the Chulika cookstove a continuous four-stick burn (Figure 11.b) was tended
for 60 minutes. After each Chulika test, all char and fuel was transferred immediately to a three-stone fire. This
reduced the start-up phase, after which the three-stone fire was tended in similar manner for 60 minutes. Oorja

testing began with 700 g of pellets, sufficient for 30-35 minutes of “steady” data following the warm-up and before

" During WBT Phases 1 and 2, the aim is to bring to boil a predetermined quantity of water. In Phase 3, the flame is
controlled to maintain water temperature at 3°C below the boiling point within a range of +3°C for a prolonged
period (45 minutes).

" Care is taken to avoid biasing the data collection, e.g., by removing data corresponding to smoke plumes (which
are a natural and unavoidable part of biomass combustion).
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fuel depletion. Oorja performance was influenced by the starting temperature of its insulated combustion chamber.

For this reason, tests for all stoves occurred after a sufficient cool-down period (3-4 hours minimum).

Six tests were conducted for each of the three cookstoves. Background data was collected for ten minutes prior to
test start-ups and subtracted from eventual results. Because three-stone testing was an extension of the Chulika
tests, Chulika background data was used for the respective three-stone data set. A stainless steel pot containing 5 L
of water was used as a heat sink / flame deflector to roughly simulate cooking conditions.” To avoid contamination
from particles that may have settled on sampling system walls (e.g., during high-polluting stove start-ups and

extinguishing events), dwell times of several minutes were allowed for between tests and PM measurements.

During testing, the AVL emissions bench, DustTrak, aethalometer, and auxiliary instruments recorded continuously.
SMPS and APS scans were initiated at three minute (approximate) intervals. Filters and TEM grids were collected

as required. Appendix I contains a checklist of procedures followed for each test.

2.3 Summary of test outputs

The outcome of this study is a quantitative comparison of (number) size distribution and EC/OC information for the
three-stone fire and the two improved cookstoves. Supporting data includes measures of gases, combustion
efficiency, overall PM mass, and PM images. Table 5 gives an overview of measurements taken for the eighteen

tests. Shaded regions represent outputs that make this research unique.

Table 5. Test outputs

Measurement | Direct output Data source Result Notes
Gaseous CO, CO,, NO, AVL emissions bench Carbon balance, Data taken for all tests,
emissions THC, CH, (in ppm) emissions factors used in carbon balance
Particulate PM (lgustrak: DustTrak, gravimetric Carbon balance, Data taken for all tests,
mg/m’; PTFE . . .
mass measurement of PTFE filter | emissions factors used in carbon balance
filters: mg)
EC/OC PM masses (mg) Aethalometer, NIOSH 5040 | Dimensionless Filters not collected /
content & analysis of quartz filter EC:OC ratio, EFs analyzed for all tests
PM size Size (nm) and Size (nm) and number
distribution number distribution SIS, A distribution Daz e o all s
Post-test qualitative
Video .avi file Webcam .avi file verification of test
conditions (if necessary)
PM . Grids not collected /
morphology Images ALESI YL Images analyzed for all tests

* This was changed 1-2 times per test to avoid boiling (and increased RH in the exhaust).
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3 Analysis, results, and discussion

3.1 Testing overview

Eighteen tests (six for each of the three cookstoves) were conducted on 3-8 March 2012. Manual checklists /

recording sheets were used to document certain information (see Appendix J for an example). Table 6 summarizes

the data collection and indicates tests for which complete data does not exist.

Table 6. Summary of data collection
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During test series #3, the AVL emissions bench and aethalometer did not properly record data. For the three-stone

fire in this test series, APS data is invalid due to insufficient sheath flow (clogged air filter). The SMPS yielded

erroneous data for most of test series #5 and 6 due to a malfunction with the power supply that prevented the DMA

from reaching > 4000 V (~10,000 V is required in normal operation); see later discussion.

3.2 Analysis

Focus is on the three tests for each cookstove for which complete and valid data was recorded (test series #1, 2, and

4). Data from all instruments was aligned using timestamps recorded during data collection. Where practical,
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comparisons are made to existing studies and data, keeping in mind that the main contribution of this study is
quantitative information on ultrafine PM. Determining the “ideal” stove is beyond the scope of the project, as is the
interpretation of cookstove policy choices and the health and climate implications of results. Further details on a

selection of relevant analyses are included here.

3.2.1 Definition of “steady” burn

The rate of CO, emissions is not an effective measure of steadiness since it is a measure of carbon combustion rate
and not “maturity” of the fire; for the same reason flame temperature (not measured) would not be a suitable
objective measure. Real-time PM (as measured by the DustTrak) could be used to define the steady state, but its
correlation and variation with fueling events makes it hard to accept as an objective measure.” Rather, the steady
burn period is defined by noting SMPS size distributions. For a given stove / test, PM mean size is time dependent
during the initial burn period. At a certain point, it stabilizes and further runs yield similar size distributions despite
irregularities associated with fueling. As noted in the discussion of testing protocol, the Chulika cookstove reaches a

“steady” burn state approximately 20 minutes after ignition; the Oorja reaches this state at about 10 minutes.

This “stabilization” is best indicated by an example. In Figure 13, red lines indicate the first five SMPS scans after
cookstove ignition (for Chulika test #3). Black lines show all subsequent scans; they are scattered randomly (no
clear time-based trend). In this example, the good / steady data period coincides with the beginning of the sixth
SMPS scan. Note that although the term steady is used, this implies only that the time dependent variation is
minimized. Considerable variations in emissions still occur, but by averaging a number of scans over a range of

tests, repeatable results can be reported.

SMPS Number Distribution - Chulika Run #3, All Scans
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Figure 13. Example SMPS scan summary

" Data-correlated video provided alternate means of determining steadiness but was not used in the analysis that
follows.
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3.2.2  DustTrak correction

PTEE filter samples were collected for most tests as indicated by Table 6. Prior to weighing, filters were
preconditioned for at least 24 hrs in the Balance Room in the Occupational and Environmental Health Laboratory at
UBC." Each filter was charge-neutralized using a Po-210 source and weighed three times before / after aerosol
collection using a Sartorius Micro M5P balance. A set of control filters was also weighed three times before each

session.

Filter masses are combined with collection time and known rate of flow (via calibrated critical orifice) in order to

determine mass of PM per volume of exhaust air. The mass of PM that collects on a filter is determined by

m PM | filt =m filt, posttest —-m filt, pretest - (mconzrol , posttest - mcontml , pretest )

A dynamic blank was collected and measured with the same protocol and is subtracted from the results with an
adjustment for its collection time according to the equation
Ly

=Mpy s — Mpy pe
Ipg

Mpy  fir,DB

corrected

where tg, is the filter collection time, tpp is the collection time of the dynamic blank (filter), and mpy; pg is the
measured mass of PM on the dynamic blank. DustTrak-predicted filter loading is calculated by integrating its 1 Hz

readings during the period of filter collection (or using its average value). The following equation is used:

VAN . ! mL]
Mpy pr _A<m3> t_filt<s> Qoriﬁce<min> 60s " 10007

A is the average DustTrak reading during collection time and Q,;iice 1S the calibrated flow rate through the critical
orifice. Masses mpy g and mpy py are compared across multiple tests and a correction factor is determined. See

Appendix K for supporting data.

3.2.3  Carbon balance and emissions factors
Gaseous emissions are corrected by subtracting averaged background measurement data. Net CO, from combustion
(exhaust minus ambient measurement) also includes a correction based on the (small) difference in readings between

the two CO, sensors during the background testing period.

" Room temperature is maintained at 21 +2° C. RH is 40 + 5%.
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Emissions factors (EFs) were determined by a carbon balance in which combusted carbon from fuel is accounted for

by CO, and the measured carbon-containing PICs: CO, CH,, NMHC,* and PM, according to the equation

Coin = Cco2 +Cpp + CCH4 + Cyyme + Cry

burn

where C, represents carbon from a specific compound. Carbon emission rate for individual gaseous species is

Cx <g%> =[x K%> M, < ’i;r> 0., <m05,m>

where background corrected concentrations of gaseous species [in brackets, X denotes reading] are in parts per

determined by

million (ppm; equivalently, moles of x per million moles of air / exhaust). Mc, is the mass of carbon in a mole of

the substance. Q. is the total exhaust rate in moles of air per second.

For PM,

Cru <—gC;’M > =PM <%> 4 gg;w o <mTzrh>

exh

PM is DustTrak PM (by mass) with a correction based on gravimetric measurements. y is the mass ratio of carbon
to PM and is adjusted for each cookstove based on gravimetric and EC/OC analysis (see below). Q.y, is the exhaust

rate converted to volume of air per second based on measured atmospheric conditions in the laboratory.

To estimate instantaneous carbon burn rate, rates from products are summed,

Chum < 8 Churned > — Z Cx <&>
Clurm is used to normalize PM data and is also a factor in determining EFs for combustion products as follows,
C <L> M.
*\ s M 8c,

EF (%)= -
X\ 8Chumea : 8Chmed
C burn zmel

* THC measured by the AVL emissions bench is inclusive of CH,, so NMHC = THC — CH, (molar basis). The
calibration gas is propane C;Hg), so three carbon atoms per molecule of NMHC are assumed in subsequent carbon
balance equations.
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M,/Mc is the ratio of molecular weight of a compound to the mass of carbon in that molecule. EFs are reported in
terms of pollutant mass per mass of carbon burned.” Additionally, by focusing only on products, it is

straightforward to calculate the percentage of total (carbon) for each combustion product:
C«

%x =~
Cbum

3.3 Results

3.3.1 Cookstove performance at a glance

Before a detailed investigation of particle size distribution, chemical composition, emissions factors, and
morphology, it is useful to explore some raw data from the experiments. Real-time gaseous emissions data (minus
background measurements) for all three cookstoves is presented in Figure 14; each stove (color) has three overlaid

traces corresponding to test series #1, 2, 4.
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* Pollutant mass per unit of energy delivered is a common way to report EFs in the literature, but it includes
variables that may confound results (see earlier discussion). Pollutant mass per mass of fuel is a viable alternative
since carbon content of fuel is known, but this makes comparison with other studies and fuel types less
straightforward.
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Figure 14. Gaseous emissions data, test series #1, 2, 4, (a) CO,, (b) CO, (c) NO, (d) NO,, (e) CH,, (f) THC

A few items are noteworthy. First, emissions levels are most stable for the Oorja; this is particularly evident for CO,
and CO data. On further investigation, pollutant spikes in Chulika and three-stone data are linked to fire tending
events. Second, CO is significantly higher for the three-stone fire than for the improved cookstoves. Third, NO and
NOjy levels are insignificant and on the same order as background measurements. This is also generally the case for

CH, and THC with the exception of the three-stone fire, which emits appreciable levels of hydrocarbons.

Considered on its own, CO, is a measure of combustion / fueling rate and is not independently relevant to stove
performance. A likely cause of the CO, spikes is simply the addition of fuel, or fuel movement that results in
relatively large exposed surface areas of uncharred wood that leads to rapid devolatilization and combustion. CO
spikes may occur if inadequate O, is present to fully combust the devolatilized material. Table 7 details the relative
composition of gaseous carbon-containing species by percentage of total available measured carbon that goes to a
particular species. More accurate results would include PM in these combustion product percentages and is

discussed later.
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Table 7. Summary of combustion products, by percentage of carbon going to formation of a particular product
(gaseous products only)

Species | Three-stone Chulika Oorja
CO, 88.4 97.7 97.7
CO 9.3 2.3 2.3
CH, 0.9 0 0
NMHC 1.4 0* 0

* Not clearly distinguishable from background data.

Other comparative non time-series plots with various combinations of PM and gaseous products are shown in
Appendix L. There is a tendency for all gaseous PICs to increase roughly linearly relative to PM (also a PIC) for

incomplete combustion, with the three-stone fire consistently showing the highest levels of pollutants.

Uncorrected PM (from the DustTrak) is plotted in Figure 15. As noted in the discussion of gaseous pollutants,
spikes are associated with fire tending events. Averaged uncorrected DustTrak PM levels across the steady burn
periods of test series #1, 2, and 4 yield 28.5, 4.63, and 1.07 mg of PM per gram of carbon burned for the three-stone,
Chulika, and Oorja cookstoves, respectively. More accurate results would report PM with a correction based on

gravimetric measurements; this is presented and discussed later.

PM
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— Chulika
— 3-Stone
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Figure 15. Uncorrected DustTrak PM data, test series #1, 2, 4
The most relevant data to this research are PM and the most significant components of the carbon balance, CO, and

CO. In Figure 16, these three combustion products are plotted for convenience during a 1500-second steady-burn

period for each cookstove.
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There is a sizable reduction in PM from the three-stone fire to the Chulika, and again from the Chulika to the Oorja.

CO emissions follow a similar trend; CO, is displayed as a comparative measure of rate of combustion.

The ratio of CO, to CO can be used as a measure of combustion efficiency. As expected based on time-series data

(Figure 14 and Figure 16), Figure 17 indicates increasing efficiency corresponding to the transition from three-stone

to Chulika to Oorja.” While a quantitative study of efficiency is not the aim of this research, the obvious increase in

combustion efficiency with the improved cookstoves is relevant to subsequent results and discussion.
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Figure 17. CO vs. CO,. One data point per second (12805 total) during all tests during "steady" period.
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" Complete combustion would yield zero CO regardless of CO, output (a horizontal line at y=0 in Figure 17).
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3.3.2 PM correction

Post-test weighing of PTFE filters taken during test series #1, 2, and 4 provides a gravimetric measure of PM against
averaged data from the DustTrak during the (filter) collection period. Table 8 summarizes; supporting data and a
brief analysis of DustTrak repeatability between tests appears in Appendix K. The third column is the corrected
average of all PM data taken for each stove type during the defined steady test period (i.e., not only during filter
collection). Recalling Figure 14(a), which shows the variation of the CO, emissions rate (which represents most of
the carbon) between the cookstoves tested, a further correction is applied to normalize for carbon burn rate; the
fourth column of Table 8 displays normalized corrected PM data based on the average carbon burn rate during

Chulika testing.”

Table 8. PM mass comparison

DustTrak PM DustTrak Corrected PM Normalized corr.
Stove (mg/m’)* error’ (mg/m’)° PM (mg/m’)’
Three-stone 35.0 +172 £ 13% 10.5 8.25
Chulika 3.93 +21 +4% 3.81 3.81
Oorja 1.05 -16 £ 10% 1.27 1.18

* DustTrak PM is based on an average of uncorrected DustTrak readings during the filter collection period.
DustTrak data from here onwards subtracts the average result taken during the background test period.

" (DustTrak — gravimetric measurement) / gravimetric measurement; positive value indicates DustTrak
overestimation. Error is standard deviation based on the three filter tests for each stove type.” Gravimetric
measurement includes correction based on dynamic blank measurement (with per-filter adjustment for collection
time). The DustTrak error for each stove is used to correct PM in subsequent calculations.

“ Based on all DustTrak data during the steady period of all valid tests.

¢ Normalized to the carbon burn rate for the Chulika cookstove (highest average burn rate during testing).

Although the difference in average PM levels between stove types is less pronounced with the gravimetric
correction, the improved cookstoves still result in significantly lower PM emissions. Further commentary on the

discrepancy between DustTrak readings and gravimetric results appears during discussion of EC/OC content.

3.3.3 EC/OC content
Aethalometer data provides a near real-time estimate of BC (considered here as roughly equivalent to EC) content.

DustTrak data corresponding to each 60-second aethalometer reading is averaged and plotted against PM in Figure

18.F

" The Chulika is selected simply because it has the highest burn rate in these tests. Differences in exhaust flow rate
between tests (typically < 2%) are ignored.

" Five filters (per stove) were collected with accompanying DustTrak feedback. Averages and standard deviations
are based on tests 1, 2, and 4 because later analysis uses EC/OC content data corresponding with quartz filter
collection during those runs only. Differences between overall averages and standard deviations and those of the
selected runs are highlighted in Appendix K.

* Negative and near-zero values are filtered out.
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Figure 18. BC vs. uncorrected PM (with least-squares fit for each stove)
The slopes of least-squares-fit lines yield BC/PM ratios as follows: Oorja, 0.48; Chulika, 0.16; three-stone, 0.023.

Applying the previously calculated gravimetric correction to the DustTrak PM data gives updated estimates of

BC/PM ratios as summarized in Table 9.

Table 9. BC/PM (from aethalometer data)

Stove BC/PM BC/PM
(uncorrected) (corrected)
Three-stone 0.023 0.063
Chulika 0.16 0.20
Oorja 0.48 0.41

A more accurate measurement of BC is obtained via quartz filters. Sunset Laboratory Inc. (Tigard, OR) performed
an analysis of the quartz filters collected during cookstove tests according to the National Institute for Occupational
Safety and Health (NIOSH) 5040 protocol. Three filters for each stove type were analyzed” and all were corrected
for positive OC artefact by subtracting OC content of a quartz filter behind a PTFE filter taken in parallel. Total
carbon (TC) is reported by NIOSH 5040 along with EC (the operational equivalent to BC) and OC. Table 10
summarizes results and includes comparisons with aethalometer and gravimetric measurements. Appendix M

contains further details on the protocol along with raw data from the EC/OC analysis and details on repeatability.

*1.50 cm x 1.00 cm sections of filters were used.
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Table 10. EC/OC content summary

Stove EC/TC TC/PM* EC/PM® BC/PM*
(Sunset Lab) (Sunset Lab) (Sunset Lab)  (aethalometer)
Three-stone 0.15 0.56 0.083 0.063
Chulika 0.80 0.67 0.53 0.20
Oorja 0.70 0.86 0.60 0.41

* TC from Sunset Lab analysis of quartz filters; PM from PTFE gravimetric analysis with dynamic blank correction.
This mass ratio is used in the carbon balance equations. Denoted previously as y, it allows for a more accurate
carbon burn rate calculation (the effect is small) used to normalize PM size distributions in the next section.

" EC from Sunset Lab analysis of quartz filters; PM from PTFE filter. The calculation assumes uniform distribution
of matter onto quartz and PTFE filters and an effective collection diameter of 35 mm for the PTFE filter.

¢ BC from aethalometer; PM from DustTrak with gravimetric correction (column reproduced from Table 9).

While a direct comparison should not be made due to differences in fuels and stoves, these results are in rough
agreement with Roden et al. (2006), who reported EC/TC ratios of 0.07 — 0.64 (average 0.27) in a test of 11
traditional Honduran cookstoves; 0.64 + 0.04 was the EC/TC ratio of a single improved cookstove. In tests
conducted with several wood fuels in a residential brick cooking stove, Guofeng et al. determined an EC/PM ratio of

0.39 + 0.26 (2012).

The Sunset Lab analysis concurs with aethalometer data that indicates that improved stoves produce much more EC
as a percentage of TC (or PM) than the three-stone fire. By assuming uniform distribution of PM on the PTFE filter
taken in parallel, it is possible to estimate EC/PM ratio. The shaded columns in Table 10 compare results obtained

by the laboratory method and the aethalometer data. In both cases, the Oorja cookstove produces the “blackest” PM

and the three-stone fire produces the highest organic content.

A few points regarding this data merit attention. First, it is probably not coincidence that during the progression
from three-stone to Chulika to Oorja, greater efficiency is accompanied by the production of PM with higher relative
EC content. This is likely due to the more complete combustion of OC in the more efficient cookstoves and is
discussed later. A second discussion point concerns the DustTrak estimation errors indicated by Table 8: 172%
overestimation for the three-stone fire, 21% overestimation for the Chulika, and 16% underestimation for the Oorja.
For the three-stone fire, the DustTrak greatly overestimates PM. Since the DustTrak estimates PM based on a light
scattering, high OC (low EC) content would tend to increase scattering relative to the calibration material (Arizona
Road Dust) and result in overestimation. For the Chulika, the DustTrak also overestimated actual PM, but by a
narrow margin. The DustTrak underestimated PM from the Oorja, possibly due to its higher relative EC content and
the subsequent reduction in scattering due to the presence of more absorbing material. Difference in particle size

may also be a factor and is discussed later.
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3.3.4  Carbon balance
By using the estimated TC/PM factor (y) for each stove type (calculated in the previous section), PM is more
accurately accounted for in the carbon balance. Thus Table 7, which reported gaseous combustion products only by

percentage of carbon, is updated to yield Table 11, which is graphically represented in Figure 19."

Table 11. Summary of combustion products, by percentage of carbon going to formation of a particular product

| Three-stone | Chulika | QOorja
CO, 87.4 97.3 97.6
CO 9.1 2.4 2.3
CH, 0.9 0* 0*
NMHC 1.4 0* 0*
PM 1.2 0.3 0.1

* Not clearly distinguishable from background data.

100% — 100%
HPM
80% L 95%
0% B NMHC
(o]
90% mCH4
40%
859 mCO
()
20% mCO2
0% T T 80% .
Three-stone Chulika Oorja Three-stone Chulika Oorja

Figure 19. Graphical representation of carbon-containing combustion products

Emissions factors are estimated for CO, and all PICs in terms of grams per kg of dry fuel; see Table 12." A brief
selection of other published results is shown in the rightmost column; the figures are generally in agreement with the
present study. These EFs should only be interpreted with consideration to cookstove efficiency; e.g., the fact that
the Oorja outputs more CO, per kg-fuel burned is meaningless without accounting for the (potentially high)
reduction in fuel usage that Oorja usage may permit.” Refer to Appendix N for further discussion in addition to

commentary on global warming potential (GWP) differences between stoves.

* Mass of char at the end of tests was not measured, but was small relative to the mass of fuel consumed. By
definition, all carbon mass is assumed to go into (only) the products listed in Table 11.

" This is easily converted from terms of dry fuel mass to either carbon mass or wet fuel mass using the fuel carbon
and moisture contents reported earlier.

¥ Detailed efficiency comparison is beyond the scope of this study.
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Table 12. Emissions factors, g/kg-dry fuel

Compound Three-stone Chulika Oorja Reference (g/kg-fuel)
CO, 1524 1695 1707
Cco 101 26.9 25.1 166° (trad), 46 (imp)
CH, 5.63 negl. negl.
NMHC* 9.87 negl. negl.
PM: 8.44 2.38 0.86 8.5" (trad), 5.6" (imp)

ocC 3.98 0.32 0.22 4.0° (trad), 1.7° (imp)

1.5" (trad), 3.1° (im
EC 0.70 1.27 0.52 0.88° (3s), 1?16c ()rocket(), OI.)2)8C (gas)

* 18 g/mol of NMHC is assumed in accordance with (K. Smith et al. 2000).
b Average of 11 traditional (trad) stoves and a single improved (imp) stove (Roden et al. 2006).
 From a three-stone (3s), rocket, and gasifier (gas) stove (MacCarty et al. 2008).

Interestingly, while overall PM emission rates vary significantly, EC emission rates are fairly uniform. Most PM
from the highly polluting three-stone fire is attributed to OC.

3.3.5 PMsize distributions

Results from real-time instruments are used to normalize data based on the quantity of carbon burned during each
SMPS scanning period. The area under each curve in Figure 20(a) is proportional to the total number of particles
emitted.” Figure 20(b) displays the data in a different way; cumulative values for the averaged data for each bin are

normalized to the highest total emitter (three-stone).

Normalized SMPS number distributions, all cookstoves Cumulative SMPS number distributions, all cookstoves
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Figure 20. (a) Normalized SMPS number distribution; standard deviation of the average value for each size bin is

represented by “error bands” of the corresponding color [Oorja: N=36 (scans), Chulika: N=67; Three-stone:

N=68]. (b) Cumulative distribution normalized to highest emitter (three-stone). Data for diameters smaller than 350

nm is displayed. All diameters are based on electrical mobility.

* SMPS scans were also used to define the steady-state portion of tests as discussed previously. See Appendix O for

individual scans / distributions, further explanation on methodology, and information on repeatability.



The three-stone fire emits the most particles, but quantities are well within an order of magnitude; the Oorja and
Chulika emit approximately 40% and 70%, respectively, of the normalized particle count of the three-stone. There
is, however, a clear shift to smaller particles during the progression from the relatively inefficient three-stone fire to
the improved cookstoves. Figure 20(a) indicates that the mode of three-stone PM emissions is approximately 60
nm, while it about 35 nm for the Chulika and 25 nm for the Oorja. The normalized cumulative distribution in Figure
20(b) shows that both improved stoves emit approximately four times the quantity of sub-30 nm particles emitted by

the three-stone fire.

Combining SMPS data (for diameters under 350 nm) with APS results yields the distributions in Figure 21 in which
it is evident that there is little contribution from larger (larger than 350 nm) particles.” Even the three-stone fire,
which emits considerably more PM by mass compared with the improved stoves, appears to have relatively little

overall PM content in this larger size range.
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Figure 21. Normalized SMPS+APS distributions by number on a (a) linear and (b) log y-scale. Standard deviation
of the average value for each size bin is represented by “error bands” of the corresponding color [Oorja: N=36
(scans), Chulika: N=67; Three-stone: N=68]. Diameter is based on electrical mobility. 0.35 - 0.52 um (total)
counts given by the APS are also normalized and displayed.”

During follow-up testing (see Appendix P), it was discovered that the fan setting on the Oorja can significantly

affect the particle size distribution. This is discussed in more detail in Appendix Q.

" The loss of large particles in the sampling system could be significant due to bends and elbows in the lines, but this
is not investigated in detail since the focus of the study is ultrafine PM.
" Appendix P reproduces these plots alongside their mass-based equivalents.
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3.3.6 PM imaging
Three TEM grids collected during test series #1, 2, and 4 are analyzed for each cookstove. Figure 22 shows
representative images for each of the three cookstoves at 15,000x magnification (see Appendix R for further details

on protocol, grid identification, PM loading, and a catalogue of images).
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Figure 22. Example TEM imaging at 15k magnification; (a) three-stone, (b) Chulika, (c¢) Oorja

Qualitatively, there are obvious differences. Three-stone images consistently indicate what appear to be “oily,”
evaporated droplets of volatile material with darker PM left behind. The improved cookstoves display spheres and
chain agglomerates; at this level of magnification, there does not seem to be a large difference between them. At

150,000x magnification, more details emerge; see Figure 23.
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Figure 23. Example TEM imaging at 150k magnification; (a) three-stone, (b) Chulika, (c) Oorja
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The (typical) three-stone image presented here is likely blurred due to its greater depth and/or residue left behind by
evaporated material. The agglomerate is comprised of primary particles (spheres) that appear larger than those of
the Chulika and Oorja images. The latter two display a tendency for similarly sized agglomerates; the Oorja appears

to have smaller primary particle for both independent spheres and components of agglomerates.

300,000x was the highest magnification used with consistently good focus and is employed for most measurement
of primary particle sizes, though selected 500,000x images are also analyzed. Figure 24 shows four representative
examples. Appendix S provides detailed information on measurements corresponding to the indicated identification

numbers and includes a catalogue of images analyzed.
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Figure 24. Example TEM imaging and primary particle (of agglomerates) sizing at high magnification; (a) three-
stone at 300kx, (b) Chulika at 300kx, (c) Oorja at 500kx; (d) shows a number of individual primary particles for the
Oorja at 500kx.
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Focus was on sizing primary particles that form the building blocks of agglomerates since it was not easy to isolate a

large number of individual primary particles for all stove types. Results of this sizing are displayed in Table 13.

Table 13. Average particle size within agglomerates (error based on standard deviation)

Cookstove I Avg particle size, nm I N
Three-stone 57.7+23.6 52
Chulika 46.1£19.2 83
Oorja 27.2+10.5 105

It is important to note that it is not straightforward to distinguish small particles in some agglomerates, e.g., the mid-
upper portion of Figure 24(b). This may bias results towards (larger) particles with more defined boundaries. For
all images, it is possible that particles counted as components of agglomerates are actually independent particles that
collided with an agglomerate on the TEM grid. At first glance, there appear to be lower quantities of nanoparticles
(relative to the number of agglomerates) than predicted based on SMPS data; some agglomerates probably deposit
via impaction.” Because of the relatively small number of TEM grids / agglomerates analyzed, it is overly
presumptive to state that TEM imaging validates the particle size distributions reported by the SMPS. However, it is
probably not coincidental that measurements are in close agreement with the size distribution summary of Figure 20,
in which the modes are approximately 60 nm, 35 nm, and 25 nm for the three-stone, Chulika, and Oorja,
respectively. Much of the sub-100 nm content from the SMPS data is likely composed of particles that are

essentially spherical and not part of agglomerates.

Two key observations are noted from TEM imaging. First, for the three-stone, high OC content is suggested by the
“oiliness” of the images and the fact that there is visual evidence of much evaporated volatile material; clumps /
clusters of what appears to be (formerly) internally mixed EC are left behind. In comparison, both improved stoves
show primarily clearly defined chain agglomerates and independent spheres (refer to Figure 1and Figure 2) with

little evidence of volatile matter.

Second, the Oorja appears to produce more small clearly defined spheres seen in Figure 24(d) than are evident in
images from the other stoves. Though relatively few of these were measured, the Oorja spheres were 12.4 + 6.4 nm
(N=50) while Chulika spheres were 21.9 + 5.0 nm (N=8)." Commentary on the Oorja’s tendency to produce more

independent particles (that did not coagulate) appears below.

" Recall from Appendix F that the ds, for impaction deposition in the TPS with the present operating conditions is
~300 nm. This calculation was based on aerodynamic diameter, the size of a water drop with the same drag/mass
ratio as the particle of interest. The non-spherical nature of soot agglomerates means that aerodynamic diameter can
be significantly smaller than mobility diameter (the basis of the SMPS measurement).

" Few independent spheres were measured for the three-stone and standard deviation was very high; results are not
reported here but appear in Appendix S.
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It is beyond the scope of this work to comment on differences (if any, once accounted for statistically) in the size of

the primary particles produced by different cookstoves.

3.4 Additional discussion

3.4.1 Commentary on particle size

The improved cookstoves exhibit higher combustion efficiency and produce far fewer PICs than the three-stone fire.
Normalized and corrected PM emission concentrations by mass were 8.25, 3.81, and 1.18 mg/m3 for the three-stone,
Chulika, and Oorja, respectively. Despite this reduction in mass, the increased quantities of smaller particles (e.g.,
those smaller than 30 nm) would present health concerns should these particles prove capable of deeper penetration
into the cardio-respiratory system than particles of greater diameter, as may be suggested by some of the research
summarized in section 1.2.2. The combination of potentially more harmful, deeply inhalable particles and the
body’s ability to filter certain sizes (recall Figure 3) may yield a size range (e.g., 10-30 nm) of particles best

avoided. This is a question for further study by health scientists.

Particles resident in the atmosphere for long periods of time are expected to undergo changes in size, composition,
mixing state, etc. How long these ultrafine particles remain in the atmosphere and retain their small size may be
relevant for certain climate considerations. But regarding human health, it must be emphasized that the path the
particles took from the cookstove to PM monitoring instruments (via the exhaust system) is much longer than the
typical path from cookstove to a human tending it (a distance of perhaps a meter or less) or other humans in the
same building. Conversely, it is also worth noting that most cookstove users will not stand directly in the plume, so

inhaled particles are not necessarily the same as the ones measured here.

For another perspective, Wallace et al. reported a geometric mean particle size of 8.8 + 1.5 nm in a series of tests
with a gas burner used to boil 350 mL of water in a saucepan (2008).” Since gas stoves are considered an efficient
and “clean” combustion-based alternative to biomass, it is interesting to note that efficiency gains (more complete
combustion) correspond to emissions of smaller particles (albeit in much lower quantity by mass). From a health
standpoint, this should be considered in the context of Figure 3, which indicates that below 10 nm, nasal passages

are more effective at preventing particles from reaching the lungs, with a resulting drop in alveolar deposition.

342 Commentary on EC/OC content

Table 10 indicates a trend of increasing particle “blackness” (higher relative EC content) during the progression
from three-stone to Chulika to Oorja. From a climate perspective, this suggests that large-scale deployment of
improved cookstoves has potential to influence the earth’s radiative balance due to the displacement of large

quantities of highly scattering OC from three-stone fires (recall from Table 12 that overall EC quantities emitted are

" The test took place in a North American kitchen and used an SMPS; gas content was not specified. Peak
concentrations and emissions rate are not comparable because test conditions were considerably different.
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fairly uniform across the different stoves), though any such effect is likely small and must be combined with

considerations to particle size and morphology.

TEM imaging seems to support the measurement of high volatile / OC content from the three-stone fire (and
accompanying lower combustion efficiency) relative to the improved cookstoves. Fuel for all stoves had similar
chemical content. Given that the three-stone fire is uncontrolled in time and temperature, pockets of volatile and
pyrolyzed material may be quenched before there is a chance to further oxidation, with resulting larger particle sizes
and higher OC content. This could be especially true given the large fluctuations in combustion conditions in the
open fire. Also, lower combustion temperature likely means the existence of more solid fuel in the emissions (larger
size, more OC). Meanwhile, both improved stoves direct combustion products through a hotter combustion
chamber (temperature, geometry), and for longer periods (time) that further improve combustion by "smoothing out"
fluctuations that occur in the traditional fire.” Increased temperature and time of combustion (i.e., exposure to
higher temp and more O,) promotes more oxidation of carbon and decomposition of organics. The resulting

products are smaller and are composed of more of the non-OC fraction of carbon.

3.4.3 Relevance of size and composition for scattering-based instruments

As discussed previously, the large difference between DustTrak and corrected PM results (Table 8) indicates a need
to consider EC/OC content when using a scattering-based PM estimation device (such as a DustTrak or
nephelometer) to quantify PM across different cookstove types. Particle size should also be considered. Given that
scattering intensity is proportional to the sixth power of particle diameter, one may expect that emissions with larger
particles (e.g., three-stone fire) would be over-predicted relative to cookstoves that produce smaller particles (e.g.,
the two improved stoves tested). Further tests would be required to determine the relative contributions of size and

EC/OC content on scattering-based PM mass measurements.

3.5 Recommended future work
Study of the implications of this research is warranted for both climate and health scientists. Other research could

explore novel ways to exhaust, deposit, or collect potentially harmful ultrafine particles.

Future work at the UBC cookstove laboratory should include investigation of “full power” vs. “simmer” modes of
operation. This study focused on a simmer / low boil condition. In the real world, often a fire is stoked in order to
boil water, cook, or heat space rapidly. Also, in the preceding text it was briefly noted that the Oorja cookstove
emits particles with different characteristics dependent on operating conditions and combustion chamber
temperature. Further investigation that defines discrete operating points / conditions and takes full sets of data

(including quartz filters for EC/OC analysis) could provide valuable information. The start-up and smouldering

“ Both have a tall, insulated combustion chamber. The Oorja improves on this by adding a forced (externally
powered) air supply of fresh air to the combustion region.
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phases of the complete burn cycle (see (Roden et al. 2006)) could be investigated in further detail to better

characterize a full burn cycle.

It would also be worthwhile to use the existing experimental setup to test a gas burner, potentially with the inclusion
of efficiency testing (e.g., to present particle counts under 30 nm per cooking task or unit of heat delivered, similar

to how other EFs are reported in standardized tests like WBT 4.1.2).

Other tasks could include the study of other fuels and moisture contents to confirm whether similar trends are
observed as in this research. Alternative cookstove models could be tested, especially ones that gain prominence or
widespread distribution. An investigation of the relative contributions of particle size and EC/OC content to the

light scattering-based over- and underestimations of PM mass would also be interesting.

Finally, previous research has studied the morphological properties of ultrafine atmospheric aerosols, e.g., (Xiong
and Friedlander 2001), but a focused effort on cookstove emissions that more fully characterizes primary spheres
and agglomerates would also be valuable. This could include a search for more primary spheres, the counting of
statistically significant quantities of particles, and higher magnifications in order to further investigate structure and

the differences between particles from discrete cookstoves (and/or operating conditions).
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4 Conclusions
The study focused on a comparative, repeatable analysis of emissions from steady-state burn events with a three-
stone fire and two improved cookstoves. Experiments mimicking actual fuels / cooking events or consideration to

the likelihood of successful adoption are beyond the scope of the project.

The improved cookstoves demonstrated high combustion efficiency compared to the three-stone fire. Given that
they are also designed to better focus energy onto a recipient vessel, the goal of reduction in biomass fuel usage is
likely. The improved stoves reduced PM mass by a significant amount. However, there was a shift towards greater
quantities of smaller nanometer-sized particles. This could have health implications and is a point for further
consideration by health scientists (with further attention to composition shifts in those smaller particles) and also

reinforces the need for adequate ventilation for all cookstoves, independent of type.

Particles from the improved stoves were smaller than those emitted by the three-stone fire and appeared slightly less
likely to coagulate into chain agglomerates. PM emissions from improved stoves emitted a higher proportion of EC
compared with total PM, with relatively little variation in overall EC levels. The reduction in highly scattering OC
that would accompany a large-scale shift towards the usage of improved stoves could have an effect on the earth’s
radiative balance, but this would have to be investigated with consideration to other characteristics such as size and

morphology.
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Appendices

Appendix A: Exhaust system calibration and estimated dilution ratio

A.1 Exhaust system calibration

A.1.1 Overview

The exhaust system in Figure 25 was designed and assembled in the Proteus engine test cell at the UBC Clean

Energy Research Centre (CERC) in 2011. Photos of the resulting system appear in Figure 26.

LabJack temp/RH
sensor

5/16" (ID) sampling probe
3/8" OD x 0.020" wall
McM #89895K735 ($16.51/3")

(need power supply)

To building exhaust
(square overhead duct)

Magnesense diff. pressure sensor (#MS-121-0.5)
Power in: 10-35 Vdc
Signal: 4-20 mA (0-10V option)

12" - 6" reducer (15-1/8"Ig.)

_— —-———————— — — — — — — —— — ~13' bldg exhaust duct entrance
NOTE: ~10.5' is approx maximum height for

mounting blower base (to allow motor +

McM #5078K66 ($43.29)

Blower w/1/5" hp motor

with wall mounting bracket
(part of assy #1437NP5-mod)
(with wall mount; buy hardware)

6" x 11" Ig. connector sleeve
McM #1761K34 ($18.96)

expansion duct clearance)
6" x 59" Ig. round duct

McM #1761K24 ($39.21)

6" 90 deg bend

Potential for damper
(if add'l dilution req'd)

2x3/16"0D

Inlet connection: 5-7/8" OD it |
to 6" rolled-edge duct

-

McM #1761K44 ($67.13)

Nailor Amplifiow
#36FMS-06
(2x 3/16" OD tube out)
4 x 6" connection clamp
McM #1761K24 ($11.61)

6" x 11" Ig. connector sleeve
McM #1761K34 ($18.96) with baffles

Hgt adjustment via shortened section of 6" x 59" Ig. round
duct (slips into sleeve below), McM #1761K24 ($39.21)

Elbow-hood connection
5-7/8" OD to 6" rolled-edge duct

Ventakiln 37" hood (Al)
with hanger
(part of assy #1437NP5-mod)

(sheet metal / rivets)

Note: Install such that there is a small
(~3-5 deg) decline in “horizontal” duct
between blower and hood

\ Optional curtain (tb.d)

(possibly 6" wide aramid x 10°, McM
#8796K486)

Paving stone base

v

30", table height

(to procure locally)

Figure 25. UBC cookstove test exhaust system

Figure 26. Photo of cookstove exhaust system, (a) upper assembly and (b) hood
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Plume velocity was measured with a hot-wire anemometer as a function of distance below the duct inlet within the
exhaust hood. Tests were done with the Chulika cookstove in place and its top surface 90 cm below the duct inlet.

Data is summarized in Table 14.

Table 14. Plume velocity vs. distance below duct inlet in hood

Distance beneath duct | Velocity,  Velocity,
opening, cm fpm m/s
10 525 2.67
20 165 0.84
30 75 0.38
40 67 0.34
50 62 0.32
60 52 0.26
70 28 0.14
75 10 0.05
80 4 0.02
85 3 0.02
90 2 0.01

For the experiments in this study, the top of the Chulika cookstove is 90 cm below the duct inlet. The same

measurements for the Oorja cookstove and the three-stone bricks are 93cm and 108 cm, respectively.

The exhaust system flow rate was then calibrated on 22 Jan 2012.

A.1.2  Objective
Introduce CO, of known concentration into the exhaust hood. Measure resulting [CO,] at emissions bench to

determine lag time and to calibrate the flow rate (currently estimated via pressure drop across a flow multiplier).

A.1.3  Setup

Figure 27 details the testing setup used. The CO, supply was a 4.5% CO, / 95.5% N, mixture provided by Praxair
(Order no. 14162773, Cust. Ref. No. XC862). Flow rate was measured with a Bios Defender 510-H volumetric
flowmeter. The flow multiplier connected to the differential pressure sensor was a Nailor Ampliflow 36FMS-06,
essentially a multi-probe Venturi effect meter. A provided calibration constant converted pressure drop to flow
velocity (and thus flow rate when combined with cross-section geometry); it is this constant which is corrected here.
The differential pressure sensor was a Dwyer MS-121-LCD. The CO, analyzer was the same used within the AVL

emissions test bench (detailed elsewhere). The lab temperature during testing was 285 K.
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Figure 27. Sketch of exhaust flow rate calibration test setup

A.1.4 Method

The exhaust system was warmed up (> 30min) with a rotameter and BIOS flowmeter set to introduce ~30 Ipm of the
bottled mixture into the exhaust hood when the mixture tank valve was opened. Gas was cycled on/off twice at one
minute intervals, then cycled on/off three times in two minutes-on / one minute-off intervals. During “on” events,
mixture flow rate was measured constantly. Averaged readings at ~0.5 Hz were recorded. Throughout, the CO,
analyzer recorded [CO,], while analog voltage feedback from the differential pressure sensor was recorded by the

StoveTester LabVIEW program. Both programs recorded data at 1 Hz.

A.1.5 Results
For each “gas on” event, it was necessary to evaluate feedback and determine the time it took for the CO, to reach
the emissions bench. Typically, it took 10 seconds for a noticeable change in [CO,] feedback. The value would

ramp up and settle after an average of 23 seconds had elapsed.
Table 15 summarizes the measurements. The final column is a calculation of flow rate based on [CO,] data.

Shaded columns highlight the difference between the estimated and “true” flow rate. The calibration constant

provided by Nailor overpredicts flow rate by ~20%.

Table 15. Summary of exhaust flow calibration data

Q_tot (scfm), Q_tot (scfm),
calculated [CO2] tot | Q_CO2 | [CO2] back from CO2
Run # from Ap (ppm) (lpm) (ppm) fdbk
1 260.2 635.1 30.0 415.0 214.7
2 260.5 640.8 29.9 416.3 209.8
3 260.5 635.5 30.1 411.9 212.1
4 260.4 632.5 30.2 410.1 213.7
5 260.5 631.2 30.2 410.5 215.7
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A new calibration constant was determined (341.1 vs. the Nailor-provided value of 416.6). This is a multiplier that

functions as follows:

0=3411p

where p has the units of inches of water and Q is in scfm. Recalculating flow rates for each run using the new

constant, measurement error is 2% or less, using the voltage (thus, Ap) to calculate.

Al1.6 Comments

The lag time (cookstove to emissions bench) for detection is on the order of 10 seconds, with more than double that
time required for the CO, analyzer to stabilize with a large step change. For steady-state combustion (which, for
fires, is actually not very steady with regards to levels of CO, emissions), it will be assumed that there is a ~15

second lag.

A new calibration constant was determined which enables better knowledge of the actual exhaust flow rate based on
analog feedback from the differential pressure sensor. The calibration is an average of five averaged measurements.
It should be noted that it was done at only one flow rate (the exhaust fan is single-speed) and at one temperature

(room temperature on the day of calibration, noted above).

During actual tests, temperature was recorded, with flow rate corrections applied as needed.

A.2 Dilution ratio
There is no clear definition of dilution ratio for the tests that comprise this research. It can be estimated by
comparing total exhaust volume of oxygen to the volume of oxygen required for stoichiometric combustion (in this

example, only CO, and CO are considered).

[02 ]meas

o,] -[co,],. }+0.5-[CO]

Dilution=
{

meas

By this definition, dilution ratio during the cookstove tests was typically around 150:1.
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Appendix B: Flow requirements and isokinetic probe sizing
The total flow requirement for the instruments (with quartz and PTFE filter collection and TPS pumps on) is
approximately 25 Ipm (see Table 16). Based on a circular duct size of 15 cm (6”) and an estimated total exhaust

flow rate of 5380 Ipm (~190 scfm), an isokinetic sampling probe should have an inner diameter of ~10.4 mm

(0.41”). Considering the constantly operating devices only, velocity matching yields an inner diameter of ~7.3 mm

0.29”).

A thin-walled stainless steel tube with 8.5 mm (0.335”) inner diameter was chosen (optimal for ~17 Ipm). The tube

was bent with a gentle (6.35 cm / 2.5”) radius of curvature and situated to reside in the center of the duct with its

opening facing into the exhaust flow.”

Table 16. Flow rate requirements

Device Flow, Ipm | Always on?
Filter 1 ~6 No
Filter 2 ~6 No
TPS ~1 No
DustTrak DRX 8533 3 Yes
Aethalometer AE 21 1 Yes
SMPS 3080 0.3 Yes
APS 3321 1 Yes
AVL bench (gases) 7 Yes
Total, always on 12.3

Total, peak ~25

" A thin-walled nozzle inlet may be loosely defined as a tube with the ratio of external to internal diameter of less

than 1.1 (Brockman 2001). In this case, the exterior diameter is 0.375” and the interior diameter is 0.335”; the ratio

between the two is 1.12.
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Appendix C: Gaseous phase emissions instrumentation details

Routing for the primary gas line is via ~15 m of %” (outer) diameter PTFE followed by ~10 m through a heated

stainless steel line. Residence time was measured to be ~15 seconds. The secondary CO,; line was ¥s” (outer)

diameter PTFE, ~15 m long.

The instrumentation contained within the AVL emissions bench at CERC is summarized in Table 17.

Table 17. AVL Emissions Bench specifications (UBC SCRE Users Manual, Rev. E, (2009))

Exhaust Component Make Model Operating Principle Range

Total Hydrocarbons Pierburg FID 4000 hhd FID 0 — 1500 ppm
(tHC)

Carbon Monoxide ABB Uras 14 EGA FID 0-2300 ppm
(CO)

Nitric Oxide Pierburg CLD 4000 hhd Chemi-luminescent 0—2600 ppm
(NO)

Oxides of Nitrogen Pierburg CLD 4000 hhd Chemi-luminescent 0—2600 ppm
(NOX)

Methane Pierburg FID 4000 hhd FID 0—3900 ppm
(CH4)

Oxygen ABB Magnos 106 EGA Para-magnetic 0-22% vol
(02

Carbon Dioxide (high) ABB Uras 14 EGA NDIR 0-15% vol
(CO2)

Carbon Dioxide (low) ABB Uras 14 EGA NDIR 0-5.0% vol
(INT CO,)

General Specifications:

Repeatability < 1% FS

Noise (Peak-Peak) <2% FS

Drift < 2% FS/8h

Linearity < 2% of point between 15% and 100% of measuring range

< 1% FS
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Appendix D: Estimate of PM diffusion losses
Aerosols adhere to tube walls. Aerosol concentration at surfaces is zero, so there exists a concentration gradient,
with subsequent diffusion (losses) of particles to the walls. Hinds (1999) provides an equation for the penetration

(fraction of entering particles that exit) for fully developed laminar flow through a tube with circular cross section,

P=1-550u>" +3.77u for 41 < 0.009

with dimensionless deposition parameter

where D is the diffusion coefficient of the particles (a function of mean velocity and mean free path), L is the tube
length, and Q is the volume flow rate through the tube. Hinds notes that losses do not depend on tube diameter for a
given flow rate since the extra distance that particles must diffuse in a larger tube is offset by the longer time for

diffusion permitted by that larger distance.

In the cookstove emissions testing setup, after ~50 cm of open section from the stove top to the exhaust collection
inlet, exhaust is routed through a 6” diameter galvanized steel duct (of ~250 cm length). A %2” line (length ~270 cm)
following an isokinetic sampling port carries it to various instruments. Further downstream, it tees to % lines (~20
cm), and then %4” lines (50-150 cm) draw air through various PM instruments with flows corresponding to Table 16

in Appendix B. Table 18 lists dimensions and rough flow rates used in this analysis.

Table 18. Flows and dimensions for diffusion losses

Section | Flow rate Length (cm)
1 (6” dia) 0.09 m’/s (190 scfm) ~250
2 (V2" dia) ~5 Ipm ~270
3 (%7 dia) ~5 lpm ~20
4 (v~ dia) ~1 Ipm ~100

Deposition / penetration is a function of particle size, so it is necessary to complete the calculation over a range of
particle diameters. For each, total penetration is obtained from the product of the penetrations for the different
sections (this is not necessarily valid, but can approximate the total). Figure 28 shows penetration using data from

Table 18 over a size range of 10 nm to 1 um.
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Estimated penetration vs. particle size

Penetration

Particle diameter, um

Figure 28. Penetration vs. particle diameter for cookstoves emissions test setup

There are significant losses of nanoparticles; the penetration of 100 nm particles is still high at ~0.99 but falls to
~0.82 for 10 nm particles. In order to minimize losses, it is necessary to understand where they come from. For the
10 nm size, “Section 17 has 0.999 penetration due to the high duct flow rate. The sampling line (Section 2) has

0.954 penetration and the short section of low-flow through the TPS has only 0.876 penetration.

All particulate monitoring instruments used in the tests are subject to the losses of sections 1-3, plus a short low-
flow section just upstream of the measurement region. Omitting Section 4 (the %4” line), penetration of 100 nm
particles is greater than 0.99 and it is ~0.92 for 10 nm particles. Increasing the flow rate through Sections 2 and 3
(and “dumping” excess exhaust) is a viable way to reduce diffusion losses, but more losses come from the low flow

14” line. The main lesson here is to minimize the distance traveled within this final section.
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Appendix E: PM emissions instrumentation details
DustTrak DRX 8533 (TSI Incorporated 2012)

Measurement range 0.1 - 15 um, .001 -150 mg/m’

Resolution +0.1% of reading or .001 mg/m’, whichever is greater
Zero stability +0.002 mg/m’ per 24 hrs at 10 sec time constant
Operational humidity 0-95%

Flow accuracy + 5% of factory set point, internal flow controlled

Operational temp 0-50C

The instrument is calibrated to ISO 12103-1, A1 test dust (formerly Arizona Test Dust).

Magee Scientific AE 21 (aethalometer)

The instrument measures “black” or “elemental” carbon aerosol particles by measuring light transmission through a
quartz fibre filter tape. Sensitivity depends on the rate of aerosol collection and the minimum detectable increment
of BC on the filter. Accuracy is relative and can be estimated by comparing aethalometer data against

measurements obtained by other BC instruments.

The Magee Scientific operational definition of aerosol black carbon provides some insight into the measurand:

‘Black Carbon’ is that fraction of aerosol particulate matter that is insoluble in polar and non-polar solvents;
is stable in a pure oxygen atmosphere to a temperature of 350°C; which displays the Raman spectral lines
characteristic of both the graphitic structure and the features of microcrystallinity; and which is strongly
optically absorbing in the visible spectrum. The actual quantitation of the material is performed by a
chemical analysis of the CO, produced by combustion of a sample after extraction and thermal pre-treatment.
The analysis yields a mass of carbon expressed in micrograms, and provides the basis for the calibration of
the optical absorption measurement of sample ‘blackness’ in terms of a mass of ‘BC.” (Hansen 2005)
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Appendix F: TPS design and notes
A thermophoretic particle sampler (TPS) was developed by the author. This Appendix contains relevant
background information on thermophoresis followed by design notes from other TPS designs. The final sections

contain a short User’s Manual and assembly drawings.

F.1 Introduction
Interest in aerosol monitoring extends to emissions research, occupational health, and the maintenance of industrial
environments. Numerous instruments, both real-time and non real-time, are utilized in the study of aerosols; many

focus on quantifying the size and concentration of particles.

Knowledge of the chemical composition and morphology of particles is necessary to gain a better understanding of
their mechanisms and effects. One method is the off-line study of aerosol samples that have been collected onto
grids or filters. Transmission electron microscope (TEM) support grids  are a medium that allows for subsequent
analysis using various microscopic techniques including imagery and energy-dispersive x-ray spectroscopy. UFPs
are the subject of much research but many collection processes used in the past (e.g., via diffusion and electrostatic
precipitation) are not capable of sampling such small particles satisfactorily. Thermophoresis describes the
movement, or “pushing,” of particles from high temperature to low temperature regions due to the higher mean

velocities of gas molecules on the warmer side. This effect can also be utilized as a particle collection mechanism.

F.2 Thermophoresis
In the literature (e.g., Messerer et al. 2003; Lin & Tsai 2003), it is common to encounter an equation for

thermophoretic velocity of the form

where p, and p, are gas properties, T, is the particle temperature, and V T is the temperature gradient near the
particle; Ky, the “thermophoretic coefficient,” is subsequently defined in terms of gas / particle properties and is also
dependent on a number of coefficients. Though references vary and the equation appears in various guises, a usual
root source seems to be the article, Thermophoresis in a heated boundary layer (Talbot et al. 1980), in which the

authors define thermophoretic velocity as

* Grids have a diameter of 3.05 mm and are coated with an electron-transparent film that varies in thickness from
under 10 nm (e.g., carbon) to 50 nm (e.g., Formvar®), with various intermediate thicknesses and materials available.

60



k (v
2Cv| -4 +C 4 1+i A+Be * (v7)
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R k R

p

X

The minus sign indicates motion in the direction of decreasing temperature gradient. For a clearer understanding of

the equation, a brief overview of variables is warranted:

v kinematic viscosity of the gas (=p/p)

To mean gas temperature in the vicinity of the particle
ke thermal conductivity of the gas

k, thermal conductivity of the particle

vT temperature gradient in the gas

R particle radius

C, is the “temperature-jump” coefficient and accounts for the temperature difference between the gas field and the
surface of the studied (spherical) particle, with a heat flux boundary condition at the surface. It is on the order of
unity and is determined from kinetic theory. C,, and C; are the “momentum exchange” and “thermal slip”
coefficients, respectively. Together, they couple the temperature distributions in the gas and particle with the
velocity field; they come from the tangential velocity boundary condition of the particle. Like C,, both C,, and C;

are on the order of unity and are determined by kinetic theory (Talbot et al. 1980).

Part of the numerator of equation (F1),

_CR
1+1(A+Be A J
R

is also referred to as the Cunningham coefficient, C.. It corrects for the fact that a nonslip condition is not
applicable as a boundary condition for high Kn (=A/R) values (that is, for very small particles) in which drag force
exerted by the fluid is smaller than that predicted by Stokes’ law (Seinfeld, John H. and Pandis, Spyros N. 2006). Its

coefficients A, B, and C are determined by experiment.

A is the mean free path of the suspending fluid and may be given by
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T
L1

where

= 0.5
8( / )T
c=| —/M”
T
R is the ideal gas constant and M is the aerosol molar mass. By various substitutions, equation (F1) is reduced to a

simplified

vivT
U, =-K, % (F2)
0

where

k
2C.C.| - +C,Kn
kp

K,= p (F3)
(1+3C, Kn) 1+ 2k—g +2C,Kn

p

Coefficients are commonly assumed as in Talbot:

C 2.18
Cn 1.14
G 1.17
C. A=120,B=041,C=0.88

Tsai and Lu (1995) designed a thermal precipitator which employed two temperature-controlled flat plates to create
a high, uniform temperature gradient. They generated dry, neutralized, monodisperse aerosol particles and studied
collection efficiency with a temperature gradient of up to nearly 900 °C/cm. Gravitational losses (small) and
Brownian diffusion losses (important at small particle diameters, ~ < 0.1 um) were accounted for. Experimental

results were compared to various theories; it was found that the formula of Talbot et al. was the most accurate.
From equation (F2), it is clear that thermophoretic velocity increases with temperature gradient, a characteristic that

can be controlled by a precipitation mechanism. Examination of the thermophoretic equation (F3) is necessary to

fully understand how particle size (via variable Kn) and composition (via thermal conductivity, k;,). Table 19
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displays the thermophoretic coefficient as a function of D,; the example was calculated assuming an aerosol
temperature of 350K and a gas / particle conductivity ratio of 10. Because Ky, (which can be considered as the
dimensionless thermophoretic velocity) does not change by a large margin with particle size, from equation (F2)

temperature gradient is seen to be the dominant design factor in a thermophoretic precipitation device.

Table 19. Particle size dependence of several dimensionless parameters relating to thermophoretic velocity

D,, um C. Kn K
100 1.00 0.002 0.64
0.1 3.55 1.65 0.59

0.001 274 164 0.57

To further analyze the effect of particle diameter on thermophoretic velocity, the two variables were plotted against
each other in Figure 29 over a particle size range of 1 nm — 100 um. It is clear that thermophoretic velocity changes
very little above a Knudsen number of = 1. Air at a temperature of 350 K has a mean free path of ~ 67 nm; particles
smaller than this size are expected to have the same thermophoretic velocity (provided their thermal conductivities
are similar). The literature agrees with this statement; the thermophoretic coefficient is commonly assumed to be a

constant for Kn >> 1.”
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Figure 29. (a) dimensionless and (b) characteristic example of thermophoretic velocity vs. particle size (ko/k,=10,
VT =5x10° K/m and T=350K)

: E.g., Ky =0 .55 for both Kn >> 1 and Kn = 1 in Messerer et al. (2003).
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F.3 Existing thermophoretic samplers

Early predecessors to the TPS were called thermal precipitators. Green and Watson (1935) are credited with the
first; it was a heated-wire-and-plate design in which air containing dust flowed past a heated wire suspended
between two plates (of glass coverslips over brass). Dust deposited on the (cool) plates; the device was used to
measure size distributions and concentrations of coal dust in British mines. Various permutations of their heated-
wire-and-plate design have been used. Early plate-to-plate designs were capable of higher aerosol flow rates and
better deposition uniformity. Wright (1953) passed air between a resistively-heated plate and an aluminum
collecting plate in order to collect dust samples for inhalation experiments. He noted that performance was
governed by power input independent of wide limits of temperature and air gap, and that plate parallelism and
uniform air flow distribution were important factors. Another early design directed air between a resistively-heated
top plate and a water-cooled bottom plate to precipitate airborne particles and bacteria onto a 3” diameter cover slip
(Kethley, Gordon, and Orr 1952). In contrast to the heated-wire-to-plate and plate-to-plate techniques, Hendrix and

Orr (1964) created a design that employed a heated aerosol stream to deposit particulate onto a cooled rotating disk.

In later years, the thermophoretic effect began to be utilized in the deposition of particles onto microscopy grids.
Kasper (1982) improved on the original Green and Watson heated-wire-and-plate TPS design by arranging a well-
defined aerosol flow to the TPS inlet; more recently, Bang et al. (2003) constructed a TPS that used a heated
tungsten wire and a water-cooled grid support base. The plate-to-plate style TPS has been the dominant
thermophoretic collection tool in the past ~15 years; a sample device schematic is depicted in Figure 30. The hot
plate is actively heated; the cool plate may be actively or passively cooled. Aerosol sample is directed between the
parallel plates, with subsequent deposition on the cool plate. Collection efficiency is theoretically proportional to
thermophoretic velocity and length L, and inversely proportional to aerosol flow rate and gap h. However, there are
losses to diffusion along the upstream flow channel and thermophoretic deposition on surfaces other than the desired

location (collection grid).
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Figure 30. Plate-to-plate thermophoretic sampler (Wen and Wexler 2007), used with permission from Taylor and
Francis.
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Maynard (1995) constructed a plate-to-plate design with AT of 100°C and a plate separation of 0.1 mm, resulting in
a temperature gradient of 10° °C/m. In order to reduce the flow resistance with the narrow gap and a low-power
portable air pump, the flow channel was quite wide (80mm). The grid was mounted on a removable holding stage
constructed of phosphor bronze; a thermocouple was attached near the grid to allow temperature monitoring. A
magnetic clamping system was employed to allow the grid to set flush with the plate surface, though a disadvantage
of the technique was that it necessitated the use of ferrous grids. A 2 mm diameter heating element was mounted
(within a ceramic mount) opposite the microscopy grid; it was not possible to attach a thermocouple directly to the
element. 6V batteries supplied power of 5 V and ~1 A to the heating element. The device was capable of sampling
particles to less than 5 nm, but deposition was not uniform, with regions of preferential deposition and deposition-
free zones. The grid lattice, imperfect grid / substrate evenness (resulting in flow variations), less than optimal grid /
substrate thermal contact, and temperature gradient variations were theorized as reasons for non-uniformity.
Another shortcoming was the fact that the collection grid reached 30°C above ambient, which implies potential for

heat damage of the grid.

Wen and Wexler (2007) improved upon Maynard’s plate-to-plate design in several ways. Noting the trade-off
between choosing a low aerosol flow rate to maximize thermophoretic deposition and the advantage of a high flow
rate to minimize diffusion in the upstream region, they added a bypass channel just before the temperature gradient
region, permitting a high flow rate in the upstream region and a low flow rate across the collection grid. Lorenzo et
al. (2007) created a TPS with characteristics that overlap both of the designs. A 4 mm diameter heating element is
mounted opposite a TEM grid which is held in place by a magnet; the heating element and TEM grid temperatures
are monitored by thermocouples. Flow through the sampling channel is halted while the temperature gradient is
established; an adjustable flow bypass is used to keep diffusion losses to a minimum. They calculate a
thermophoretic migration velocity of 1 cm/s, noting that only particles from a limited height will be collected.
Deposition is not uniform, though it is seen to be roughly constant (+10%) in the central section of the grid. Particle
flux is highest near the center of the sampling channel. Large temperature gradients have variations that exceed 3%,
potentially limiting the usefulness of high gradients for greater thermophoretic velocity. During experiments using
Ag aerosols, TEM image analysis was compared with SMPS feedback and the size modes agreed to within 2%. The

authors concluded that the TPS enables the quantification of particles in the 15-300 nm size range.

Two more recent TPS designs focused on portability and low flow to enable field sampling; both employ plate-to-
plate design. Azong-Wara et al. (2009) developed a TPS for the study of occupational particle exposure. The
optimized device has a temperature gradient of 1.5 x 10* K/m over a gap distance of 1 mm. Flow velocity is low
(5.5 mm/s) with a very low flow rate (2 mL/min). They determined that a 6.5-mm section of the deposition region
(of length 20mm) had adequate deposition uniformity for SEM tests. Thayer et al. (2011) built a device weighing
222 g (without battery, controller, and personal sampling pump) that consumes 7.2 W. It uses a hot plate (heated to
122°C with a Nichrome wire heater) and a cold plate (cooled to 12.2°C via a thermoelectric cooler) with a

temperature gradient is 1 x 10° K/m. Their TPS is effective at capturing particles from 15 to 240 nm in diameter.
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An interesting note is that collection efficiency is higher for 100 nm particles than for 15 and 51 nm particles, a
result that contrasts with theory. As other authors have noted, particle collection decreased with increased flow.

Results of deposition uniformity tests are displayed in the contour plots of Figure 31.

100- 200 nm
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Figure 31. Deposition across the TPS of Thayer et al. (2011), used with permission from Taylor and Francis.

F.4 Other techniques

A review of lessons learned from existing aerosol sampling systems is not complete without a brief overview of
other techniques; diffusion and electrostatic precipitation are other viable mechanisms for sampling aerosol
particulates via TEM grids. In theory, diffusion is capable of being the mechanism for effective deposition of
particles with small diameters but it is not effective for large diameters, nor is it easy to “focus” deposition into a

specified area (such as a TEM grid).

Electrostatic precipitation passes an aerosol through an electric field after which they gravitate towards and collect
onto a grounded substrate / TEM grid. Numerous designs have been used in the past and are well documented in the
literature (see e.g., (Dixkens and Fissan 1999). A recent design that focused on the creation of a portable
electrostatic precipitator (ESP) is presented here; it is demonstrative for an overview of the process and will be

useful in comparing the relative benefits of electrostatic precipitation vs. thermophoresis for aerosol sampling.

Miller et al. (2010) designed an ESP using a point-to-plane configuration as depicted in
Figure 32. Aerosol particles are charged by ions produced by corona discharge at the anode. The charging

mechanisms include diffusion charging (due to random collisions) and field charging (particles intersection with ion

field lines). Diffusion charging efficiency is higher for small particles; field charging is higher for large particles.
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Positive electrode

/ Needle tip

Field lines

TEM grid substrate

Negative electrode

Figure 32. Configuration of ESP by Miller et al. (2010), used with permission from Taylor and Francis.

There are a few key equipment limitations to the ESP. High voltage is required (the range used was 5.6 — 6.8 kV)
and charging current is limited by a desire to prevent arcing. Performance-wise, deposition uniformity on the TEM
grid seemed acceptable. However, particles below 30 nm were difficult to charge and collect. Collection efficiency
is relatively high though size-biased;

Figure 33 demonstrates the lower charging efficiency in the transition region between the diffusion- and field-
dominated charging regimes. There may be restrictions on the testing and measurement of certain materials due to
adverse reactions with an electric field or their resistance to charging. Thus, collection is dependent on both particle

composition and size.
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Figure 33. Sample collection efficiency for an ESP (Miller et al. 2010), used with permission from Taylor and
Francis.

Some of the relative advantages and disadvantages of thermophoretic and electrostatic precipitation are presented in

Table 20.
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Table 20. Comparison of precipitation mechanisms

Thermophoretic precipitation

Electrostatic precipitation

Collection efficiency relatively independent of particle
diameter under a certain range (~100 nm)

Nanoparticles smaller than 30 nm are difficult to charge
and collect; lower efficiency in the 200 nm region

A wide range of aerosol particles can be collected

Aerosol particles must be able to hold a charge

High temperatures increase collection efficiency, but
can be difficult to maintain accurately

High current increases charging efficiency, but is limited
by arcing

High temperatures may vaporize or change chemical
composition of particles

Charging may alter volatile particles

Low temperatures on the “cool” side can result in
condensation of water onto the grid

Requires grounded, electrically conductive substrate and
high voltage power source

Inevitable temperature gradients that extend beyond
grid increase particle losses

Inevitable losses due to charge particles depositing
outside the collection region

Power requirement is relatively modest and is limited
to heating (and optional cooling)

High voltage requirement makes implementation more
complex, especially with creation of a portable device

Both precipitation mechanisms share some features. High aerosol flow rate tends to minimize diffusion losses while

decreasing sampling efficiency; a bypass flow just prior to the deposition region can minimize unwanted effects.

Small size and weight is advantageous for portability that permits usage in a wider array of environments.

While the TPS has several advantages over the ESP, there are a few drawbacks to current designs. Based on the

preceding comparisons, an “optimal” design would include:

e asmooth, flush collection area (if using a plate design) that does not alter the aerosol flow

e low power consumption

® acool substrate / TEM grid without the need for active cooling

e asmall, lightweight design

¢ minimal diffusion losses, possibly aided by high aerosol flow with a bypass just prior to the heated region

¢ interchangeable sampling heads that allow preparation of TEM grids in advance

e good thermal contact between the collection grid and the substrate

e a well-insulated heating element

® arepeatable temperature gradient

e adjustable aerosol flow rate for performance monitoring

e temperature feedback of the aerosol and grid to aid performance monitoring

e adesign that enables uniform deposition, with no preferential or deposition-free zones
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F.5 University of British Columbia TPS (previous)
A TPS was previously constructed at UBC by B.S. Brown and S. Rogak. Contrary to the plate-to-plate designs

commonly encountered for aerosol particle precipitation onto TEM grids, the design used a heated aerosol stream

through a tube that impinges onto a cool substrate / TEM grid as shown in Figure 34.

70 mm

Impinging jet
air chamber

Entrance flow
(FPressuratap #1)

Cap screw holes
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(copper cap)
[ Rubberalignmentcap

Air gap

Steelresistance
heated tube

Exit flow

(Pressure tap #2)

chamber

I Exit flow from

Negative electrode

TEM grid stage (copper)
u Stage cap (copper)

Figure 34. Previous version of UBC TPS (Images: (Lagally 2011)).

This “impinging jet” design is novel for a several reasons, including:

The jet flow is perpendicular to the grid surface, so deposition should be axisymmetric.

Particle deposition will be highest near the stagnation point (where particle radial velocities are lowest); if
properly aligned, this high deposition region will occur at the center of the TEM grid.

The heated mass (a thin hypodermic needle) is relatively small, theoretically enabling the use of a small
power supply.

A compact arrangement allows for a small, lightweight design.

Users and observers of the current TPS noted a few areas of potential improvement:

It is difficult to accurately set / determine the jet-to-grid distance; in addition, the distance is influenced by
the tightness of screw-on connections.

Electrical contact to the heated tube can be intermittent.
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e The TEM grid is held in place by gravity via a slip-fit connection; this makes the device unidirectional and
there is the potential for poor thermal contact between the grid and the cool thermal mass.

®  Occasional soot build-up inside the heated tube requires cleaning and is a potential source for
contamination.

®  Occasional water condensation on the TEM grid during sampling poses a problem.

e Threaded connections to the TPS base are easily stripped.

e The large power supply and pump used make the overall setup quite bulky.

F.6 New TPS design

The new TPS has interchangeable heating tubes comprised of standard (4”) Luer lock hypodermic needles coated
with a thermally conductive, electrically insulating material; heating is via current running through a spiral wrapping
of Nichrome wire. Further design improvements include a low-pitch screw in base with a slip-fit magnetic cap that
holds a TEM grid in place. The overall assembly is pictured in Figure 35(a) with the modular heating portion shown
in Figure 35(b).

(d)

Figure 35. New TPS (a) overall body, (b) heated tube, (c) removable base and magnetic cap, (d) close-up view of
magnetic cap and TEM grid location
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F.7 Design notes

The final design was based on measurements of exhaust flow rate and temperature across several needle diameters
and power input levels. Additionally, the following equation from Hinds (1999) (p126) was used to estimate ds,
(cutoff diameter), the size at which the masses of the particles larger and smaller than ds, that pass through the

system are equal.

172
97D’ (Stk s, )

ds,\C. =
50 c 4pPQ

In the equation, C, is the Cunningham coefficient, D; is the jet diameter, and Stksy is the Stokes number for 50%
collection efficiency (given by Hinds as 0.24 for a circular jet). Q is the flow rate and p,, is particle density (assumed
1000 kg/m’). For each of three needle sizes, input voltage,” and flow rate were varied. Peak exit temperature was

recorded while exit velocity, dsg, and Reynolds number (Re) were calculated. Data appears in Table 21.

Table 21. TPS parametric analysis results

Heated tube  Input
gauge voltage T, K Ap, psi Q, Ipm U, m/s dsg, um Re

16 5 311.8 0.5 2.69 334 0.353 2646
5 305.5 1.0 3.92 47.8 0.276 3924
5 304.9 1.5 4.81 58.5 0.241 4824
5 303 2.0 5.66 68.5 0.216 5708
18 5 328.5 0.5 1.27 324 0.310 1673
5 318.8 1.0 1.98 49.1 0.229 2674
5 311.8 1.5 2.74 66.6 0.180 3770
5 309.6 2.0 3.30 79.7 0.157 4568
20 5 355.8 1.5 1.18 72.3 0.150 2176
5 352.7 2.0 1.70 103.2 0.112 3156
16 7 329 0.5 2.69 35.1 0.363 2530
7 321.8 1.0 3.78 48.4 0.291 3620
7 316.8 1.5 4.72 59.5 0.250 4580
7 313.8 2.0 5.57 69.6 0.223 5449
18 7 342.2 0.5 1.89 50.2 0.245 2411
7 367.3 1.0 1.09 31.1 0.359 1319
7 330 1.5 2.60 66.7 0.193 3413
7 326.5 2.0 3.26 82.7 0.163 4316
20 7 407.1 1.5 1.13 79.5 0.167 1893

" Resistance of the heating element for the 16 gauge needle tested was 11.5 Q. 18 gauge: 12.7 Q. 20 gauge: 11.4 Q.
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Heated tube Input

gauge voltage T, K Ap,psi ~ Q,lpm  U,m/s  dsy, um Re
16 10 375.2 0.5 2.36 35.2 0.417 2010
10 3493 1.0 3.59 49.7 0.313 3222
10 3423 1.5 4.62 62.7 0.264 4212
10 337 2.0 5.43 76.2 0.241 4826
18 10 426 0.5 0.94 31.3 0.417 1024
10 396.8 1.0 175 54.1 0.276 2004
10 375 1.5 2.36 68.8 0.221 2813
10 362.3 2.0 2.83 79.6 0.192 3458
20 10 500 1.5 0.94 80.6 0.212 1344
10 493.1 2.0 1.46 123.8 0.154 2114

The 18 gauge needle had a wider achievable temperature range than the (larger) 16 gauge needle and lacked the high

pressure drop associated with the 20 gauge needle. With 10 V applied across the heating element, it heated aerosol

to about 100 K above ambient (which was 294 K in the laboratory on the day of testing). Cutoff diameter was
calculated at ~0.28 um for the needle / power / flow rate in bold in Table 21. It is important to note that this is

aerodynamic diameter, the size of a water droplet with the same drag / mass ratio as a particle in question.

The TPS Instructions manual on the following pages details the instrument’s operation and maintenance. Full

drawings are available electronically.
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TPS Instructions
Version 1.2, 18 April 2012
Brian Just

Update history

v1.0 Created document. Notes on sampling time taken from previous document by C. Lagally.

vl.1 Added notes on TEM grid fragility.

vl.2 Minor updates/notes.

Overview

The thermophoretic particle sampler (TPS) uses the thermophoresis to deposit particulate matter onto a 3.05mm
diameter transmission electron microscopy (TEM) grid. The aerosol stream is heated via power applied to a 32
gauge Nichrome wire wrapped around a ceramic-coated hypodermic needle. For ease of connection, the needle has
a Luer Lock connection on the upstream side. Power is applied via the provided power supply and voltage regulator
(pre-set to the appropriate voltage); the TPS brass cap serves as ground while an alligator clip provides positive
voltage to a brass screw terminal on the side of the unit. Sensitive and heated parts are contained within a robust,
insulating Delrin body. See Figure 1 for a visual overview.

Figure 1. TPS overview: (a) TPS body with electrical connections, (b) internal needle assembly, (c) TEM grid
holder

(b)

(c)

Accessories

The following accessories are included with the TPS (see Figure 2):
e Allen key x 3 (for Imperial fasteners and setscrews)
e  O-rings (upper and lower seals)
e Power supply (100-240 VAC to 12VDC)
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e  Voltage regulator jumpers
e  Spare fasteners

Items not provided:

e TEM grids (Ted Pella P/N 01813-F, Carbon Type B, 300 Mesh Cu)
e  Europe to North America plug adapter

Figure 2. Complete TPS kit

TPS body

Refer to assembly drawings (Figure 9 and Figure 10) for replacement part numbers and further detail.

General usage
The assembled TPS is relatively straightforward to operate. Steps are divided into subsections.

Preparation
These steps should be repeated at least once per testing day. They verify that the TPS interior is intact and
operational.

1. Using a multimeter, test the resistance across the positive and ground terminals on the TPS. This is
nominally approx. 11Q. The reading may vary by £1Q, as there is some variation between needle
assemblies.

a. A low reading implies an electrical short circuit within the TPS. The most likely cause is that the
ceramic coating on the needle has been damaged, or that the set screw on the lower hub has been
overtightened. See instructions for needle replacement.

b. A higher reading signifies a broken connection. The most likely culprit is the positive connection
not making contact. Check that the brass plunger is properly seated. If it isn’t loose and there is
still an open connection, unscrew the brass plunger and look through the hole. A setscrew should
be visible and roughly aligned with the axis of the hole (x1mm). [Refer to Figure 8 in the Needle
replacement section.] If it is not, follow instructions for needle replacement (it could just need to
be reinstalled).

Note: Virtually all TPS problems will be related to this resistance not reading in the 10-12Q range. The TPS will
collect particles almost exclusively by impaction (and just large particles) if proper voltage is not applied.
Because the voltage converter does not provide current feedback, it is necessary to do an occasional check to
ensure that all is well.

2. Gently, twist the Luer Lock connection with your fingers. It should not be loose or twistable. Tighten the
two side brackets and setscrew that hold the Luer Lock (and thus the needle) in place. Repeat step #1.
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Note: The most sensitive part of the TPS is the needle ceramic coating that is housed within the TPS body. If the
needle is free to move (either in its axial direction or by twisting), the coating will be damaged by handling.

Figure 3. Steps for preparation

Step 1 Step 2

TEM grid installation (see companion video)

3. Unscrew the brass base from the TPS body. Remove the (magnetic) nickel cap from the shaft. It should
slide freely.

4. Using the tweezers, gently remove a TEM grid from its box, being careful to handle the grid by its edge
only. Place the grid “shiny” side up on the brass shaft, using the lightly machined indentation as a guide to
centering the grid. TEM grids are easily damaged. See note.

5. Replace the nickel cap with a slight twisting motion. It should slide very freely. If it does not, do not force
it; remove and ensure that both the shaft and the cap interior are free of debris. When the cap is installed
properly, a light magnetic pull should “snap” it in place.

6. Verify that an o-ring is in its groove inside the TPS body. Screw the brass base back into the TPS. When it
is installed all the way, there will be a firm resistance. Do not overtighten past this point.

Note: TEM grids are extremely fragile. Take care to not drop, crease, or crumple the grid. If grid integrity is
compromised, start with a new one; the cost of a TEM grid is low compared to the expense of wasted
microscopy time.

Figure 4. Steps for TEM grid installation

Step 3 Step 4
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Step 5 Step 6

Powering the TPS
7. Connect the black (ground) electrical terminal to one of the four brass #6-32 screws on top of the TPS

(these hold the cap in place).

Connect the red (positive) electrical terminal to the screw on the plunger on the side of the TPS.

Connect both power leads to the black and red output wires on the “OUT” side of the voltage converter.

10. Connect power to the voltage converter by plugging in the provided DC power supply and inserting its jack
into the “IN” side of the converter box. A green LED light in the controller should flicker briefly and then
remain lit. The TPS is now powered. Warmup time is on the order of 10-20 seconds. If you wish, you can
verify DC voltage output from the converter using a multimeter.

o ®

Note: The voltage converter is set to 12V, so why even use it (given that the provided power supply already
gives this)? The reason is that the converter can change any 6-35 VDC power to a discrete output voltage. By
chance, the provided power supply voltage equals the current setpoint for the TPS; this will not always be the
case. N.B. the output voltage is user-adjustable via jumpers; contact Brian Just at UBC for instructions if this
needs adjustment (see also Figure 11).

Figure 5. Steps for powering the TPS
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Step 9

Obtaining a TEM sample
11. The exhaust stream should be delivered to the TPS via a conductive tubing path. Connect the exhaust
outlet to a flexible piece of black conductive silicon hose and slide this hose over the 3/16” barbed end of
the stainless steel Luer Lock fitting (provided). Connect this Luer Lock fitting to the Luer Lock hub on the
TPS. Tighten by hand; overtightening will damage the needle.
12. With TPS power on (steps 7-10), connect a pump to the TPS outlet (downstream side, 1/8” barbed
connection on side) via a critical orifice.

Note: Orientation of the TPS is not of critical importance; gravitational deposition is negligible. The magnetic
TEM grid cap is designed to allow complete inversion of the instrument without slippage. For reference, with
the recommended settings (power and flow rate), the cutoff diameter for impaction is estimated to be in the 250-
300 nm range.

Warning: Aerosol exits the TPS at temperatures in excess of 400K; ensure that pump will not be damaged. A
particulate filter may also be useful to reduce risk of damage to the pump.

Figure 6. Steps for obtaining a TEM sample

Step 11 Step 12

Determining sampling time
After exhaust/dilution setup is complete, proper sampling time must be established in order to collect enough
particles to allow microscopy, while avoiding levels that would overload the grid. The following steps are
recommended:
13. Load the TPS holder with a clean white paper disc in place of a TEM grid (steps 3-6).
14. With the exhaust stream and vacuum pump connected to the TPS and TPS power on, run consecutive
samples of 10 second, 20 second, 30 second, etc. duration. Use a clean paper disc each time.
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15.

Incrementally increase sampling duration until tiny black specs are visible to the unaided eye on the paper
surface. The dark sample spot should be just barely visible (to prevent grid overloading that makes it
difficult to distinguish individual particles on the TEM). Refer to Figure 7, where a light deposition is
visible over the outlined 3mm diameter ring; a slightly off-centered dark spot indicates the center of
deposition.

Take the shortest sampling duration that reliably results in just-visible particulate loading and subtract 10-
15 seconds. This gives a suitable final sampling duration. For reference, the sampling configuration used
for the sample in Figure 7 required 60 seconds. Successful TEM grids were later analyzed using sampling
times of 30 and 45 seconds.

Figure 7. Grid loading reference

Needle replacement (see companion video)
One spare needle assembly is provided. Done without training, needle replacement can be tricky and easily result in
damage. Complete these steps only if necessary.

a.
b.
c.

d.

If the exhaust stream is connected to the TPS, remove the Luer Lock connection.

Remove the brass plunger (positive voltage connection).

Remove the four brass screws that hold the brass cap in place (including the one providing the ground
connection).

Carefully, while pulling on the Luer Lock hub, slide the needle out of the TPS body. The entire needle
assembly will come out. Place it on a clean workbench. Inspect the needle to determine why it is not
working properly; use a multimeter and common sense. Typical problems include:

a.  Short: chipped ceramic coating enables short circuit from Nichrome wire to needle; this normally
happens near the brass cap or near the bottom (gray PEEK plastic) hub.

b. Short: overtightening of the setscrew in the bottom hub causes insulated setscrew tip to contact the
needle. (This is a tricky problem; supplied needles are pretested with the setscrew properly aligned
with the brass cap, and are just tight enough that the lower hub does not slip with respect to the
needle during installation.)

c. Open: broken Nichrome wire.

Fix any obvious problems. If this is not possible, proceed with the following steps to install the spare
needle assembly.

Ensure that the o-ring is still installed in its groove on the top surface of the TPS body. Check that the
inside of the TPS is relatively free of debris.

Check that the setscrew on the lower hub is roughly (£5 deg) aligned with the notch on the brass cap. Then
carefully slide the needle assembly into the TPS body with the notch in the brass cap aligned with the TPS
air outlet. The hub on the bottom of the needle must slide into the locating hole in the TPS body. This is
best done by “peering through” the mounting hole in the brass cap closest to the notch. Once it’s been
started, gently push the needle assembly into place by pressing down on the Luer Lock hub; this ensures
that there is no slippage between the brass cap and the needle (which will cause damage to the ceramic
coating). There should be light resistance indicative of the locational clearance fit. The brass cap should
rest flush with the TPS top surface.
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h. Immediately install at least two screws to attach the brass cap to the TPS body. Any twisting of the cap
relative to the body will damage the ceramic coating.

i.  Double check that the needle assembly is properly aligned by looking through the hole for the brass plunger
(positive voltage connection). See Figure 8 below. A setscrew should be visible and roughly aligned with
the axis of the hole (x1mm). If it is not, repeat steps d-h, taking care that the setscrew on the hub aligns
with the plunger hole. The needle can twist a few degrees to accommodate this, or the lower hub setscrew
can be loosened and repositioned slightly (this is a last resort; the provided spare should be okay as is).

j-Install all remaining screws and the brass plunger. Go to Preparation Step 1 and check resistance.

Figure 8. Helpful views for needle installation: (a) visible setscrew indicates proper alignment, (b) hole to look
through to help guide needle assembly lower hub into place

(2) (b)

Additional reference
Figure 9, Figure 10 and Figure 11 show additional details.
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Figure 9. TPS assembly drawing

8 i 5 4 | 3 | 2 |
TTEM NO. FART HUMBER bed/Qlv
] to 1
z = 1 .
3 1 ' )_ ~ ) 0y
3 T & | T /_( 1) I.r'_‘\f_/'l
= 5 5 4 | ,." Py y i .-"I
¢ 2 |/ [ )
1 |/ / o
| / / / /
B ”T s
W' 1
3 = @
(T_)_/ bW
= =
MEEDLE - TEM GRID DISTANCE
P —FILOTED DIAMETER
—{ | 2s0ReF |
o C-RING SEAL— SHIMS TO §
= % A ¥ JLE-GRID DIST
# v, -
S,
B B
!
1
|II
— REW PROVIDES
GROUND CONNECTION
)
—_ I| [
SPRING PLUNGER PROVIDES “+* CONNECTION——
21 Jomarmon]
TITLE:
e
SIZE |DWG. MO REV
A SCALE: 12 | SHEET 1 OF 1
: T o T z T A T 3 T 5 T g

80




Figure 10. TPS needle assembly drawing
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Output voltage
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Figure 11. Default jumper settings for the DC-DC converter
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Appendix G: Supplementary cookstove information

There are four models of the Chulika cookstove available. The CAMS 3 model was purchased (for INR 1633,
C$36) in India by Conor Reynolds in August 2012. It has a cast iron top plate, calcium carbonate ceramic block
combustion chamber, 310 stainless steel inner shield, fired clay bottom tile, cast iron inner grate, and a 304 stainless

steel outer hood. It is distributed by iSquareD, Bangalore, India.

The Oorja cookstove is distributed by First Energy (P) Ltd., Bangalore, India. It was purchased in India by Conor
Reynolds in August 2012 for INR 1050 (C$21).
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Appendix H: Biomass fuel discussion and supplementary details

Ideally, the same fuel type and form would be combusted in all cookstoves. For the pellet-burning Oorja, tests were
done with small pieces of wood and wood chips, but the resulting flame burned quickly and only for a few minutes;
gasification was clearly not occurring in the way the stove was designed for. Only slightly better results were
obtained by tightly packing the combustion chamber with vertically-oriented sticks. Conversely, an attempt was
made to burn pellets in the three-stone fire and the Chulika cookstove. However, surface combustion dominated; the
small pellets did not permit sufficient airflow through the fuel for satisfactory combustion. Testing proceeded with
each stove using a fuel suitable to its design. Future testing could attempt to separate fuel shape from stove design

in an evaluation of combustion characteristics, but this was not addressed in this study.

The pellets used in this research were manufactured by Premium Pellet Ltd., Vanderhoof, BC, V0OJ 3A0, Canada.
They are packaged in 40 1b. bags; see Figure 36.

Figure 36. Wood pellet photograph

CHN analyses were completed at the UBC Mass Spectrometry Centre. Lab results appear on the following two

pages and are summarized in Table 22.

Table 22. Fuel elemental analysis summary (numbers represent percentage dry mass)

Fuel | Carbon Hydrogen Nitrogen
Hemlock wood sticks 47.53 6.23 0.00
Premium Pellet Ltd. wood pellets 47.70 6.52 0.00
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2036 Main Mall, Vancouver, BC VAT 1Z]
Tel: 604-827-4212, Fax; 604-822-2847

Request for Microanalysis Services
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Submitted By: @1"1(?1-—\ ‘*—h"-"ﬁ Supervisor: g}g%gg 'i‘“li—c@i;_ .

Sample Mame: CET l = H'E'Mlg Sample Information
Formula: H{‘MH:J"— Sl‘iﬂuilnﬂﬁ

Call for sample drop off Ph#............

Weigh under N, ?
Swbility
Theoretical or Range:
_/i, Hygroscopic:
"F.-._ ~y
/’:‘ — %N ﬂ/ﬁd Nk Volatile:
;_ﬂ z _%C Sample storage:
O w%n Solvents used:
Hexane....,DCM.... , MaCN.. ..., MeOH. ... THE...
%o [Other)

HyO....., Ether... , 6ther..........ooveeeeieen,

[MINIMUM WT REQUIRED FOR ANALYSIS ~ Smg

Additional Information (if known)
Structure or Origin Confirmed by:

MS —--, NMR..., Other (Specify)..........
(Provide analysis #)

Results (tilled by analyst):

Elements determined | 24N % % H

1p]
Analytical Results I 4153 | 13 MAR 15 2012

Li
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Comact el #andir et |

Sample Name: (LET2.- P Sample Information
Formula: [Aload o llek Fﬁv‘\-"rl-"*’ Call for sample drop off Ph#............
Weigh under N, 7
Siability
Thegretical or Range:
Hygroscopic:
S N Volatile:
% C Sample storage:
5 H Solvents used:
Hexane...., DCM.... , MeCN.. .. MeOQH.... THF...
% [Other]
HaO....., Ether... ,other.........................
[MINIMUM WT REQUIRED FOR ANALYSIS ~ 5mg
Additional Information (if knewn)

Structure or Origin Confirmed by:

MS ——, NMR..., Other (Specify)..........

(Provide analysis #)
Results (filled by analyst):
Elements determined | %N %C___|%H 7
| Analytical Results o Ytie |¢.sa MAR 15 2012
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Moisture content of the two fuels was reported on a dry basis. Regarding protocol, the following text is extracted

from WBT 4.1.2, Appendix 1, Section 1.3 (Anon. 2009):

“Well-dried fuel contains 10-20% water while fresh cut wood may contain more than 50% water by mass (wet basis)...

“There are two ways of defining fuel moisture content: on a wet basis and on a dry basis. In the former, the mass of water in
the fuel is reported as a percentage of the mass of wet fuel and in the latter case, it is reported as a percentage of the mass of
the dry fuel. The calculations for each are shown below followed by a plot showing how both wood moisture on a wet basis

and wood mass vary with wood moisture defined on a dry basis for one kg of oven-dry wood...

“The two moisture contents are related in this way:

MCW, — &
1+MC

wet

“Measuring moisture content can be done in two ways. The most precise way is to use the equations listed above by weighing
a sample of the air-dry fuel (Mass of fuel)y and weighing it again after it has been completely dried (Mass of fuel)4. Take a
small sample (200-300 g) of the fuel randomly from the stock of fuel to be used for the tests. Weigh the sample and record

the mass...

“To dry the sample, put it in an oven overnight and then remove it and weigh the sample every two hours on a sensitive scale
(%1 g accuracy) until the mass no longer decreases. The oven temperature should be carefully controlled so that it doesn’t
exceed 110°C (230°F). If the wood is exposed to temperatures near 200°C (390°F), it will thermally break down and lose

matter that is not water, causing an inaccurate measurement of moisture content.

“A second way to measure wood moisture is with a wood moisture meter. This device measures fuel moisture on a dry basis
by measuring the conductivity between two sharp probes that are inserted in the wood. This is more convenient than oven-
drying because the measurement can be rapidly done on site as the fuel is being prepared. The probes should be inserted
parallel with the grain of the wood. The device may be adjusted for different species and calibrated for different ambient
temperatures. The meter measures between 6% and 35-40% moisture (dry basis). If the sample of wood is wetter than the
upper range of the meter, the meter will either show an error. Wood moisture can vary in a given piece of wood as well as
among different pieces from a given bundle. When the meter is used, take three pieces of wood randomly from the bundle
and measure each piece in three places. This yields nine measurements overall. The moisture of the bundle should be reported

as the average of these nine measurements...”

Figure 37 displays raw data taken for the moisture content calculation with summary calculations highlighted in

blue.
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CAWP oven set to 105C
Pellet container mass

Date/time
Mar 1, 9.30a
Mar 2, 1.00p
Mar 2, 4.00p
Mar 5, 4.30p
Mar 7, 10.00a

6.6768 g
Wood sticks
Elapsed, h Pellets (+cont), g Pellets 1 2 3 4 5[Sum 1-5
0.0 178.9682| 172.2914| 34.4878 49.1726 47.7638 493366  53.2724| 234.0332
27.5 168.0595| 161.3827| 31.4702 45.0074 43.6993 451292  48.7257| 214.0318
30.5 168.0411| 161.3643| 31.4893 44.9906 43.6986 45,128  48.7455| 214.052
103.0 167.9383| 161.2615| 31.4874 44993  43.6982 451236  4B8.7598| 214.062
144.5 167.782| 161.1052| 31.4581 44.8741 43.6207 45.0203 48.6701| 213.6433
mH20 11.1862 3.0297 4,2985 41431 43163 4.6023 20.3899
M., 6.49% 8.78% 8.74% 8.67% 8.75% 8.64% 8.71%
M.,,| 6.94%| 963%  958%  9.50%  9.59%  9.46%| 9.54%

Figure 37. Moisture content analysis raw data
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Appendix I: Summary of testing protocol procedures

The following checklist was used during cookstove testing.

1. Background data:

a.

b.

Fan on

Verify clock synchronization

Background CO2 line hooked up

LabView and AVL record data minimum 10 mins
Aethalometer on with several background measurements
Three SMPS scans (135 s each)

Three APS scans (135 s each)

2. Oorja: (approx 45 mins)

3. Chulika:

a.

o

e o

5 @ oo

-

J-

Set secondary dilution for aethalometer; disconnect acthalometer during start-up phase to prevent
heavy loading and instrument “reset”

Load stove with 700g pellets (started with 1 tsp alcohol) with 5kg water set to boil

Video records flame condition at top

SMPS and APS scans throughout

Record temp and RH afterwards (quick LabView run)

Video off, end AVL data

During three test series, collect quartz and PTFE filters

During three test series, collect TEM grid samples

(approx 80 mins)

Set secondary dilution for aethalometer; disconnect aecthalometer during start-up phase to prevent
heavy loading and instrument “reset”

Start five sticks with 1 tsp alcohol and several slivers of tinder with S5kg water set to boil
Transition to four-stick burn

Video records flame condition at stove entrance

SMPS and APS scans throughout

First ~20 mins is transition phase; continue steady-state burn for 60 mins past this

Record temp and RH afterwards (quick LabView run)

Video off, end AVL data

During three test series, collect quartz and PTFE filters

During three test series, collect TEM grid samples

4. Three-stone: (approx 70 mins)

a.

Set secondary dilution for aethalometer; disconnect acthalometer during start-up phase to prevent

heavy loading and instrument “reset”
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o

5 oo

—

L.

Immediately after Chulika test, transition burn remnants to a three-stone fire; build up with
additional sticks; top with Skg water set to boil

First ~10 mins is transition phase; continue steady-state burn for 60 mins past this; aim for similar
feed rate (~ four sticks) as Chulika, with similar [CO,] levels

Video records flame condition

SMPS and APS scans throughout

Continue steady-state burn for 60 mins once reached

Record temp and RH afterwards (quick LabView run)

Video off, end AVL data

During three test series, collect quartz and PTFE filters

During three test series, collect TEM grid samples

Repeat testing notes:

k.

Steps 3-5 comprise about 3.5 hrs of setup/testing time
Oorja and Chulika require a cool combustion chamber; testing in this sequence gives adequate

time for cooling
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Appendix J: Sample data sheet from cookstove test

General info

04 es pate

S Time

Craliles %3 Stove/test number
Other info

Frggaratinn checklist

“ _Fanon
~ FID flame on
~J. AVL bench Autocal
~/_Fire extinguisher on hand
s Clocks synchronized (LabVIEW, SMPS, and Emissions bench)
PC=n aethalometer
Background CO2 line hooked up
4 Aethalometer data card installed

el

qL

i Aethalometer on, with several background measurements
Dilution voltage 7 1% v
J Verify APS COM7 connection to PC (do not unplug USB once it's working!)
v Change APS scan time to 135s (on PC via software)
" SMPS sample flow okay?
01 Flow rate (Ipm)

Jel

“J Skg water ready
_\/ Unused PM lines capped

'/, Filter pump off
A'J7‘»Filter line ball valve closed
i TPS ball valve off

Prepare filters (enter ID's below)

“ iPrepare fire starter
z Video setup (MyCam: Device/Video Format/320x240 and 15 FPS)
APS pump on

Backeround testing
Hﬁ Emissions bench start time
_ &0 LabVIEW DustTrak analog conversion factor
ﬂ LabVIEW start time
;Z Auxiliary temp/RH display?
i3 LabVIEW file name
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TegHl oD DustTrak file name

AHd SMPS scan #1 {147+ APS scan #1
ST SMPS scan #2 10 APS scan #2
ll":ﬂ"?_ SMPS scan #3“_‘:}"::_ APS scan #3

f*'w'i'i Chilifa3  spps file name

Macl Chuillea ApS file name

A 10 minutes (minimum) passed

Filtgrs

. Filter pump on
\Mﬂtad time

B~ D% Teflon filter label

__L Orifice number Fine Screen
a-0e 0 Quartz filter backup label Teflon flter
D-0l- U Quartz filter label . ::::n washes
/ lDrufce number i ) I,E I
Filter pump off . PVl 5~ 5-10 van 2L -.__|nh-..x“ e,
13_" End time L P b~ :E'C_' g
190 e Estimated loading i’ ) 1 = e
S0ws  aeblo
Final preparation
,}L Disconnect aethalometer
i Start ﬁre
i _|_'|J_1.F|re start time
L‘u’nden on
-‘Z 1152 video start time
Fire started?
Testing! "
_“ Reconnect aethalometer Z. ::-O V'rl

Coarsewavy

Fine screan

Cuartz filter (mean side up)
Teflon washer

- ,
{17 | Time aethalometer hooked up again

Pat on to boil
_ Temp probe in pot

ilo>  SMPS scan #4 (297 APS scan #4

MNotes

[20%  SMPS scan #5 1705 APS scan #5

Motes

10k SMPS scan #6_(22%_ APS scan #6

Motes

il_',v".. / L\.-ll'!."':-j
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wa\—-?w-_b-‘? i’ P—E‘.&.'- . I;":? 'I:-'-"*\: rrot _.-4"’ -nl'i‘_':l-
Stoee2 . Eakbnor | g lee d L.J»:} *%E‘f!-—llll.x_'a +

W i‘j-._.kllr.ﬁ.." it -
Continue to monitor aethalometer, DustTrak readings 7 50
kappmx aethalometer 1*'3____ approx DustTrak '
(U sMPS scan #7 1207 APS scan #7 Notes
|21 SMPS scan #8 L1 APS scan #8 Notes
(21 SMPS scan #9 (415 APS scan #9 Notes
Continue to monitor aethalometer, DustTrak readings )
E.._ approx aethalometer A5 approx DustTrak _E___li Dilution volt

i
o oM é_‘hurika: Start filter collection
o

219 SMPS scan #10 [T/Z_ APS scan #10 Y- sheke burn Notes

ITEh SMPS scan #11 ﬂAPS scan#11_F s Storred MNotes
V29 SMPS scan #12 1124 APS scan #12 Notes
Continue to monitor aethalometer, DustTrak readings
_V2- approx aethalometer 3_ approx DustTrak 2.4
1229 smpsscan#13 1772 APSscan #13 LHers  lon. Notes
] 25\ smpsscan#1a  [L2| Apsscan#14 Aeth tepe adianc B173(  Notes
| 1234 SMPS scan #15 {754 APS scan #15 Notes
‘ Continue to monitor aethalometer, DustTrak readings
__ approx aethalometer _._':'.___ approx DustTrak Qi Dilution volt
_— Water close to boiling?
.\J'f %Water change time
Y5 SMPS scan #16 122+ apsscan#16 Notes
(M8 smpsscan#17 1142 APS scan #17 Notes
T84k SMPS scan #18 M{_ APS scan #18 Motes
Continue to monitor aethalometer, DustTrak readings
_{,:t_ approx aethalometer _.'lf'_ approx DustTrak :_‘uﬁ_ Dilution volt
(49 smPs scan #19 12149 APs scan #19 Notes
25T smpsscan#20 1252 APS scan #20 Notes
155 SMPS scan #21 1255 APS scan #21 Motes

Cuntinue to monitor aethalometer, DustTrak readings

_ _.A.._ approx aethalometer _[f":'_ approx DustTrak 5:_1__‘159,{_ Dilution valt
1257 SMPS scan #22 1255 APS scan #22 Notes
157\ SMPS scan #23 301 APS scan #23 Notes
1501 SMPS scan #24 1504 APS scan #24 Notes




Continue to monitor aethalometer, DustTrak readings

__T™ approx aethalometer _©  approxDustTrak <% Dilution volt
V259%  SMPS scan #25 Pot APS scan #25 MNotes
WHU SMPS scan #26 I3\0 APS scan #26 Motes
1ZS SMPS scan #27 1313 APS scan #27 Notes
Continue to monitor aethalometer, DustTrak readings

_,'ﬂa_ approx aethalometer ﬂ_’_ approx DustTrak ?__Si Dilution volt
_____SMPSscan #28 _____ APSscan #28 MNotes
______ SMPS scan #29 _____ APS5scan #29 Motes
_ SMPS scan #30 _ APSscan #30 MNotes

TEM
133:;3 TEM pump setting (pressure drop) [0.5psi=1.4lpm, 1.0psi=2.3lpm, 2.0psi=3.3lpm]
|49 Collection time, based on target of at least 60 sec®*mg/m3 (with 1psi pressure drop)

513 Y0 start time

%5 5.End time
;456 Grid label number
MNotes

Post test
’__}._j Remove and package filters

APS pump off
V DustTrak off
Shut down video

Turn off AVL

;‘rum off LabVIEW
7[Turn on LabVIEW for an instant to post-test temp,/RH
22" Dilution voltage

Other notes
fo stoih fee) a e & at loale ot clhar
'f"q =% 'I'fl" _Cr_;-r-e'. = }Jh{'."-
3 0 " " - v gl -
l’}r,_%.:o‘, A ak ;_..}_{ O Bl 2

-
(ﬂ.

Y i, trangtic-
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Appendix K: Gravimetric (PTFE filter) raw data, critical flow orifice calibration, and
DustTrak repeatability

Filter mass data is tabulated in Figure 38; the final columns (at right) give the net mass of PM deposited, with
reference to the cookstove test associated with the filter in question. Further compensations are made based on filter

collection time and measurements from a dynamic blank.

Pretests  March 02 Posttests March 12
Label ml, mg mZ, mg m3, mg avg mx-mn Label ml,mg m2, mg m3,mg avg mx-mn Diff, mg
ac-o1 187.031 187.034 187.034 187.033 2.003 ac-o1 187.040 187.040 187.039 1B87.040 0.001 0.007
ac-oz 187.824 187.823 187.826 187.824 2.003 ac-02 187.827 187.826 187.825 1B7.826 0.002 0.002
ac-o3 187.635 1B87.633 187.631 187633 2.004 ac-o32 187.636 1B87.638 187.638 1B87.637 0.002 0.004

0.004 Avg
Label ml, mg m2, mg m3, mg Label ml,mg m2 mg m3, mg Test Time,s | DB adjdiff, mg
CETTef01 178588 178.588 178.5883 173.588 0.000 CETTef01 178.825 173.824 178.824 173.824 0.001 0.232 | Oorjal 1934 0.175
CETTef02 174.751 174.754 174751 174752  0Q.003 CETTef02 175.088 175.094 175058 175057  0.004 0.340 Chulikal 510 0.214
CETTef03 185554 185549 185551 185551 0.005 CETTef03 185.883 185.281 185884 139.283 0.003 0.327 | 3stonel 181 0322
CETTef04 | 215830 215.830 215.830 215.830 0.000 CETTef04 220.066 220.065 220.063 220.065 0.003 0.230 | Oorja2 5439 0.202
CETTef05 | 217.255 217.255 217.254 217.255 0.001 CETTef05 217.458 217.458 217.458 217.458 0.000 0.198 Chulika2 558 0.181
CETTef06  210.588 210.588 210.587 210.588 0.001 CETTef06 210.994 210.997 210.998 210.996 0.004 0.404 | 3stonel 360 0.394
CETTef07 | 203.257 203.264 203.263 203.261 0.007 CETTef07 203.488 203.450 203.488 203.489 0.002 0.223 | Oorja3
CETTef08 185631 185628 185.627 185629 0.004 CETTef08 185779 185777 1B5.775 185777 0.004 0.144 Chulika3
CETTef09 | 176.229 176.231 176.232 176.231 0.003 CETTef09 177.360 177.362 177.358 177.360 0.004 1.125 3stoned
CETTef-10 | 182.722 182718 182.721 182720 0.004 CETTef-10 183.301 183.297 183.297 183.298 0.004 0.574 -
CETTef-11 178.183 178.183 178.181 173.182 0.002 CETTef-11 178.344 173.345 178344 173.344 0.001 0.158 Oorjad 545 0.120
CETTef-12  167.908 167.906 167.906 167.907 0.002 CETTef-12 168.148 162.146 168.146 162.147 0.002 0.236 Chulikad 570 0.219
CETTef-13 191.243 191.242 191.241 191.242 0.002 CETTef-13 191.851 191.852 191.851 151.851 0.001 0.605 3stoned 4139 0.593
CETTef-14 185941 185542 185942 185942 0.001 CETTef-14 1B86.383 186.382 1B86.381 136.382 0.002 0.436 Chulikas
CETTef-15  175.262 175.267 175.265 175.265 0.005 CETTef-15 176.548 176.547 176.547 176.547 0.001 1.278 | 3stones
CETTef-16 184578 184576 184575 1B4576 0.003 CETTef-16 186.347 186.343 1B6.344 136.345 0.004 1.764 3stone6
CETTef-17  178.481 173.481 178.481 173.481 0.000 CETTef-17 178.636 172.634 178.635 178.635 0.002 0.150
CETTef-12 174943 174544 174945 174546 0.004 CETTef-18 174577 174576 - 174.977 0.001 0.027 Dynblank 500

Figure 38. Gravimetric raw data for PTFE filters

The orifice used to control flow through the PTFE filter was calibrated. Thirty measurements were taken; the
average of all measurements is 6.3236 lpm. Figure 39 shows gravimetric mass (“m, filt,” Column 3) and PM mass
from the DustTrak (“m, DT,” Column 4). DustTrak averages per stove are time weighted. Collection time is noted

and the difference between the two numbers is noted and averaged.

Raw data for each stove / test over its steady burn period is averaged. Individual test averages are then averaged and

standard deviation is reported. See Table 23.

Table 23. Averages of raw DustTrak data for each stove / test (all data in mg/m’)

Stove | Test1 Test 2 Test4 | Averages

Three-stone 22.8 30.0 33.7 28.5£5.6 (x20%)
Chulika 4.48 3.84 5.52 4.63 £0.84 (x18%)
Oorja 0.88 1.21 1.11 1.07 £0.17 (x16%)
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summary

Test
Oorjal
Oorjaz
Oorja3
Oorjadx
Oorjadr

Chulikal
Chulikaz
Chulika3
Chulikad
Chulikas

3stonel
3stonel
3stoned
3stoneS
3stoneb

Filter 1D m, filt

Tef-001
Tef-004
Tef-007
Tef-010
Tef-011

Tef-002
Tef-005
Tef-008
Tef-012
Tef-014

Tef-003
Tef-006
Tef-013
Tef-015
Tef-016

0.232
0.230
0.223
0.574
0.158

0.3404
0.1991
01441
0.2358
0.4361

0.327
0.404
0.605
1.278
1764

i m, DT

0.166
0153
0.162
0.467
0.105

0.3668
0.2254
0.1886
0.2695
0.4959

0924
1.030
1588
3.637
4580

diff, w/DB

adj
-0.0660
-0.0770
-0.0616
-0.1072
-0.0527

diff

avgof 1,24
avg all

0.0264
0.0263
0.0445
0.0337
0.0598

avgof 1,24
avg all

0.5872
0.6253
0.9833
2.3583
2.8158

avgof1,2,4
avg all

% diff

-28.42%
-33.43%
-27.60%
-18.68%
-33.37%

-31.74%
-28.30%

7.74%
13.19%
30.85%
14.31%
1371%

11.75% "

15.96%

182.56%
154.60%
162.49%
184.47%
159.61%

166.55%
168.75%

stdev
" 2.88%
6.02%

stdev
3.51%
8.73%

stdev
"1a.42%
13.79%

% diff,

w/DB adj coll time, s
-5 1554

549

545
avgof1,2,4
9.92%
(stdev)

910
598

570

avg of 1,2,4
3.89%
(stdev)

21.44%

181
360
419

avg of 1,2,4
13.41%
[stdev)

172.24%

DT _avg
0.815
1.534

1.056
1.053

3.824
3.576

4.486

3.934

48.453
27.140
35.969

35.012

q, m3/s
0.0926
00921

0.0916

0.0913
0.0911

0.0008

0.0928
0.0927
0.0918

corrected:

corrected:

corrected:

12,860

Uncorrected BC/PM (MATLAB)
0.4839

Corrected BC/PM:
0.3303 wyfo DB adj
0.4061 w/DB adj

Uncorrected BC/PM [MATLAB)
0.1622

Corrected BC/PM:
0.1813 w/o DB ad]
0 w/DB ad]

Uncorrected BC/PM (MATLAB)
0.0230

Corrected BC/PM:
0.0613 wyo DB adj
0 w/DB adj

Figure 39. Gravimetric vs. DustTrak PM mass comparison
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Appendix L: Pollutant comparisons

Some comparisons excluded from the main text are interesting for reference. CO, is plotted vs. PM in Figure 40(a);

Figure 40(b) shows more details due to x-axis rescaling. Figure 40(c-f) show similar detail for CO, CH,, and THC.
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In Figure 40(a,b), it is observed that PM levels are significantly lower for the improved cookstoves vs. the three-
stone fire, regardless of firepower (as indicated by CO, emissions levels), with the Oorja stove producing fewer

particles than the Chulika.

Figure 40(c,d) indicates that the three-stone fire generally produces high levels of CO at the same time as PM with a
roughly linear relationship between the two. The Oorja also shows a tendency to a linear relationship between
increasing CO and PM (with both at significantly lower levels than the three-stone). Aside from some scatter

(higher CO), the Chulika stove looks to exhibit relatively flat CO levels (within a wide band) with increasing PM.
Figure 40(e,f) shows CH, and THC vs. PM for the three-stone fire only (measured hydrocarbon emissions are
negligible for the improved cookstoves). Both exhibit a roughly linear relationship; as PM emissions rise, so do

CH, and THC emissions.

In summary, all gaseous PICs appear to be roughly linear with PM (itself a PIC). In other words, with incomplete

combustion all PICs tend increase proportionally with some differences in relative amounts dependent on stove type.
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Appendix M: Sunset Laboratory EC/OC analysis results
A summary of the method used by Sunset Laboratory is detailed below; full details of NIOSH Method 5040 are
detailed by Schlecht and O’Connor (2003).

Part A

In a completely oxygen-free helium atmosphere, the sample is heated in four increasing temperature steps to
remove all organic carbon on the filter. The transition from the third temperature to the fourth (from 500 °C
to 700 °C) will quickly decompose inorganic carbonates, producing a sharp, characteristic peak. During this
first phase there are usually some organic compounds that are pyrolitically converted to elemental carbon. As
much as 30% of the organics may be pyrolitically converted to elemental carbon. This pyrolitic conversion is
continuously monitored by measuring the transmission of a laser through the filter. As the organic
compounds are vaporized, they are immediately oxidized to carbon dioxide in an oxidizer oven which
follows the sample oven. The flow of helium, containing the carbon dioxide, then goes to a methanator oven

where the CO2 is reduced to methane. The methane, then, is detected by a flame ionization detector (FID).

Part B

After the sample oven is cooled to 525 °C, the pure helium eluent is switched to a 2% oxygen / helium
mixture in the sample oven. Then the sample oven temperature is stepped up to 850 °C. During this phase,
both the original elemental carbon and that produced by the pyrolysis of organics during the first phase (Part
A) are oxidized to carbon dioxide due to the presence of oxygen in the eluent. The carbon dioxide, as in Part
A, is then converted to methane and detected by the FID. As previously stated, the darkness of the filter is

continuously monitored throughout all stages of the analysis.

Part C

After all carbon has been oxidized from the sample, a known volume and concentration of methane is
injected into the sample oven. Thus, each sample is calibrated to a known quantity of carbon. This also
provides a means of checking the operation of the instrument. Based on the FID response and laser
transmission data, the quantities of organic and elemental carbon are calculated for the sample. (Sunset

Laboratory 2010)

Raw data provided by Sunset Laboratory is shaded in Figure 41. Unshaded regions provide reference information

about each filter.
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Units ugl f cm*2

Uncertainty +f- 5% of result (plus instrument LOD)

Shaded is Sunset Orig Data

Sample ID OC{ug/sq cm) 0C unc ECfug/sqem| ECunc TClugfsgcm| TCunc  EC/TCratio Test Notas Collection time, 5
CET Q01 1.658 0.18 0.00 0.10 1.658 0.28 0.000 Oorjal backup 1934
CET 0-02 7.50 0.48 12.01 0.70 15.51 1.18 0,615 Oorja 1 Primary [zame]
CET Q03 2.52 0.23 0.00 0.10 2.52 0.33 0.000 Chulika 1 backup 910
CET0-04 8.11 0.51 16.67 0.93 24.79 1.44 0.673 Chulika 1 Primary [zzme)
CET Q05 3.47 0.27 0.00 0.10 3.47 0.37 0000  3Stonel backup 181

CET 0-06 20.36 1.12 1.88 0.19 22.24 131 0.084 35tone 1 Primary [zzme)
CET 007 2.18 0.21 0.00 0.10 2.18 0.31 0,000 Oorjal backup 545

CET 0-08 6.55 0.43 13.04 0.75 19.60 1.18 0.665. Oorja 2 Primary [same)
CET 0-09 1.43 0.17 0.00 0.10 1.43 027 0.000 Chulika 2 backup 583
CET 0010 4.01 0.20 10.27 0.62 14.38 0.92 0721 Chulika 2 Primary [zzme]
CET0-011 4.06 0.30 0.00 0.10 4.06 0.40 0.000 3Stone 2 backup 360
CETO-012 21.16 1.16 5.15 0.36 26.31 1.52 0,196  3Stone 2 Primary [zame]
0017 1.26 0.16 0.00 0.10 1.26 0.26 0.000 Oorja 4 backup 545
a-018 4.44 0.32 741 0.47 11.85 0.79 0,625 Corja 4 Primary [zame)
0-018 Duplicate 4.68 0.23 7.01 0.45 1170 0.78 0.600 Oorjz4 Primary [zame]
Qa-019 1.01 0.15 0.00 0.10 1.01 0.25 0.000 Chulika4 backup 570
0-020 2.20 0.26 12.33 0.72 15.62 0.98 0,789  Chulika 4 Primary [zzme]
0021 4.07 0.30 0.00 0.10 4.07 0.40 0.000 35tone 4 backup 419
0-022 34.48 182 4.22 0.31 38.70 2.14 0.109 3Stoned Primary [zame]
0-031/DB 3.04 0.25 0.00 0.10 3.04 0.35 0.000 Dynamicblank  backup 900
0-032/DB 3.53 0.28 0.00 0.10 3.53 0.38 0.000 Dynamichblank Primary [15 min dwell w/ room air)
HE-001 0.19 0.11 0.00 0.10 0.19 0.21 0,000 Handlingblank n/fa [Prepared with others, never used)

Theoretically perfect standard yield of 35.04ug of carbon

Sucrose 35.04 ug 34.45 1.82 0.00 0.10 34.45 192 0.000
instrument blank -0.04 0.10 0.00 0.10 -0.04 0.20 0.000
Net [subtracting backup) frontonly| w/backup Corresponding PTFE filter w/DB adjustment
Test 0Clug/sqcm) _Eclug/sqcm)_TC{ug/sn cm]EC/TC ratio EC/TC ratio_OC/TC ratio PMmassiuz)  (ug/sgem)® EC/PMest  TC/PMest PMmass juz) [ug/sqcm)* EC/PMeast OC/PMest TC/PMest
Oorjs 1 5.81 1201 1782 | 0616 | 0674 0326 0232 2213 0.438 0.738 135 0175 18.18 0680 | 0315 0.580
Oorjs 2 438 13.04 1742 | 0865 | 0743 0.251 0.230 2335 0542 0.727 138 0.202 2108 0620 0208 | 0828
Oorja 4 330 7.21 1051 | 0613 0686 0314 0.158 16.40 0.240 0.641 156 0.130 13.48 0534 | 0243 | 0779
vz Oorja 443 1075 1525 0.631 0.297 svg Oorja 0.494 0.702 1.42 sve Oorjz | 0.6049  0.2573 0.862
std_Oorjs 126 311 a1 0030 | 0040 0.040
Chulika 1 5.59 16.67 2227 0251 0.330 3539 0471 0.629 159 0.314 3259 @512 | 0a72 0.683
Chulika 2 258 1037 1295 0198 0.199 20.70 0.501 0.628 180 0.181 18.85 0550 | 0137 0.687
Chulika & 228 1233 1861 0.156 0.236 2051 0.503 0.596 188 0.219 2275 @582 | 0100 | 0692
avg_Chuliks 342 1213 188 0202 avg Chulika | 0,492 0.617 182 avg Chulika| 0.53a5 01362 0.671
std_Chulika 183 3.23 as7 0.038
3stone 1 188 1877 0.300 0.327 32.00 0.085 0.552 181 0322 33.82 0056 0508 0.561
3stone 2 5.15 2225 o788 0.408 4208 0123 0.528 188 0.384 2033 0126  0e1z D54
3stone & a.12 3263 0878 0.605 g2.82 0.067 0.551 182 0.583 6161 0088 Dasa  DsEl
avg_3Stane 375 2522 0.343 avg 3Stone | 0,082 0.544 184 avg 3Stone | 0.0835 04723 0.556
std_35tone 1.63 234 0071

*based on .5 cm diacircle * based on 2.5 cm diacircle

Figure 41. Sunset Laboratory summary

Repeatability can be roughly gauged by a comparison of EC/TC based on raw data for the three tests for each
cookstove (with backup filter subtraction). For the three-stone, the average of the tests is 0.151 + 0.071. For the
Chulika and Oorja, the averages are 0.798 + 0.048 and 0.703 + 0.040, respectively. The three-stone displayed

considerably higher variability between samples (based on standard deviation) as a percentage of average value.
Other notes:

¢ Filters were pre-baked at 700°C for one hour in order to remove carbon contamination.

e Before and after tests, filters were stored in 47mm diameter plastic containers, wrapped in foil, and frozen.
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Appendix N: Emissions factors and GWP
Gaseous EFs are published in the text for completeness only and are useful only when factors such as cookstove
efficiency are included. Likewise, though the data in Table 12 can be used to calculate GWP (in this case, GWPq,

100-year GWP) as in Table 24, the information should not be interpreted without proper context.

Table 24. GWP comparison (without efficiency consideration)

Compound GWP,y Three-stone Chulika Oorja
CO, 1? 1524 1695 1707
CH, 25° 141
CO 1.9% 192 51 48
NMHC 3.4% 34
EC 455° 364 905 309
0oC -35° -159 -18 -10
Sum 2096 2634 2054
Sum, relative to three-stone 1.00 1.26 0.98

* Ref: (Intergovernmental Panel on Climate Change 2007)
® Ref: (Reynolds and Kandlikar 2008)

This demonstrates that on a per-fuel consumed basis (i.e., without accounting for efficiency gains by improved
stoves), from a global warming perspective the improved stoves offer little or no improvement. Recall that the
perfect stove would emit only CO,; if the hemlock used (47.53% carbon by dry weight) were perfectly burned, it
would emit 1743 g of CO, per kg dry fuel and nothing else. Avoidance of gaseous products with high GWP;, such
as CH, (of which the improved stoves emitted negligible amounts) and avoidance of EC particulates are beneficial
for a good GWP “score.” Creation of (light scattering, global cooling) OC actually improves the score and helps

account for the three-stone seeming “better” than the Chulika in this cursory investigation.

When included with results, the gain in efficiency achieved via use of an improved cookstove (i.e., the fact that less
fuel is required) is likely to lower net GWP. The literature offers many examples of studies that compare the
efficiency of traditional vs. improved cookstoves in terms of tangible performance criteria such as mass of a given

pollutant per litre of water boiled.
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Appendix O: Overview of SMPS and APS scans

The following pages show minimally processed summaries of SMPS and APS scans taken for each cookstove test.

Background scans appear to the left of scans taken during actual tests. Valid tests #1, 2, and 4 are presented along

with a test (#6) that demonstrates problems encountered during some tests.

0.1 Oorja cookstove
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In the preceding set of plots, for the SMPS red indicates the first two runs after background (#4,5) while blue is the

final run (#17). For the APS, red indicates the first few runs after background (#4-10) while blue is the final run

#17).
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final run (17). For the APS, red indicates the first few runs after background (4,5) while blue is the final run (17).

Other apparent outliers are randomly in between.
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In the preceding set of plots, for the SMPS red indicates the first two runs after background (4,5) while blue is the

final run (20). For the APS, red indicates the first two runs after background (4,5) while blue is the final run (20).
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In the preceding set of plots, for the SMPS red indicates the first two runs after background (4,5). For the APS, red
indicates the first two runs after background (4,5) while blue is the final run (19). These plots are included as an
example of the “strange” SMPS data above 300 nm for tests excluded from the analysis. Further discussion appears

later.

0.2 Chulika cookstove
Red signifies scans during the “warm-up” period. Black “good” scans are random; there is no correlation between

time and peak concentration.

SMPS Number Distribution - Background, Chulika Run #1 SMPS Number Distribution - Chulika Run #1, All Scans
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In the preceding set of plots, for the SMPS red indicates the first six runs after background (4-9). For the APS, red

indicates the first six runs after background (4-9).
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In the preceding set of plots, for the SMPS red indicates the first few runs after background (4-8). For the APS, red

indicates the first six runs after background (4-8).
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In the preceding set of plots, for the SMPS red indicates the first few runs after background (4-8). For the APS, red

indicates the first six runs after background (4-7).
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In the preceding set of plots, for the SMPS red indicates the first few runs after background (4-7). For the APS, red
indicates the first six runs after background (4,5). As with Oorja Run #6, note the strange behaviour above ~300nm
for SMPS. This occurred during runs 5 and 6 for all stoves, but most visibly for Chulika and the three-stone. The
APS shows no notable spike in its measurement of sub-0.5 um particles, so this probably shouldn’t be considered

“real” data. Based largely on these “errors,” test series 5 and 6 are excluded from most of the analysis.

0.3 Three-stone fire
Background scans were not taken, as three-stone tests immediately followed Chulika testing. For all plots below,
red signifies the first scan. For all subsequent (black) plots, there is no correlation between time and peak

concentration.
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SMPS Number Distributioun - 3-Stone Run #4, All Scans APS Number Distribution - 3-Stone Run #4, All Scans
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For APS runs 5 (not shown) and 6, APS intake was diluted at approximately 11:1; plot does not reflect this. As

before, with runs 5 and 6, “strange” SMPS data exists above ~300 nm.

0.4 SMPS and APS “Good” Scans

The next step was to pare the “early” and “late” scans from results, leaving the “good” ones that correspond to a
steady flame condition. After this, average per-bin counts were determined for each test in order to get a single trace
for each. These were summarized on a single graph for each of the three stove types (these in turn are later averaged

across all tests for a given stove). Table 25 summarizes.
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Table 25. Summary of SMPS / APS "good" scans
Oorja Oorja | Chulika | Chulika | 3Stone | 3Stone
Run APS SMPS APS SMPS APS SMPS
1 11-16 6-16 10-33 10-32 1-24 1-24
6-16 6-16 9-30 9-30 1-24 1-24
6-16 6-16 7-27 7-27 1-20 1-20
6-19 6-19 8-30 8-30 1-20 1-20
6-19 5-19 6-27 7-27 1-19 1-19
6-18 6-18 6-28 8-28 1-20 1-20

AN | B W N

Shaded boxes denote runs considered invalid.

Ultimately, tests #1, 2, and 4 were selected for subsequent analysis based on complete and valid SMPS/APS data
and problems with other instrumentation during tests #3, 5, and 6. Here, all “good” scans for all tests  are averaged

on a per-bin basis to produce the following SMPS and APS plots.

SMPS Number Distribution - Oorja Averages APS Number Distribution - Oorja Averages
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" Run 4x was an incomplete test for the Oorja stove only. Run7i used an alternate pellet source (Oorja only).
Neither appears in subsequent analyses.
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brevity, only a single representative example is shown below. At left are reproductions of scans for Chulika test #4

from above; on the right are normalized plots that omit the pre-steady (red) data.
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APS Number Distribution - Chulika Run #4, All Scans APS Number Distribution - Chulika Run #4 Normalized
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Normalized data across the valid tests is averaged and combined into plots that appear in the main body text.

Distributions on a normalized mass basis were also investigated, but these were dominated by the > 300 nm artefact
from the SMPS, even in tests #1, 2, and 4, where the artefact was close to negligible on a number distribution basis.
Combining tests #1, 2, and 4 yields the following. The APS plots are separated into three-stone and Oorja / Chulika

due to the large difference in y-scale.

SMPS Mass Distribution - Stove Averages

x10
10 : T ‘ —
Qorja
or ——— Chulika
3-8t
sl one
@
E 7
[=)]
2 6
o
[=]
8 s
:
g4
P
& 37
=
ol
1_
o i ; ; P
20 30 40 60 80 100 200 500

Diameter (hm)

112



APS Mass Distribution - Stove Averages

APS Mass Distribution - Stove Averages
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0.5 Repeatability of SMPS scans

A breakdown of the tests that went into the creation of Figure 20(a) gives an idea of the repeatability between tests

on a given cookstove. See below. Individual lines represent the averages of all “good” scans for a test.
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Mode diameter is relatively consistent; the main difference between tests is amplitude (quantity of particles emitted).
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d SMPS / APS scans
Post-testing, it was discovered that the SMPS gave erroneous readings for larger particles due to an inability to reach

mne

iew of combi

Overv

Appendix P

higher voltages. The APS gives a single value for particle count in the ~0.35-0.52 um range. This number helps to

justify the exclusion of the suspect data from the SMPS. It is normalized and displayed on these plots as a point

reference. The first two plots are reproduced from the text for convenience. The latter two show distributions based

on mass. See Figure 42.

Normalized Combined SMPS/APS Number Distributions
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Figure 42. Normalized combined SMPS / APS distributions

Following the repair of the SMPS, another testing session occurred on 15 June 2012. As expected, the erroneous

“tails” at larger diameters did not appear. An example of this erroneous data is copied from Appendix O alongside

one of the follow-up tests (Figure 43).
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SMPS Number Distribution - 3-Stone Run #1b, All Scans

SMPS Number Distribution - 3-Stone Run #6, All Scans
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Figure 43. (a) Example of "bad" SMPS data, 3-stone test #6; (b) example of “good” SMPS data, 3-stone

supplementary test #1b

A summary of results from the June 2012 testing is detailed in Figure 44. It shows general agreement with the trend

noted on Figure 20(a), but no attempt is made to correlate data because a different wood supply (and moisture

content) was used, the laboratory conditions were significantly different, etc. The black Oorja trace corresponds to

“High” fan setting on the cookstove; during this set of tests, this setting dramatically affected size distribution. For

further detail and discussion, see text and Appendix Q.
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Figure 44. Averaged SMPS results (not normalized) from follow-up testing
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Appendix Q: Investigation of Oorja operating modes

During the 15 June 2012 follow-up tests (see also Appendix P), the Low fan setting on the Oorja cookstove was

used in accordance with the setting employed during the primary test series of March 2012. Likewise, an equivalent

mass of pellets was used although they were from a different batch and moisture content was not tested.

Environmental conditions in the (non-climate controlled) laboratory were also different (summer vs. winter).

During the first test, the flame was visibly lower than in previous tests; lower CO, emissions supported this

observation. Interestingly, the SMPS traces from this period are shifted right (Figure 45(a)) compared to previous

Oorja tests. The mode diameter is similar to that of the average of the three-stone fire. Additionally, PM mass

emissions measured by the DustTrak are significantly higher than during the March 2012 tests.
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Figure 45. Oorja results from June 2012 follow-up tests
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Partway through the next test (#2b), the fan setting was switched from Low to High. In a third test, the stove was
started on High, switched to Low, and then turned back to High. Looking at Figure 45(b,c), the correlation between

particle size distribution and fan setting is very clear.

Further study is warranted. Discrete operating conditions should be reproduced and emissions monitored in the

same way as during the primary test series.
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Appendix R: Overview of TEM imaging

R.1 Overview

TEM grids were collected for most test series; identification codes are indicated in Table 26. Collection time and
averaged corrected DustTrak reading during collection time” are indicated in brackets and used for a comparative
estimate of grid loading. Except where noted, pressure drop across the TPS was set to 1 psi corresponding to an
estimated flow rate of 2.3 Ipm. The number in bold is a “relative loading factor” normalized to the grid loading of

Oorja Test 1 (D1) based on collection time, average corrected DustTrak reading, and TPS exhaust flow rate.

Table 26. TEM grid matrix

Stove Test 1 Test 2 Test 4
DI B9* B6
Oorja [90s @ 2.01 mg/m’] [180s @ 0.49 mg/m’] [90s @ 2.12 mg/m’]
1.00 0.48 1.05
D2 El B7
Chulika [45s @ 1.75 mg/m3] [35s @ 7.29 mg/m3] [60s @ 2.08 mg/m3]
0.44 1.41 0.69
D4° E3° B$
3-Stone 30s @ 11.73 mg/m3] [10s @ 12.80 mg/m3] [20s @ 9.57 mg/m3]
1.18 0.43 1.06

* The grid taken during Oorja test #2 (D5) was lost. In lieu of the desire to study three grids per stove type, grid B9
from test series #5 was used for the Oorja.

" Second grid taken during this test because E1 (visually) appeared more heavily loaded than usual.

¢ TPS pressure drop is 0.5 psi, yielding an estimated 1.4 Ipm.

R.2 TEM imaging locations

For each grid, five locations were chosen for magnification and imaging. The first step was to roughly center the
grid in the microscope and record the coordinates; this location was Point #1. Not recorded are the stagnation /
impact regions near the grid center.” Other points are located relative to Point #1 as indicated in Table 27. If the

carbon film is damaged in the region of interest, the nearest (intact) adjacent grid location was used.

Table 27. TEM imaging coordinates (in um)

Point |  Relative coordinates

1 (0, 0)
2 (+300, +300)
3 (-300, +300)
4 (-300, -300)
5 (+300, -300)

" Based on overall average gravimetric correction, not from the specific test in question.
" The center of the stagnation region is an alternate way to “set” the zero reference for Point #1. However, on some
grids it is not obvious to locate and it is frequently the site of broken carbon film.
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For each point, the nearest grid corner to the “right” (as viewed through the TEM camera, negative “x”” in TEM

coordinates) was located. The first image taken for each point (at lowest magnification, 15000x) shows a grid

corner. Subsequent procedure is shown in Table 28.

Table 28. TEM imaging steps

Step | Magnification | Procedure
Move to center, record reference coordinates, record image of nearest grid
1 15000 x s 1o
corner to “right
2 50000 x Zoom in further, keep centered
Focus on a region near the center that shows an agglomerate and adjacent
3 150000 x . . .
smaller particles (if possible)
4 300000 x Zoom in further, focusing on the region in Step 4
5 500000 x Zoom in further (optional, doesn’t always provide useful information)

With only five imaging locations, counting is not done; rather, the goal was to look for trends and primary particle

size between stove types.
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The following three pages show 15kx magnification. Oorja 1 appears to be more heavily loaded than Oorja 4
though points 1 and 5 for the latter show fairly dense agglomerates. At this level of magnification there does not
appear to be a significant difference between the Oorja and Chulika particles. The three-stone is quite different,
with each image showing what appear to be partially evaporated droplets that may be encasing the agglomerates.

15kx magnification

Oorja point 1

Test 1 (D1)

point 2

point 3

point 4

point 5

 (B6)

Test 5 (B9)

T
Lo
*&55 %
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T

15kx magnification Test 1 (D2) Test 2 (E1) Test 4 (B7
Chulika point 1 k & ‘ ‘ :

point 2

point 3

point 4

point 5
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15kx magnification Test 1 (D_4.) Tg:s_t_2 (E3) Test 4 (B8)
3-Stone point 1 i’" : AL " N
B S o
point 2
point 3
point 4
point 5
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The following three pages show 50kx magnification.

50kx magnification Test 1 (D1) Test 4 (B6) Test 5 (BY)
Oorja point 1 o : TR F

point 2

point 3

point 4

point 5
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50kx magnification

Chulika point 1

point 2

point 3

point 4

point 5

Test 4 (B7)
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50kx magnification

_Test 1 (D4)

3-Stone point 1

point 2

Test 2 (E3)

Test 4 (B8)

point 3

point 4

point 5
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The following three pages step up to 150kx magnification. At this magnification, more details emerge. The Oorja
images have large quantities of very small black particles and scattered amorphous chains in which primary particle
constituents seem to be visible. The Chulika primary particles seem slightly larger, with no significant differences
in agglomerates. Few standalone primary particles are visible in the three-stone images.

150kx magnification Test 1 (D1) Test 4 (B6) Test 5 (B9)
Oorja point 1 - Weh = o .

point 2

point 3

point 4

point 5
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150kx magnification

Chulika point 1

point 2

point 3

point 4

point 5

Test 1 (D2)

Test 2 (E1)

Test 4 (B7)
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150kx magnification

Test 1 (D4)

Test 2 (E3)

3-Stone point 1

point 2

point 3

point 4

N

. @

Test 4 (B8)

point 5
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On the following pages, magnification is at 300000x and/or 500000x. In some cases, more than one region from the
150000x image was investigated; these are indicated by (a) and (b) labels. At this point, manual measurements of
images can yield approximate particle size in agglomerates, although three-stone primary particles are sometimes
hard to discern and there is significant variability in size. Starred images were measured / analyzed; refer to
Appendix R.

300/500kx

mag. Test 1 (D1) Test 4 (B6)
Oorja g
point 1

= 300kx

point 2
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point 3

point 4

point 5
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300/500kx

mag. Test 1 (D2) Test 2 (E1) ‘ Test 4 (B7)
Chulika Y W TE 7
point 1 i LA
= 300kx
= 500kx
point 2

point 3
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point 4

point 5
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300/500kx
mag.

3-Stone
point 1

Test 1 (D4)
By

Test 2 (3)

Test 4 (B8)

point 2

point 3

300kx
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point 4

300kx

500kx

point 5

300kx

300kx
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Appendix S: Primary particle sizing

A full catalogue of images used for primary particle sizing is included here. Larger files are available electronically.

D1 (Oorja)

B6 (Oorja)

B9 (Oorja)

D2 (Chulika)

E1 (Chulika)
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B7 (Chulika)

D4 (3-Stone)

E3 (3-Stone)

B8 (3-Stone)

Imaging software was used to measure particle sizes. See Figure 46 - Figure 48. Scaled measurements used in the

summary in the main body appear in Figure 49.

136



raw Oorja
D1, ptl
(500)

1| 0.118 a
2| 0127 s
3| 0.085% a
4| 0.1159 a
5| 0.143 a
6] 0112 a
7| 0.141 a
8| 0.118 a
3| 0.098 a
10| 0.136 a
11| 0.101 a
12| 0.141 a
13| 0111 a
14| 0.121 a
15

16

17

18

15

20

21

22

23

24

25

26

27

28

25

30

31

32

D1, pt2
(500)
0.037 s
0.046 5
0.188 5
0.045 s
0.042 5
0.039 s
0.047 s
0.041 s
0.07 a
0.106 a
0.073 a
0.078 a
0.097 a
0.079 a
0.043 5
0.039 s
0.055 s
0.088 a

D1, pid
(300)

0.044 s
0.025
0.023
0.026
0.024
0.079
0.024
0.036
0.027
0.031
0.025
0.025
0.026
0.023
0.028
0.026
0.059
0.067
0.024
0.072
0.074
0.03
0.029

=
[ R F I TR R R ¥ T . T . T < F I F R+ F R+ B R I T T T B T R R T I T R . I L R L R o R VIV B

0.026
0.026
0.025
0.034
0.036
0.023 s
0.036 s
0.028 s

B6, ptl

(500)
0.126 a
0.141 a
0.124 a
0.091 a
0.164 a
0.147 a
0.151 a
0.153 a
0.155 a
0.155 a
0.154 a
0.177 a
0.175 a
0.163 a

B6, ptd

(500)
0.181 a
0.14 a
0.153 a
0.142 a
0.134 a
0.13 a
0.145 a
0.158 a
0.132 a

B6, pt5
(300)
0.079
0.104
0.085
0.157
0.101
0.162
0.101
0.097
0.044
0.068
0.056
0.075
0.1
0.15
0.066
0.129
0.082
0.069

W o L o 0 L o 0 L W L L W L W b

B9, pt2
(300)
0.278
0.131
0.119
0.144
0.111
0.28
0.242
0.249
0.121
0.121
0.41
0.272
0.218
0.201
0.201
0.134
0.306
0.126
0.34
0.55
0.21
0.165
0.432
0.2
0.296

5

5
5
5
5
a
a
a
5
d
a
a3
a
a
a
a
d
a
a3
a
a
a
a
d
a

B9, pt3

(500)
0.196 s
0.511 s
0.508 a
1.098 a
0.327 a
0.344 a
0.263 a
0.301 a
0.348 a
0.184 a
0.738 a
0.818 a

B9, pt5
(300)
0.149 s
0.149 5
0.323 a
0.396 a
0.175 a
0.272 a
0.569 a
0.458 a
0.31a
0.124 5
0.125 5
0.15's
0.22 s

Figure 46. Raw sizing data, Oorja
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raw Chulika
D2,pt3  D2,ptd  D2,pt5  EI,ptl E1, pt3 E1, pt5 B7,pt2  B7,ptd  B7,pt5
(300) (300) (500) (300) (300) (300) (500) (300) (300)
1 0.05 s 0.147 a 0.322 a 0.684 a 0.399 a 0.313 a 1.555 a 0.404 a 0.644 a
2 0.057 s 0.057 s 0.345 a 0.338 a 0.34 a 0.309 a 0.868 a 0.351 a 0.359 a
3 0.06 s 0.061 = 0.412 a 0.244 a 0.453 a 0.353 a 1.278 a 0.354 a 0.458 a
41 0.062s 0,083 a 0.26 a (0.333 a 0466 a 0.523 a 0.712 a 0.679 a 0.48 a
3 0.047 s 0.086 a 0.381 a 0.333 a 0.381 a 0.5331 a 0.402 a 0.42 a 0.4635 a
gl 0.085 a 0.063 a 0.3274 a 0.369 a 0.432 a 0.883 a 0.771 a 0.602 a
7| 0.063 a 0.079 a 0.247 a 0.433 a 0.381 a 0.722|a 0.384 a 0.558 a
8 0.126 a 0.083 a 0.373 a 0.442 a 0.36 a 0.985 a 0.417 a
9 0.093 s 0.366 a 0.375 a 0.391 a 0.839 a 0.473 a
10 0.4 a 0.429 a 0.894 a
11 0.426 a 0.58 a
12 0.44 a
13 0.402 a
14 0.32 a
15 0.415 a
16 0.519 a
17 0.438 a
18 0.56 a
15 0.407 a
20 0.72 a
21 0.874 a
22 0.831 a
23 0.547 a
Figure 47. Raw sizing data, Chulika
raw Three-stone a h
D4, ptl D4, pt3 D4, ptd  E3, pt2 E3, pt2 E3, pt3 E3, ptd B8, ptl B8, pt2 BE, pta B8, pt5
(300) (300) (300) (300) (300) (300) (300) (300) (500) (300) (500)
1| 0104a 01142 0198a 0464a 05765  0.638 a 0.69 a 0.21a 09885 0.J46a 0.13 a
2| 031422 0163a 02068 0695a 17835 0.618a 0.702a 0.43 a 0.294a  0.152 a
3l o008a 0131a 0155a 0.547a 05565 0.763a 0.562a 0.226a 0.11a 0.116a
4 0.116a 0.156a 0.221a 0.49a 0.976 a 0.02 a
5 0.181a  0.189 a 0.113 a
6 0.161a  0.161 a 0.099 a
7 0.123a  0.163 a 0.2 a
8 0.161a  0.183 a 0.071 a
3 0.144a  0.153 a 0.202 a
10 0.139 a  0.093 a 0.291 a
11 0.284 a

Figure 48. Raw sizing data, 3-Stone
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Oorja Chulika Three-stone a b
Diptl Diptz Oilpt4 EEptl B ptd EEptS B9,pt2 B9,pti B9, [DZpt: DO2pd D2pts Elptl  ELpt3 ELpts EB7.pt2 E7.pt4 E7.pts |Déptl  D4pt3 D4.pd EZptz E3.ptz E3.pt3 EZpté ESpl BEptz Bfptd BEpE
(500) (500)  (300)  (50O)  (BO0)  (300) (3030 (5000 (:00)  [300) (3000 (S00)  (300)  (300)  (300) (500)  (300)  (300) |(300) (3000 (:00)  (300)  (300) (300 (300)  (300)  (BO0) (300)  (500)
scale, W00nm=) 0463 0463 0279 0466 0463 0278 LIEZ 1938 1189  0.27e 028 0463 1154 1155 1158 193 1159 1154) 0279 02ve 0278 1159 1154 1159 1159 0272 0463 0278 0463
agglom. 268 151 211 271 341 284 241 263 274 234 625 B35 643 345 271 208 344 668 oy 4.0 .2 40.0 BG.0 646 6.8 625 281
3.2 224 240 a0 a0z T4 208 567 2 27 =13 T4E 233 234 268 4510 303 i | 508 BEE 741 E0.0 533 E0E 1547 1058 328
257 5.8 28 267 220 0E 214 €3 151 462 07 230 211 .2 4.0 EE2 205 iy 287 471 552 472 ERE 485 .2 Mk 251
304 16.8 268 196 0.7 GBS 0.4 7a 238 232 TR 28.0 403 455 3649 B8 HE 4 6E.1 748 42.8 a4z 288
24.2 21.0 26.5 353 284 36.3 383 136 4491 28.2 G233 29.0 330 46.0 208 36.2 403 B5.1 B8.0 406
305 171 a0 e 281 583 234 156 345 296 ans 320 KX TEE 334 514 574 579 35K
265 18.0 122 o) e ] 363 1’7 120 267 T44 8.3 330 E25 1949 421 442 Ba.E Eak:]
21.2 123 o) 341 4.4 w3 a5 206 383 3.2 863 360 674 EA.8 268
234 pike] 288 5.8 7.3 =R | Tan 328 3348 T2E 408 K 55.0 727
21e jeicke] 2458 e 423 264 ma A 500 328 4.7
308 331 201 263 364 60.2 nz.2
240 381 270 0.8 381
261 ITE 260 29.2 e
36.1 64.0 473 217
237 Al 364
464 4.2z 449
295 v ara
24.8 w2 45.85
255 362
E2.2
a7
Ta
474
singles 27.4 a0 158 239 0.1 129 12.0 20.4 49.9 2134
44 an 13 264 124 205 ] 1545
406 2.2 0.z 0z e 482
a7 9.3 124 0.8 223
a1 8.6 9.5 129 16.9
24 283 0.4 19.0 338
0.2 2.5
2.4 123
a3 ar
24 11
1na 4.0
an
9.3
a2
0.0
a3
0.8
0.4
5.8
9.3
4.3
az
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Figure 49. Scaled sizing data, all stoves
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