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ABSTRACT OF THE DISSERTATION

In Field Measurements of Solid Fuel Cookstove Emissions
By
Jin Dang
Doctor of Philosophy in Mechanical and Aerospace Engineering
University of California, Irvine, 2016

Professor Derek Dunn-Rankin, Chair

Solid fuel cookstoves have been used as primary energy sources for residential cook-
ing and heating activities for ages, and the practice continues heavily, especially in
developing countries. It has been estimated that domestic combustion of solid fuels
(wood, animal dung, coal etc.) makes considerable contribution to global greenhouse
gas (GHG) and aerosol emissions, degradation in local air quality, and deleterious
effects on resident’s health. Emissions from in situ solid fuel burning cookstoves
have not been well characterized, and the majority of the data collected from simu-
lated tests in laboratories do not reflect stove performance in actual use. This study
characterized the in-field emissions of PMj 5, carbon dioxide (C'O;), carbon monoxide
(CO), methane (C'Hy), and total non-methane hydrocarbons (TNMHC) from residen-
tial cooking events with various fuel and stove types from field sites in the Himalaya
area, which includes Nepal, India, Tibet, and Yunnan province, China. Gravimetric
filter and gas chromatography analysis were utilized, respectively, to measure PMs 5
and gas-phase pollutant concentrations from direct cookstoves emission and indoor
microenvironments. Real-time monitoring of PMs 5, C'O,, and C'O concentration was
conducted simultaneously. The corresponding emission factors were calculated based
on the field data using the carbon balance approach. The data set provides a unique

resource for assessing the relationship between laboratory and in-use cookstove be-

xiil



havior. Detailed statistical analysis of the measurements confirmed the major factors
responsible for emission variance among and between cookstoves. These factors in-
clude fuel type and cookstove type. A further analysis revealed that cookstove use
dynamics (i.e., continuous use versus intermittent use) plays an important role in

cookstove emission.
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Chapter 1

Introduction

1.1 Emission from Solid fuel Cookstoves

Solid-fuel cookstoves are used all over the world. These cookstoves generally burn
biomass or coal as their primary fuel. Biomass has been used directly as a fuel since
the harnessing of fire by humans [1] and coal has been used since the second and third
century of the Common Era [2]. Biomass fuels fall at the low end of the energy lad-
der, and consequently require large volumes and mass relative to the energy delivered,
and they often produce high levels of combustion emissions. Coal has higher energy
density but also contains substantial levels of dangerous compounds, including sulfur
and heavy metals. For household energy sources, the energy density ladder can be
expressed as: Dung < Crop Residues < Wood < Kerosene < Gas < Electricity [3].
The wide use of solid fuel due to human activity results in significant emission con-
tribution to the atmosphere and indoor air quality. Although switching to a higher
energy ladder fuel or adopting new technology like gasification with co-generation

provides a cleaner way to acquire energy [4], there are still large populations that use



biomass and coal directly as fuel for cooking and heating. It is reported that there are
more than two billion people use direct burning of solid-fuel as their primary energy
source [5, 6], especially in developing countries. Furthermore, it has been estimated
that worldwide domestic combustion of solid fuels from residential use and small scale

industry contribute approximately 34% of total black carbon (BC) emissions [7].

Unlike other well studied categories of combustion emission sources such as diesel
engines [8, 9, 10], the emission inventory for the residential and small scale industry
sector is under-investigated. In particular, depending on the type of fuel, emissions
from solid-fuel cookstoves have a complicated make-up which includes Well-mixed
Greenhouse Gases (WMGHG) like carbon dioxide and methane, pollutants such as
carbon monoxide, sulfur dioxide (mostly when coal is used as the fuel source), hy-
drocarbons, and particulate matter (PM), as well as small concentrations of volatile
organic compounds [6]. The potential radiative forcing from these complex emissions
is still unclear, especially for particulate matter [11]. This dissertation study aims to
measure cookstove emissions while they are in use to permit more accurate charac-
terization of the potential local and global climate impact from domestic solid fuel

combustion.

1.2 The Impact on Climate Change

Radiative Forcing (RF), which is defined as the net change in the energy balance of
the Earth system due to some imposed perturbation, is frequently used to describe
how various drivers contribute to climate change [12]. According to the Intergovern-

mental Panel on Climate Change’s (IPCC) Fifth Assessments Report (AR5), the total



anthropogenic Effective Radiative Forcing (ERF) over the industrial era is 2.3 (1.1
to 3.3) Wm™2 and has increased more rapidly since 1970 than during prior decades.
The total anthropogenic RF estimate for 2011 according to IPCC AR5 is 43% higher
than that reported in AR4 in 2007 [13].

1.2.1 Well Mixed GreenHouse Gas

Within all of the RF contributors, WMGHG made the largest contribution, and emis-
sion of carbon dioxide and methane are the most important. The tropospheric mixing
ratio of carbon dioxide has increased from 278 (176-280) ppm in 1750 [14] to 390.5
(390.3-390.7) ppm in 2011 [15]. Methane’s surface mixing ratio has increased dramat-
ically since pre-industrial eras, from 722 + 25 ppb in 1750 [16, 17] to 1803 + 2 ppb in
2011 [12]. This increase is mainly due to the changes in anthropogenic-related C'Hy

emissions [18, 19].

1.2.2 Carbonaceous Aerosols

Unlike the clear correlation between RF and each gas species, the effects from par-
ticulate matter are more complicated. The effect on climate from PM depends on
several factors, including: PM concentration, size distribution, and chemical compo-
sition [20]. The PM in the atmosphere affects climate change in many ways. First,
depending on the PM optical properties, PM scatter and absorb solar radiation
which brings positive or negative RF. Second, aerosols in the atmosphere behave like
cloud condensation nuclei and therefore affect local cloud formation. Third, par-

ticulates change the intensity and distribution of solar radiation that reaches earth



surface. This change in solar influx impacts vegetation and its interaction with the

carbon cycle thereby affecting the climate indirectly [21, 22].

The sources of particulate matter are also highly variable. There are natural PM
sources such as soil dust, sea salt, biogenic aerosols, and volcanoes, and also anthro-
pogenic PM which includes industrial dust and carbonaceous aerosols (organic and
black carbon) [23]. One major source of the carbonaceous aerosols, which is the one
of primary concern in this study, is the incomplete products of combustion. Organic
Carbon (OC), also known as Organic Matter (OM), and Black Carbon (BC), also
known as Elemental Carbon (EC) have different chemical composition which changes
the overall refractive index and thus affects how particles interact with solar radia-
tion, particularly as regards how much light is scattered (negative RF) and absorbed

(positive RF).

The organic carbon in the atmosphere is a result of both direct emission (primary
OC) and secondary organic carbon (SOAs), which is a product from the oxidation of
hydrocarbons in the atmosphere [12]. Direct OC emission mostly comes from incom-
plete combustion while SOAs are formed from the chemical reactions of non-methane
hydrocarbons (and their products) with hydroxyl radical (OH), ozone (O3), nitrate
(NOj), or via photolysis [24]. The scientific understanding of SOAs formation is still
limited due to the complexity of the process [25], but significant progress has been
made and current urban air quality modeling efforts include some SOA reactions [26].
OC modify aerosols’ optical properties by changing the spectral dependence of light
absorption which changes its RF [27]. The global mean RF estimation for primary
OC is about -0.09 (-0.16 to -0.03) Wm ™2 and is -0.03 (-0.27 to +0.20) Wm™2 for

SOAs [12]. As shown in Figure 1.1, though the estimates are highly uncertain, from



1850 to 2000, the emission of OC increased approximately 100% with most of the

contribution coming from the burning of biofuel [7].
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Figure 1.1: Emission of (left) black carbon and (right) organic carbon from 1850-2000
[7]

The primary source of black carbon is the emission from various combustion pro-
cesses, such as power plants and diesel engines. Depending on the region, the major
sources for black carbon emission varies. Globally, the largest source comes from open
burning of forest and savannas. Residential solid fuels (coal and biomass) contribute
60 to 80% in Asia and Africa. In Europe and America, diesel engines are the key BC

emission source as these engines contribute about 70% [11].

Black carbon is the major component of soot [28], a product from compression ignition
engines. The formation mechanism of black carbon from combustion processes is still
not completely determined. Generally it is believed the formation of soot strongly re-
lates to carbon/oxygen ratio and Acetylene plays a critical role in the soot formation
process [29, 30]. There is an argument regarding effects from charged particles and

ions [31, 32|, and the link between free radical and soot formation is brought up by



Bittner and Howard [33]. Nevertheless, the Hydrogen-Abstraction-Carbon Addition
(HACA) mechanism, as sketched in Figure 1.2, pioneered by Frenklach and coworkers

[34, 35, 36], is the most popular model regarding soot formation currently [37].

—”'é/ +H» {—H
[ l ﬁ( e ,

+LH (—H=)

FHe e
=P
|

Figure 1.2: The HACA mechanism of aromatics formation and growth [35]

From the perspective of influence to RF, compared with OC, one major difference
in optical properties of black carbon is that BC strongly absorbs visible light. IPCC
2011 estimated the RF at +0.20 (+0.05 to +0.35) Wm™2 and at 2014, the estimate



increased to +0.40 (+0.05 to +0.80) Wm™?2 [38]. Historically, the emission of BC in
2000 is more than 4 times that in 1850 [7]. On the other hand, the black carbon in
snow or ice decreases the surface albedo significantly and therefore leads to a positive
RF (though the decrease in albedo is accompanied by increased absorption into snow
and ice which increases the potential melting in polar regions). In IPCC 2007, the
estimate of this complex contribution is given as [0.1 & 0.1] Wm ™2 with a low level
of scientific understanding. In all cases, the high uncertainty associated with aerosol
estimates, as seen in Figure 1.3, indicates that it is necessary to have more detailed

data of anthropogenic aerosol emission.
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Figure 1.3: Radiative forcing of climate between 1980 and 2011 from AR5 report [12]



1.3 Indoor Air Quality and Resident Health

Air quality and human health are strongly linked. The famous 1952 London smog,
which caused more than 4000 deaths [39] (later study indicates more than 12000 ad-
ditional deaths [40]), is an extreme example. The health related compounds emitted
from solid fuel cookstoves include: carbon monoxide (CO), sulfur dioxide (SOs, coal
burning stove), PM and some hydrocarbon components. Household use of solid fuels
has led to well-documented high exposures to unhealthy indoor air pollution, particu-
larly for women [41] and children [42]. Significant long-term exposure in environments
containing the products of incomplete combustion and particulates found in solid-fuel
smoke can cause chronic respiratory illnesses and other adverse health effects. Ac-
cording to World Health Organizations (WHO) estimates, there are approximately
1.6 million premature deaths caused by exposure to solid fuel smoke products each
year [43]. A recent study conducted in Yunnan province of China indicates strong

correlation between residential coal use and lung cancer occurrence [44, 45].

1.3.1 Gas Phase Pollutants

Carbon monoxide is the most common hazard gas from incomplete combustion. It
can be found in the smoke/exhaust produced by all types of fires. The precise and
complete mechanisms of carbon monoxide’s toxicity is still under investigation [46].
Some known mechanisms include carbon monoxide’s binding with hemoglobin, myo-
globin and mitochondrial cytochrome oxidase, which results in restriction in oxygen
supply [47, 48]. The colorless, tasteless, odorless, and nonirritating nature of carbon

monoxide makes it impossible to detect by the exposed human [49]. Among the about



6000 fire related deaths in United States each year, more than half are suspected to
have been caused by carbon monoxide poisoning [50]. EPA’s eight-hour average per-
missible exposure limit (PEL) for carbon monoxide is 50 ppm while CDC suggests to

reduce it to 35 ppm [51]

Volcanoes are the major natural source of sulfur dioxide. Of more concern is the
anthropogenic emission of sulfur dioxide, which is in the products from combustion
of sulfur-containing fossil fuels (like coal) [52]. As a major pollutant, sulfur dioxide is
a hazard to both the ambient environment and living being’s health [53]. Oxidation
of sulfur dioxide, which produces sulfur trioxide and sulfuric acid eventually, is the
primary path to the formation of acid rain [54]. As regards human health, inhaling
sulfur dioxide causes reduction of lung function. The severity varies with individuals

[55, 56] and simultaneous exposure to ultra-fine particles enhances the effect [57].



1.3.2 Particulate Matter
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Figure 1.4: Particulate matter size chart [58]

The potential for causing health issues from particulates is strongly related to particle
size, which determines how far the particles can penetrate in the respiratory tract, and
how efficiently they deposit there. The US EPA particulate matter standard groups
particulates into: inhalable coarse particles as those larger than 2.5 micrometers, but
less than 10 micrometers, and fine particles as those less than 2.5 micrometers [59].
Note that the “size” of a particle is a subtle concept unless the particles are perfect
spheres, which is often not the case. Hence, the particle size is often reflective of the
measurement methods always considering some general connection to an equivalent

sphere of standard density. Since inhalability is the concern, it is often aerodynamic
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equivalent size that is considered, while light scattering measurement methods re-
flect more an optical equivalent size. Despite this potential shape complexity, most
practical particles behave sufficiently closely to spheres to be broadly classified in
the PMs 5 and PM;q domains. PMs 5, with smaller size compared with PM;,, can
reach the gas exchange region inside lung while PMq is mostly filtered out by cilia
[60], and thus PM,j is presumed to have the more direct negative effect on human
health. The latest studies suggest PMs 5 as a generally better predictor of health
effects than PM;, [61, 52]. The known health effects from PM include, but not lim-
ited to: premature death in people with heart or lung disease, nonfatal heart attacks,
irregular heartbeat, aggravated asthma, decreased lung function and other increased

respiratory symptoms (irritation of the airways, coughing or difficulty breathing) [62].

Figure 1.5: The smoke inside a Tibetan tent

Prior studies have addressed these ongoing global climate and public health issues,

11



but there remains large gaps in knowledge regarding the climate and air quality impli-
cations of emissions from resident households using solid fuel cookstoves as a primary
source of cooking and heating. An example image from such a household is shown in
Figure 1.5. Without accurate information from field measurements, the potential con-
tribution to overall emission is likely inaccurately estimated since there is enormous
variability among the large populations in the developing countries using cookstoves
with solid fuels. A major objective of this dissertation research, therefore, is to use
in-field measurements to improve substantially the estimated emission from solid fuel

cookstoves.
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Chapter 2

Background

2.1 Role of Field Studies

2.1.1 Limitations of Models and Laboratory Tests

Studies of domestic solid fuel combustion emission have been underway for many
years, but due to the limitation of technology deployment, the experimental study of
biomass combustion emissions started only in the late 20th century [3, 63, 64, 65].
With help from statistical models, an emissions data set covering the historical period
of 1850 - 2000 is available for major species which includes: methane, carbon monox-
ide, nitrogen oxides, total and specialized non-methane volatile organic compounds
(NMVOCs), ammonia, organic carbon, black carbon and sulfur dioxide [13]. Unfortu-
nately, the complexity and dispersivity of the emission sources means that the model
study does not provide estimates with high accuracy and precision. In particular,
several studies indicate that models consistently underestimate the carbon monoxide

(66, 67, 68, 69, 70] and black carbon contributions resulting from biomass cookstoves
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use [71].
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Figure 2.1: Comparison of lab and field measurement from previous studies [72, 73]

Controlled laboratory measurements of solid fuel cookstoves have been made by many
groups [73, 74, 75, 76]. The widely used testing protocol includes the Water Boil-
ing Test (WBT) and Kitchen Performance Tests (KPT). However, it is not well-
demonstrated that current testing protocols represent the actual everyday cooking
and heating activities in homes, and there is still lacking a confirmed explanation re-
garding the difference between laboratory and in-field measurements [77]. Bailis, for
example, reported that laboratory measurements do not agree with in-field KPT [78],
with laboratory results generally underestimating in-field outcomes; Roden suggested
that traditional stoves produce more particles than expected from previous laboratory
studies [79, 80]. As the actual emissions from household cookstoves depend on several
variables including: stove type, fuel type, food type, and the behavior of the cooks
cooking the food, laboratory experiments with uniformity and repeatability are not

similar to everyday cooking and heating activities and therefore may not reflect the
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in-home conditions, nor the unavoidable variation of resident stove activities. This
situation leads to highly uncertain in-field data [81]. Nevertheless, it is important to
determine suitable laboratory test configurations that can help evaluate stove perfor-
mance both for more accurate global estimates of emissions and as a test protocol for
the designers of improved solid-fuel stoves. Thus, in order to have a better under-
standing of household solid-fuel cookstove emissions, in-field study is important and

valuable.

2.1.2 Challenge and Significance of In-Field Measurements

The inherent challenges of in-field measurement result in a very limited database
available for emissions from residential cookstove activities. Compared with labora-
tory experiment studies, in-field measurements have significant challenges to acquire
high quality data. For example, because most of the residents who use solid-fuel
cookstoves as their primary energy source live in rural areas, it is often difficult to
access these in-field sites. Also, rural areas that rely on solid-fuel have limited, or
even no electrical power supply, which greatly restricts measurement capabilities [79].
Moreover, taking measurements in homes is not as straightforward as doing so in
a laboratory since the in-field environment is generally in an active family location.
Local coordination plays a critically important role in this process, and it is for this

reason that experienced field measurement research teams are invaluable.

Previous studies report that residential cookstoves emissions are highly region depen-
dent [82]. Some of the reasons attributed are the great variety of lifestyle and types

of food in different regions. One simple example is that people in many parts of Asia
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cook smokier food, which leads to higher organic matter emission. This diversity calls
for a broader and more complete set of in-field emission data in order to help evaluate
the variability accurately. Using the field data from a single site as simple reference
from a regional study and applying the information to global models will introduce

significant accuracy issues [79].

Figure 2.2: A field view in Nam Co, Tibet, China

Data of this current field study (an example site is shown in Figure 2.2) is mostly
collected from hard-to-access areas around the Himalaya region. The Nepal and
Tibet, China measurements fill in a major gap in the cookstoves related emission
data inventory in these regions. FEven more, the sampling campaign in Nam Co
of Tibet, China, reached the highest altitude (4730m, approximately 15500 ft) for

residential cookstoves emission data so far obtained.

2.2 Measurement Techniques

The complex make-up of exhaust from solid fuel combustion requires various mea-

surement methods. Time-integrated measurement generally can be conducted by
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collecting samples from the field and then later analyzing them in the laboratory.
This approach permits gas samples with gas chromatography analysis [83] and filter
samples with gravimetric (particulate matter) [84] or thermal optical analysis (ele-
mental carbon) [85]. Real-time monitoring, depends on the species to be measured,
and relies on additional instrumentation. Because the in-house environment is dy-
namic, the real-time data is necessarily more variable than long-duration integrated
measurements. It is also valuable, however, since it shows specific cooking and heat-

ing events that are relevant to the accurate interpretation of emissions.

2.2.1 Gas Analysis Methods

2.2.1.1 Gas Chromotography

Chromatography is a very popular analytical chemistry technique widely used for
separating and analyzing compounds. Depending on the state of the so-called mobile
phase in the system, there are Gas Chromatography (GC) and Liquid Chromatogra-
phy (LC). The chromatography phenomenon was first discovered by Russian-Italian
botanist Mikhail Tswett in the beginning of the 20th century during his study into sep-
arating pigments in green leaves [86, 87, 88]. American petroleum chemist David Tal-
bot was using chromatography in his work of separating hydrocarbon from petroleum
at the same time [89, 90]. The invention of GC is generally credited to A.T. James
and A.J.P. Martin’s paper: Gas-liquid partition chromatography: the separation and
micro-estimation of volatile fatty acids from formic acid to dodecanoic acid in 1952
[91]. Although theoretically LC can analyze more substances than can GC, the ad-
vantages of high resolution, shorter analysis time and lower cost make GC (only for

compounds that can be vaporized without decomposition) extremely popular in an-
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alytical chemistry.

Sample

/ injector A

Flow controller ——|
Waste
@ Detector

Column oven

Carrier gas

Figure 2.3: GC diagram [92]

As shown in figure 2.3, a typical GC system comprises: a sample injector, carrier gas
(mobile phase), column, oven, and detector. The analyte is injected into the column
via a sample injector. Carrier gas carries the sample flow through the column. The
separation process is completed within the column, which is essentially tubing with a
stationary phase coated on the inner surface. The separation is based on the nature
of molecular interactions between analyte and stationary phase. For non-polar com-
pounds, the separation is mostly based on volatility. Separation of polar compounds
also involves dipole-dipole interactions [93]. Different compounds reach the detector
after different retention time, which generates signals as separated peaks on the chro-

matograph.
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Figure 2.4: Packed and capillary GC Columns [94]

As discussed above, the column is the key to the separation performance of GC. There
are two types of column in general: packed and open tubular (also called capillary).
Packed columns have existed since the GC was invented, and its characteristic of
affordable, robust, and shorter analysis time make it still widely used in tasks that do
not require very high resolution [95]. As shown in the Figure 2.4 diagram, a packed
column is essentially metal (copper in most cases) tubing packed with a station-
ary phase. The resolution of a packed column is limited by its length, non-uniform
flow /temperature condition, and the resistance to gas flow. Suggested by Martin
in 1956 [96], the capillary column, was invented by Golay in 1957 [97] and became
popular quickly [98]. Early capillary columns are made from glass which has the
disadvantage of fragility [99]. These issues were solved by the invention of fused-silica
columns in 1979 [100]. The chromatogram below, Figure 2.1, shows a comparison
between packed and capillary columns for a sample of calmus oil. Capillary columns

bring significantly higher resolution and sharper peaks.

19



Packed

Multiplicity of flow paths

More stationary phase, non-
uniform film thickness

Non-uniform temperature
distribution

Lower resolution
Broad peaks

Shorter analysis time
Relatively more robust
Easy to DIY

Open tubular

Single flow paths

Less stationary phase, but
uniform film thickness

More uniform temperature
distribution

Higher sensitivity
Higher resolution
Sharper peaks
Longer analysis time
Restrict on flow rate

Table 2.1: Comparison between packed and open tubular column

Figure 2.5: Capillary column verses packed column [93]

The mobile phase’s function is to blow (or carry) analyte through the column. Hence,
one critical requirement is that the carrier gas must not react with the analyte. Thus,
most carrier gas selections are in the inert gas group, with hydrogen, helium and
nitrogen (Figure 2.6) the most popular three [95]. Another criteria is the diffusivity

of carrier gas, which directly affects the interaction with the stationary phase and thus
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determines the efficiency of column separation [101]. For example, in order to acquire
the same level of separation efficiency, with higher diffusivity, a higher gas velocity in
the column can used, which will significantly reduce analysis time. Depending on the
detector type and individual analysis requirements, other limitations may apply. For
example, a helium ionization detector (HID) requires helium as carrier gas to work

properly [102].
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Figure 2.6: Comparison of separation efficiency between carrier gases [95]

Among the various GC detectors, thermal conductivity detectors (TCD) and flame
ionization detectors are the most popular. TCD relies on different thermal conduc-
tivity from different compounds. Thus, it can respond to almost all types of analytes.
But the sensitivity is limited. FID, on the other hand, measures the ion current
from organic molecules in a hydrogen flame. With its very high sensitivity, great
linearity across wide range and low cost, FID has become the most popular detector
for organic carbon. One limitation for FID is that it cannot respond to inorganic
substances by itself. In some systems, a methanizer (Figure 2.7) is used to give FID
CO and COy detectivity. With a nickel catalyst and an additional hydrogen supply

flow, methanizers convert CO and C'O, to methane before they reach the FID. Sulfur

21



containing gases and unsaturated hydrocarbons (eg, CyH,) have a poisoning effect on
nickel catalysts, and so the methanizer is not recommended when these compounds
exist [103]. Unlike TCD, FID destroys the sample being tested; thus it should be

used in the last stage of analysis.

Power supply

Methanizer

—

Temperature
Hydrogen supply line control box
with bulkhead fitting

/

Figure 2.7: Methanizer

There are two calibration methods for chromatography analysis: internal standardiza-
tion and external standardization [95]. Internal standardization adds a known amount
of standard (different with the targeting species) into the sample as a reference. The
standard and sample are injected into the GC together. By comparing the detector’s
responses to the analyte and the reference standard, the concentration of the species
in the sample is acquired. Internal standardization generally has higher accuracy, as
it eliminates the error between every injection [104]. However, this method requires
special processing on the sample (adding standard) which is not always feasible. Ex-
ternal standardization injects the standard and sample separately. By injecting a
known concentration standard (same with targeting species) at different volume, a
calibration curve is obtained. With the response to the analyte and the calibra-
tion curve, the analyte concentration can be calculated. External standardization is

more convenient to use in many cases. Ensuring exactly the same condition for the
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injection of standard and sample are critical to acquire accurate result [104, 105, 106].

2.2.1.2 Isopropanol Absorption and Controlled Condensation

The current study does not include detailed measurements of sulfur compounds, but
such compounds are known to be significant in solid fuel cookstove emissions and so
for completeness the analytical chemistry methods available for such emissions are
described herein. Isopropanol absorption and controlled condensation are two stan-
dard methods for analyzing sulfur dioxide and sulfur trioxide from stationary sources.
EPA method 8 [107] and 8A [108] provide the methods description in details with
method 8 emphasizing sulfur dioxide and 8A for sulfur trioxide. The major challenge

for these methods is how to sample sulfur dioxide and sulfur trioxide separately.

The idea of isopropanol absorption is based on the recognition that sulfur dioxide and
sulfur trioxide have very different solubility in isopropanol: sulfur trioxide dissolves
easily in isopropanol while sulfur dioxide does not. As the sampling train schematic
(Figure 2.8) shows, the sampled gas mixture passes through four water/ice bath cooled
impingers. The first impinger is filled with 80% isopropanol to absorb sulfur trioxide
without absorbing sulfur dioxide. The second and third impingers are filled with 3%
hydrogen peroxide to absorb and react with sulfur dioxide (SOy + HyOy — H2SOy).
The fourth impinger is for drying purposes. The main limitation for isopropanol
absorption is the relatively high measurement uncertainty in humid or high SO,
concentration environments. At typical flue gas temperature, some SO, will oxidize
with the excess oxygen in the flue gas and then react with water (sulfate acid as

product), which results in an over estimating SOj concentration [109].
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Figure 2.8: The EPA Method 8 SO, sampling train [107]

The sampling train for controlled condensation in Method 8A is shown in Figure 2.9.
The difference between this method and isopropanol absorption is that instead of
using isopropanol to absorb sulfur trioxide, controlled condensation utilizes a modified
Graham condenser with water cooling at 85 to 95°C. This temperature is higher than
the dew point of water, which prevents water vapor from condensing. SO, does
not react with water/vapor at this temperature also, which prevents this potential
interference [110]. When the gas flows through the condenser, with the water cooling,
SO3 gas and sulfate acid vapor instantly condense to droplets. With the help of
the centrifugal force created by the spiral flow path, these droplets will attach on to
the spiral tubing wall [109]. The glass frit at the end of the condenser collects the
relatively large sulfate acid droplets which may not stick on the condenser film at
high flow rate. Although controlled condensation is capable of measuring SO, and

SO3 simultaneously, reports from studies recommend not to do so as the high flow
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rate sampling required by controlled condensation does not permit sufficient residence
time for the SO, absorption, leading to an underestimation of SOy [109].
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Figure 2.9: The EPA method 8A SO, sampling train with customized Graham con-
denser [108]

The SO?™ content in the collected sample is determined by barium perchlorate titra-
tion with a color indicator such as Thorin, Beryllon II, etac. [111, 112]). In the SO~
environment, Ba?* will immediately react with SO~ forming the precipitate product
BaSO, (SO;™ + Ba*" — BaSO, |). After all the SO7™ has reacted, the extra Ba**
titrated into the solution reacts with indicator and triggers the color change which
indicates the end of titration [113]. With total gas volume recorded, SO, concentra-
tion is obtainable. One major challenge of this titration analysis is to determine the
end of titration from a subtle color change. The traditional indicator Thorin does not
give a sharp enough color change (Figure 2.10). Beryllon II is reported to have better
effect [114, 111, 115] but it is still challenging for visual identification. Thus, it is

recommended to use an optical spectrometer to assist in the identification of the end
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of titration. There are also commercial auto-titrators available, with a Spectrasense

optrode to sense the color change.

Thorin Vgarr =0
— - after eq.pt.
------- before eq, pt.

absorbance A.U.

wavelength,nm

Figure 2.10: Spectra of Thorin and Beryllon II at various stages of titration [114]

The titration condition is also critical to this analysis. The major factors includes pH
and isopropanol fraction in the solution. Common indicators (e.g., Thorin, Beryllon
II) function within a large pH range. For instance, Thorin is reported to have a
functional pH range of 3-10 while Beryllon II is 3—-11 (Figure 2.11). Despite the
wide range of operation, practical experience suggests that there exists an optimal
indicator condition that increases accuracy. According to J. C. Haartz’s study, a pH
of 3.5 approximately combined with 85% isopropanol in the solution gives the best

result, and is considered optimal [116].
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Figure 2.11: Fraction of sulfate recovered as a funtion of pH and % of isopropanol
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2.2.2 Particulate Matter Measurements

C€PM25
Combustion particles, organic
compounds, metals, etc.
<2.5um (microns) in diameter

HUMAN HAIR
50-70pum
(microns) in diameter

© PM1g
Dust, pollen, mold, etc.
10 um (microns) in diameter

90 pm (microns) in diameter
FINE BEACH SAND
Image courtesy of the U.S. EPA

Figure 2.12: Particulate matter: various sizes

The measurements of particulate matter suitable for implementation in the field gen-

erally includes two stages: size selection and concentration detection. Size selection

of PM is usually realized with impactors, cyclones, and other inertial or gravitational

collectors. Concentration measurement techniques generally include three groups of

methods: gravimetric, optical and microbalance.
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Figure 2.13: PM concentration measurement techniques

2.2.2.1 Particle Size Selection

Cascade impactors and cyclone separators are the most common PM size selection
equipment [117]. Both of them are inertial collectors. The figure below describes
how a single or multi stage conventional cascade impactor works. Flow containing
various sizes of PM travels through the flow path in a impactor. The larger size
PM, with higher inertia, will be stopped by the impact plate while smaller size PM
with better flow tracking capability will be able to flow through the cascade. To
prevent the particle from bouncing on the impactor surface, a small amount of oil
is usually applied. With the same principle applies to multiple stage impactors, the
particle size distribution can be acquired. There is another type of impactor called

a virtual impactor. In contrast with the conventional impactor, a virtual impactor
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does not have an impact plate. Instead, it utilizes a stagnation, or slow moving air

flow [118, 119]. Impactors are usually very compact and work with portable particle

instruments.

Figure 2.14: Flow inside a cascade impactor and a multiple stage cascade impactor

[120]
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Figure 2.15: Single and multiple stages virtual impactor

Cyclone separators, similar with cascade impactors, are also inertial collectors. How-

ever, unlike the cascade impactor which is mostly compact, cyclone separator size

varies substantially depending on the usage. There are portable cyclones designed for

personal sampling as well as large scale cyclones used for dust filtration in industry.
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The main structure of a cyclone separator is a chamber with cylindrical body and a
conical section. As the aerosol mixture enters the chamber tangentially, the mixture
flows in a helical pattern until it reaches the convergent conical section. Pressure
increase from the convergent flow path pushes the flow, together with small particles,
up so that they exit from the top of chamber while large /heavy particles get trapped

in the catch bin below the lower chamber exit.

Field measurements have additional requirements for instruments, which include, but
are not limited to: lightweight, robustness, reliability, durability, and energy effi-
ciency. Both impactors and cyclones work well in field measurements in most cases.
For impactors, part of the performance relies on the applied oil film, which gets con-
taminated as the sampling continues. In this study, due to the requirement of long
time (104 hours) continuous sampling, cyclone separation is used to select particle

size.

Figure 2.16: Various cyclone separator and its flow path
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2.2.2.2 Gravimetric

Excellent reliability and accuracy brings the gravimetric method the title of ‘gold
standard’ for particulate measurement. Gravimetric sampling measurements are a
significant component of this disseration’s field measurement data. EPA method
201A provides a detailed methodology about using gravimetric analysis to measure
PMq and PM, 5 [121]. In order to measure particulate within a specified size range,
the gravimetric method is usually combined with particle size selection equipment.
A simple gravimetric set up for measuring PMs 5 includes: particle size selection
equipment (usually impactor or cyclone), sampling pump to providing consistent flow
rate, polytetrafluoroethylene (PTFE) membrane filter, and micro balance. The PTFE
filter is pre-weighed before the sampling and post-weighed after the measurement. By
acquiring the difference between the pre- and post- weight, combining with the volume

of total sampled air, the concentration of target PM can be obtained [122].

Figure 2.17: PTFE filter, sampling pump, and micro balance
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Figure 2.18: PTFE filter under microscope [123]

The air filter itself is a physically simple device, yet the mechanism behind the air fil-
tration process is not. Depending on the particle size range, the responsible filtration

mechanisms vary. The major air filtration mechanisms include:

e Impaction: Also named inertia. Large particles with higher mass and inertia
tend to travel in a straight line even though the air stream within the air filter
is turning to pass the fiber. The impaction mechanism occurs as these large

particles hit and stick on the filter fibers.

e Interception: Similar with impaction, but works on smaller particles that do
not have enough inertia to hold a straight line trajectory. When the air stream
turn to pass through fibers, these particles do not track the air stream perfectly

and are intercepted by the fiber.

e Diffusion: For very small particles, the diffusion effect becomes significant and
Brownian motion is involved. In this case, particles do not follow the air stream
precisely, instead, they move irregularly. This irregular movement increases the

probability of particles touching a filter fiber and being trapped.

e Straining: The straining mechanism is relatively straight-forward. When the
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particle is larger in most dimensions compared with the distance between fibers,

the particle will not be able to pass through and will be stopped by the filter.

e Electrostatic Attraction: Usually used to enhance the capability of capturing
fine particles for coarse filters. The downside of electrostatic attraction is that
filter will lose electrostatic charge over time as particles captured on the sur-
face neutralize their electrostatic charge, which results in degrading filtration

efficiency [124].
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Figure 2.19: Schematic of major filtration mechanism [124]

2.2.2.3 Optical

Optical methods are widely adopted for particulate measurements. Based on their
principle, these methods can be subgrouped into scattering methods, extinction meth-

ods and absorption methods.
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2.2.2.3.1 Scattering
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Figure 2.20: Schematic of light scattering on particles [125]

Instruments using a scattering method include photometers, optical particle coun-
ters and condensed particle counters. The light scattering pattern and intensity are
function of particle size factor, which is defined as the ratio between particle size and
the wavelength of the light source. Note again that size here is not a precise mea-
sure since the particle might have irregular shape. Rather size refers to an optically
scattering equivalent size. As the wavelength of the light source (laser in most cases)
is known, by acquiring the scattering light information from one or more angles, the
particle size and concentration is obtainable. The typical angles of choice include
90°, 45°, or less than 30° [126, 127]. The whole scattering particle measurement sys-
tem can be as simple as a light source plus detector and a data acquisition system.
Therefore, it is possible to have very compact designs for the PM instrument based
on the scattering method. This advantage makes scattering methods very popular
in portable PM monitoring equipment. The scattering based instruments used in
this study include TSI DustTrak Aerosol Monitor (8520 and 8530 model) and UCB
Particle Monitor. The choice is made mainly on availability as these monitors are
usually costly. The UCB Particle Monitor is basically a data logger integrated with
smoke detector and it does not provide particle size selection capability. The TSI

DustTrak Aerosol Monitor provides good real time information for background level
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PM concentration. For direct cookstoves emission monitoring, dilution is required to

prevent over range saturation issues.

d
Particle Size Factor: «a = Ly (2.1)

The downside for scattering methods is mainly limited accuracy. As the optical
property of the particle itself (composition, shape, etc.) greatly affects the scattering
pattern, additional calibration/correction is always required when measuring P M
from different sources [128, 129]. By 2015, there is only one scattering based PM
monitor (GRIMM EDM 180 Dust Monitor) approved by the EPA as an EPA Federal
Reference and Equivalent Methods (FRM and FEM) [130].
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Figure 2.21: Continuous flow condensation particle counter [125]

In comparison with light scattering methods for particle sizing, an optical particle
counter instead has a measurement volume, which is formed by the intersection of
focused beam, that is small enough to ensure that only one particle is illuminated at
each time. In this way, optical particle counters give the count of particles instead

of concentration. Condensation particle counters let the particle grow to micron size
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before taking the measurement. Common methods used to achieve ‘particle growth’
include: adiabatic expansion of the aerosol-vapor mixture, conductive cooling, or

mixing of cool and warm saturated air [131, 132].
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Figure 2.22: Examples of scattering based instruments: A UCB Particle Monitor
[133]; B Shinyei PPD42NS dust sensor; C DustTrak II Aerosol Monitor; D SidePak

Personal Aerosol Monitor; E Dylos Particle Counter

2.2.2.3.2 Extinction

The extinction method, as the name indicates, measures the extinction of light from
particles. As extinction = scattering+ absorption [134], extinction methods actually
measure the ‘opacity’ of the particles. And the equipment based on extinction are
also named opacity meters. As shown in Figure 2.23, the detector is placed behind
the particles being measured. The incident light gets scattered and absorbed by the
particles, and the rest is collected by the detector. Similar with scattering methods,
extinction methods also strongly depend on light wavelength, particle shape and com-

position. Correction factors are usually required for particles from different sources.
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Figure 2.23: Schematic of extinction methods [125]

2.2.2.3.3 Absorption

As black carbon has a strong absorption of light, absorption methods are very pop-
ular in black carbon detection, especially in automobile exhaust (high black car-
bon fraction in the PM emission) analysis. Its popularity brings more variation
compared with scattering and extinction methods. Instruments such as Spotmeter,
Aethalometer, Particle Soot Absorption Photometer (PSAP), Photoacoustic Soot
Sensor (PASS), and Laser Induced Incandescence (LII) are all based on the light
absorption effect of particles, but with different approaches. Spotmeter, Aethalome-
ter and PSAP use the filter based absorption method while PASS and LII rely on the

heating effect from particles’ absorption of light.
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Figure 2.24: Schematic of absorption methods [125]

The spotmeter, also called a reflectometer or smoke meter, records the ratio of light
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reflected by two paper filters: the first one is exposed to particles and the second
one is blank which acts as reference. PSAP and Aethalometer work in a similar way
[135]. But unlike the Spotmeter which measures reflection, PSAP and Aethalometer
measure the change of light transmission at multiple wavelengths from two quartz

filter [136, 137, 138].

Figure 2.25: Aethalometer and PSAP

PASS and LIT do not need filters, as these methods rely on the heating effect when
particles absorb light. PASS is based on the photoacoustic principle: absorption
of modulated light heats up the particles and the conduction of this heat to the
surroundings generates pressure waves [139]. PASS uses a microphone as the detector
and captures the pressure waves. In LII, a short laser pulse is shot into a particle
[140, 141] or an ensemble of particles [142] to heat up the particles to just below the
carbon sublimation temperature. By measuring the subsequent incandescence decay
with a photomultiplier, and creating a reference with a radiation model and soot

optical properties [143], the concentration of particles is determined.
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Figure 2.26: Principle of PASS and LII [125]

Due to instrumental limitations, the black carbon monitoring in this study is using
the filter method with thermal optical analysis. The collaborating sampling team
from the University of Illinois Urbana-Champaign (UIUC) carried out a few real time
black carbon measurements with PSAP and Aethalometer. For the in-field cookstoves
measurement, PSAP from Radiance Research is a well tested instrument which pro-
vides good measuring range though it requires frequent filter change. But its size and
weight greatly limits its mobility. Furthermore, the high energy consumption makes
it hard to deploy in rural settings. In contrast, the Aethalometer is more portable

and energy efficient, but with limited upper detection limit.
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2.2.2.4 Microbalance

Microbalance methods are based on the change of resonance frequency of an oscillat-
ing element when its mass changes; for instance, when particulate is collected on this
oscillating element [144, 145]. Microbalance methods have excellent resolution but
are very sensitive to environment conditions such as humidity and pressure, which
limits their use in combustion exhaust measurements. Common microbalance meth-
ods include Tapered Element Oscillation Microbalance (TEOM) and Quartz Crystal
Microbalance (QCM).
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Figure 2.27: How the TEOM instrument operates [146]
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Figure 2.27 shows how the TEOM instrument operates. The flow splitter works as
a particle size cutter which only allows PM within a certain size range to enter the
microbalance. The oscillating element in the TEOM is a tapered quartz wand with
a filter attached at its tip. As particles accumulate onto this filter, the frequency
of the tapered quartz wand’s oscillation changes. By measuring this frequency, the
mass concentration of PM is obtained [147, 148, 149, 150, 151]. TEOM requires
a high level of mechanical and thermal decoupling from its environment and water
(vapor) or volatile material may lead to inaccurate results [152]. QCM works in a
similar way, but the oscillating element is a thin quartz crystal resonator. Its res-

onance frequency changes as particles deposit on it by electrostatic precipitation [153].

Figure 2.28: TEOM Particulate Mass Monitor (Series 1400)
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The microbalance method can be consider as a ‘real time gravimetric analysis’. Other
than optical methods which are sensitive to particle optical properties, microbalance
instruments measure the PM mass directly. However, the oscillation mechanism
inside make these instruments very sensitive to vibration, and require a steady set
up when it is running. Additionally, its environment sensitive characteristics also
prevent its usage in the field. As shown in Figure 2.28, microbalance instruments are

mostly used in stationary measurement.

Real Detection Size Range  Accuracy

Instrument Time  Limit (nm) (%) Note

Filter No 10 ug/m? Depends 5 Gold standard method,
simple, reliable, but a lot
of work

Scattering Yes 10 ug/m3 >50 30 Flexible, but low accuracy

Spotmeter No 25 ug/m3 All 15 High response time

Aethalometer Yes - Depends - Good for BC measurement

and PSAP

PASS, LII Yes 5 ug/m? >10 10 Good for BC measurement

Opacity Yes 0.1% >50 20 Sensitive with particle

opacity shape, composition etc.

TEOM, QCM Yes = Depends = Effect from humidity,

pressure

Table 2.2: A comparison of various PM concentration measurement techniques

2.3 Field Instrument for Cookstoves

Instrumentation is major challenge in solid fuel cookstoves in-field emission measure-
ment. As described in section 2.2, in-field measurements require instruments to be:
lightweight, robust, reliable, durable, energy efficient, and affordable (if possible).
Due to the small market, there are few off-the-shelf instruments designed for in-field

cookstoves emission test. Automobile exhaust analysis instruments are partially ca-
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pable of analyzing cookstove emissions as there similar components from cookstoves
and internal combustion engines emissions. But the concentrations are far different

in cookstoves with much higher dynamic range in most cases.

2.3.1 Comparison: Cookstoves vs Internal Combustion En-

gines

Automobile internal combustion engines’ (ICE) design are usually aiming at a certain
type of fuel, or fuels with similar properties (e.g. gasoline and E85). The fuel proper-
ties determine the appropriate thermodynamics cycle that the engine design is based
on: the Otto cycle for spark ignition engine (Atkinson cycle is essentially a modified
Otto cycle with different expansion and compression ratio [154]) and Diesel cycle for
compression ignition engine [155]. Thus, engines have relatively low tolerance for fuel
variability and, by design with the corresponding fuel, they work in close-to-optimal
conditions. Furthermore, to ensure fuel purity, on an automobile ICE, before the fuel
enters the combustion chamber through fuel injector, it has been refined and purified
in an oil plant, filtered at the gas station and filtered again by the automobile fuel

filter.
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Figure 2.29: Gasoline spray from a fuel injector

Solid fuel cookstoves are another story. According to the field experience from this
study, no matter what kind of fuel a stove is designed to burn with, the user of the
stove will use anything flammable with the stove. As fuel type is one of the most criti-
cal factors that affects combustion emission [3], this introduces additional complexity
in the solid fuel cookstoves emission characterization. Due to these complexities, there
are also few numerical simulation studies available for solid fuel cookstoves combus-

tions.

Compared with automobile ICE, the combustion process of solid fuel cookstoves is
imprecise and inhomogeneous. In an automobile ICE, before the fuel reacts with air,
the electronic control unit (ECU) calculates the amount of fuel needed based on the
air flow rate, and adjusts the fuel injectors’ duty cycle to inject the required amount
of fuel into the intake manifold (port injection) or cylinder (direct injection). The

fuel injectors atomize the fuel into very fine aerosols (Figure 2.29), which greatly in-
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creases the reaction surface area. Solid fuel cookstoves behave more random in their
working condition. The air fuel ratio is adjusted by operators feeding fuel or blowing
air. As the fuel itself does not have a consistent make up, it is impossible to realize
complete combustion precisely. The incomplete combustion products and unburned
fuels then exhaust as part of the emissions. Another issue with solid fuel cookstoves is
the ‘cleanliness’ of the burner. The ash and char from burning may contribute to part
of the emission as the flow is created by the combustion process. A study of stoves
in India and China indicates that whether cookstoves are cleaned or not significantly
affects their emissions [74]. Although the dust is mostly large particles and usually
has short resident time in the atmosphere, they form a very harsh environment for

sampling instruments.

Finally, there is no available test protocol for solid fuel cookstoves that can well rep-
resent its actual usage. The most well known testing protocol for cookstoves is the
water boiling test (WBT) [156]. The idea is basically testing the stove performance
via boiling a certain amount of water and calculating the efficiency with fuel infor-
mation recorded. The general testing procedure is shown in Figure 2.30. The test
includes a cold start, a hot start and a 45 minutes simmer phase. One argument
for WBT is that there are very limited simulations on cooking activities other than
boiling water [72, 73]. Other testing protocols, such as the Kitchen Performance Test
(KPT) [157] and Controlled Cooking Test (CCT) [158], do record a real cooking pro-
cess and the associated information such as food type and amount, but they do not

provide a standardized testing procedure.
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Figure 2.30: Water boiling test [159]

Although it is not perfect, standardized automobile emission tests are much more well-
studied. Both the New European Driving Cycle [160] Figure 2.31 and the Federal
Testing Procedure (Figure 2.32, common known as FTP-75) [161] include various
phases like cruise, cold and hot start. Within each phase, there are small cycles
of acceleration and deceleration that represent different working conditions in actual
use. To achieve more representative measurements in the lab, more comprehensive lab
testing protocols are needed. Establishing a comprehensive testing protocol requires a

large amount of data from actual use, which is what is lacking for solid fuel cookstoves.
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Figure 2.31: New European Driving Cycle [160]
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Figure 2.32: US EPA Urban Dynamometer Driving Schedule (FTP-75) [161]

48



2.3.2 State of the Art in Field Measurements of Cookstoves

A significant challenge for in-field solid fuel cookstoves emission monitoring is the
instrumentation, especially for stoves with chimneys. The dynamic range of emis-
sion is so wide that it is very hard to keep instruments working at their designed or
optimized condition. This issue becomes most challenging when dealing with PM
measurements [162]. In the open-fire cases (an open fire is the simplest variety of
solid fuel cook stove), as the smoke plume is naturally diluted by the background
ambient air, the concentration of gas phases is automatically reduced to a working
range acceptable for gas analyzers. As discussed in section 2.2, the in-field real time
monitoring of PM generally relies on optical methods (absorption and scattering),
and the contamination effects from the PM greatly limits the range and durability of
optical instruments. Filter based absorption instruments, for example, the Particle
Soot Absorption Photometer (PSAP) from Radiance Research, is capable of measur-
ing reasonably high PM concentration but it requires the operator to change the filter
frequently to keep the instrument from overloading. Field experience indicates that
the frequency of filter changes for the PSAP can be as short as a few seconds per filter
while the cookstove is in use. Such frequent filter changes would mean an intrusive
measurement that could itself disrupt the realism of the cookstoves use [163]. The size
and weight of the PSAP also limits its use in the field. Scattering based instruments
such as the DustTrak from TSI is delicate for portability and the 250 mg/m? range is
far away from enough for the solid-fuel cookstoves emission measurement task. The
measurements with chimney stoves presents even more severe situations, as there are

extremely high concentrations inside the chimney.

49



Cyclone (4um cut)
-
Cco/

COo2

%) Needle
Valve

Venturis
(2 lpm)

Pressure
Meter

¥
[

Motor & Pump (12v)

v

Figure 2.33: The ARACHNE system from University of Illinois Urbana Champaign
(UTUC) [79]

In order to measure a full range of solid fuel cookstoves emissions, a comprehensive
measurement system is required. The ambulatory real-time analyzer for climate and
health-related noxious emissions (ARACHNE) system developed by Dr Tami C. Bond
from UIUC is a typical system designed for solid fuel cookstoves measurements [79,
164]. This system measures real-time absorption and scattering by particles, carbon
monoxide, and carbon dioxide concentrations. It also includes a gravimetric set up
to collect filters for PM and EC/OC analysis. As shown in Figure 2.33, a cyclone
is used to select the size range and a PSAP measures real-time particle absorption
and Nephelometer for scattering. The Teflon filter is used to collect PM samples
while quartz filters are used for EC/OC samples. In the original design, the whole

system is powered by an automobile 12V battery with power inverter and is capable
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of approximately two hours continuous measurement.

Figure 2.34: The original ARACHNE system in the field [79]

The ARACHNE system is used by the collaborator in this study and joint measure-
ments were made in Nepal, Tibet and Yunnan in China. This system provides com-
prehensive emission measurement capability with decent measurement range. But
it still has difficulty with capturing the peak PM concentration when measuring
stoves with chimneys. The ARACHNE system has been revised several times. The
original design [79] did not provide much mobility (Figure 2.34) which limited its
deployment in the field. The version used in the Nepal measurement has significant
improvements in mobility (Figure 2.35 left), but still requires additional labor for
transportation. The PSAP and automobile battery are the major mobility limiter.
In the Yunnan, China campaign, the ARACHNE system used a TSI Aethalometer
instead of the heavy PSAP and used a compact Li-on battery rather than the automo-
bile battery (Figure 2.35 right). These modifications greatly increased its portability
with the exchange of a lower real time black carbon measuring range and shorter

time of endurance. The measurement system used in the current study is modified
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from ARACHNE based on the availability of real time instruments. Details of the

experiment set up are explained in the methodology chapter.

Figure 2.35: The revisions of ARACHNE system from UIUC

Another comprehensive system emission measurement system was developed by Desert
Research Institute (DRI) [165]. This system was designed for general stationary and
mobile sources and its outstanding dilution control brings very high upper detection
limits for real-time PM. This is a sophisticated system (Figure 2.36) which measures
a full range of compounds includes real-time monitoring of: aromatics, CO, CO,,
NO, NO,, 509, Oy, PM size distribution and concentration, and also integrated
sample collection of: specific VOCs, N Hjz, SOy and H,S gases, as well as elemental
carbon, organic carbon, and specific organic compounds [166, 167]. However, due to
its complexity, it requires extensive installation time and brings extraordinary chal-
lenge in transportation. This space consumptive set up also interferes with household
cooking activity, which make it more suitable for long term stationary measurement

rather than field deployment.
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Figure 2.36: Multipollutant dilution sampling and measurement system from [165]

After evaluating the measurement methods available, and considering the challenges
of in field use, the current field study, based on the measurement objective and in-
strument availability, uses a GC to analyze the collected samples for integrated mea-
surement. The real time carbon dioxide and carbon monoxide are monitored by a
TSI Q-Trak 7575 CO/COy monitor. A Drager PAC 7000 monitor with SO, sensor
are used to acquire real-time SO. Integrated PMs 5 sample is collected with PTFE
filter and analyzed with gravimetric method. A TSI DustTrak Aerosol Monitor is
adopted to monitor Real-time PM, 5 concentration. Dilution is applied to prevent

the high concentration flue gas saturate real time instruments. The detailed set up
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is explained in the methodology chapter.
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Chapter 3

Methodology

The entire study includes in-field measurements, sample analysis and field measure-
ment system improvement. The objective species in this study include: carbon diox-
ide (C'O,), carbon monoxide (C'O), methane (C'H,), non-methane total hydrocarbon
(NMTHC), sulfur dioxide (SO,) and fine particles (PMs5). Real-time continuous
monitoring of carbon dioxide, carbon monoxide, sulfur dioxide and PMs;5 was con-
ducted in the field. PM, 5 and gas samples were collected in the field and brought
back after each field study. Gravimetric filter and gas chromatography analysis were
utilized to measure PM, 5 concentration and levels of gas-phase pollutants through
post measurement analysis. The field measurement system set up was continuously
modified during measurement campaigns to improve accuracy and reliability, and
to satisfy the specifics of each field configuration (i.e., stove and fuel type, and the
surrounding environmental conditions). A detailed description of the approach is dis-

cussed below.
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3.1 In Field Sampling

Globally, the emission to the environment from household cookstoves activity largely
depends on the regional population density. Himalaya Mountain, as one of the largest
fresh water resources in the world, has a population of more than 2 billion people liv-
ing on the rivers that originate from this source. It has been reported that the glacier
area in the Tibetan Plateau decreased approximately 15% within the past 30 years
and the affected population may exceed 2 billion [168]. The high population den-
sity in the nearby area leads to significant contribution of emission from domestic
residential combustion. Hence, the field sites for this study are selected to be in sev-
eral different Himalaya region countries which includes: Nepal, India, and the China
(Tibet autonomous region and Yunnan province). The local natural and humanistic

environmental conditions will be introduced separately.

Total sample

Field site location Starting Ending Duration .
acquired
Nepal Nov 2011 Jan 2012 7 weeks 46
Tibet July 2012 Sept 2012 6 weeks 38
Yunnan June 2013 Aug 2013 6 weeks 40
Mongolia - Pilot study Jan 2012 Feb 2012 3 weeks N/A
Mongolia - Starting Oct 2012 Nov 2012 3 weeks
218
Mongolia - Ending Jan 2013 Feb 2013 4 weeks

Table 3.1: Field campaign schedule

Table 3.1 shows the schedule and length of time for the field works. In general (except
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Mongolia), each campaign take around 2 months with about 6 weeks measurement
time and 1 or 2 weeks for pre- and post- preparation. The target of approximately 60
households were selected to participate in the emission tests. The UIUC team shares
about 1/4 of the total 60 households due to sampling train and schedule availability.
The Mongolia measurements are mostly finished by local sampling team. A pilot
study was first conducted for verifying feasibility. The second travel is mostly for
training purpose with in-field tutorial. The last travel contains some measurements
together with local sampling team and the wrap up after the campaign completed.
The basis for the selection of households included the ability to measure a variety of
region specific primary and secondary stove and fuel types. Depending on the given
sites, there were also constraints and considerations taken into account regarding
household selection. Based on instrument availability, a sampling train was designed
and built to achieve comprehensive in-field measurements. The train includes in-line
sampling filters and real time instruments to measure different parameters. One of
the important elements of this research is that each field site requires variations driven
by the distinctiveness of each location. Hence, a detailed field study protocol will be

introduced in a site-by-site manner.

57



Ulaanbaatar

o
MONGOLIA
Beijing
o
TIBET CHINA .Shonghoi
Nam Co® ek
.LInZhI
NEPAL YUNNAN PROVINCE
Rude R
o
Kunming ® Hong Kong
250—km if‘} OCHA

Figure 3.1: The geographical location of our field sites [169]

3.1.1 Nepal

Research conducted in Nepal was a joint cooperation with a University of Illinois,
Urbana-Champaign (UIUC) sample team and the locally collaborating Centre for
Rural Technology, Nepal (CRT/N), a non-governmental organization focused on the
development and promotion of technologies to improve the livelihood of rural people.
Household selection was carried out by CRT/N. While the traditional open-fire stove
is considered to be the most popular stove in Nepal, the selection of households for
emission tests were mainly based on geographical features (i.e. mid-hills area in the

mid-northern region; plains in southern of Nepal) and variety of fuel used.

Typically, there are three types of fuel used in Nepal: wood, dung, and agricultural

residue (Figure 3.2). The mid-hills area has an abundant source of trees, where wood
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is mostly used as the primary source of fuel. However, in the plains area, the existence
of larger scale agriculture makes animal dung and agricultural residue the primary

fuel.

Figure 3.2: Left to right: openfire stove in Nepal; dung used as fuel; Agricultrial

residue as fuel; external view of sampling set up

The sampling system for Nepal is the initial design as Nepal is the first campaign
site where this study is conducted. The diagram for the sampling train is shown in
Figure 3.3. After the probe, the emission sample travels through a length (depends
on the stove, typically around 2m) of conductive tubing where it enters the sample
train. The particle loss through 3m of this tubing was measured at about 2% by
the UIUC sample team [170]. A cyclone cuts off particles larger than 2.5um at a
fixed flow rate (1.5 L/min). The first branch of the train collects elemental carbon
(EC), organic carbon (OC), and gas samples. The EC/OC sample are collected with
a 47 mm quartz filter. The gas sample is collected with a 200L. Kynar bag. As the
requested sample duration is from the start of breakfast cooking to the end of dinner
cooking, which is typically around 13 to 15 hours according to the Nepali habits and
customs in village, the flow rate is a major constraint at 200 ml/min with a SKC
pocket sampling pump so that it is possible to collect all the gas with the 200L bag.

The second branch includes one 37 mm, PTFE filter and one 47 mm quartz filter
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to collect PM samples and EC/OC in the gas phase. The filtered gas goes through
a TSI Q-Trak 7575 CO/COy monitor and Drager PAC 7000 monitor with an SOs
sensor to acquire real-time C'O, COy and SO, information. The flow rate for the sec-
ond branch is initially set at about 800 ml/min. The third branch is for a DustTrak
aerosol monitor. Considering that the real time PM monitor is less capable with high
concentration, which is more likely to exceed the maximum range, a dilution pump is
connected with the DustTrak to provide clean air. The flow rate which the DustTrak
draws from the cyclone needs to satisfy the 1.5 L /min requirement of the cyclone. The

dilution pump provides compensation flow to match the flow setting on the DustTrak.

The background sample train is relatively simple. As the background concentration
of both PM and gas phases is much more stable compared with emissions from cook-
stoves, we did not carry on real-time monitoring for background. As shown in Figure
3.3, the background train only contains the filter/gas sample collection components

with a similar design to that in the emission train.
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Figure 3.3: Sampling train design for Nepal site measurement
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Measurements during the Nepal campaign experienced extended difficulties and chal-
lenges. One consistent challenge was the limited power supply. As all of the instru-
ments are battery powered, we did not expect a power supply from the participating
household. However, a stable power source at the local lodging place is critical to
keep instruments well charged after every days task. Unfortunately, Nepal is a coun-
try with country-wide energy shortages. There are always hours of scheduled power
outage every day, even in the capital city (the field site where we stayed most of
the time has an average power off for about 10 hours per day, at various times). As
the instrument batteries get drained day-by-day until they cannot complete a full
day measurement, for each week, one day is taken off in order to fully charge all the

instruments.

3.1.2 Mongolia

Cookstoves in Mongolia are also being used as heating stoves. The extremely cold
weather during winter (-40°C to -30°C) means that the stoves are continuously being
used most of the time. Mongolia has an abundance of coal mines, which makes coal
the primary fuel for local residents. The excessive amount of exhaust from household
coal burning during the heating season leads to heavy polluted air in the surrounding
areas. The participating household in Mongolia was selected by our local coopera-
tor according to their previous survey about stove usage. There are several different
brands of stoves in Mongolia, but in general, they have similar design and they all

have a chimney.
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Figure 3.4: The pollution in Ulaanbaatar, Mongolia

As the field measurements in Mongolia were taken in the capital city, Ulaanbaatar,
many of the local residents work during the day time and the households might be
empty. In order to catch the period when the stove is used, Overnight measurements
are conducted in Mongolia. The instruments were set up in the evening of the first
day and collected the next morning. As it is not welcome to stay at households late in
the evening or visit them in the early morning, the overnight measurement actually
extended the duration to approximately 15 hours. Fortunately, the power supply in

the household was mostly reliable which greatly helped with the measurement.

Due to the flow issue identified in the Nepal measurements, and to accommodate the
chimney stove in Mongolia, the sampling train (Figure 3.5) is modified. The pilot
study in Mongolia indicated that PM concentration within the chimney is too high
for the real-time PM monitor. To avoid the risk of instrument failure, real-time
PM monitoring is not conducted for stove emission this time. To fix the unstable
flow issue from Nepal, instead of only diluting the real-time PM monitor, a global

dilution pump is utilized. The sample collection (filter and gas bag) configuration is
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the same as before, except a separate pump is connected with a cyclone to maintain
the required 1.5 L/min flow rate. With the help of a TESTO 350 flue gas analyzer,
it is possible to acquire real-time CO, COy and NO, from the chimney directly. The
DustTrak aerosol monitor and the Q-Trak C'O/CO monitor are used for background

measurements.
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Figure 3.5: Sample train for the Mongolia site measurement

Low flow
Pump
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As mentioned before, the outside temperature in Mongolia during the winter season
is extremely low, which brought some issues to our measurement and also affected the
transportation of the instrument. The initial sample plan was to put metal tubing
into the chimney. However, the low temperature outside plus high humidity within
the chimney resulted in the instant freezing of water vapor which clogged the tubing.
In the end, the sampling is conducted by drilling holes into the indoor section of the
chimney and replaced that section after the measurement finished. Also, the Kynar
bag used to collect gas samples became brittle at low temperature. Leak checks were

conducted every time when the Kynar bag was not well inflated, but the pump was
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in working condition, after sampling. Once leaks were found, the in-field fix was to

tape to seal the leaking area to keep the system working.

3.1.3 China

There are two field campaign conducted in China. The first one is in the Tibet
autonomous region and the second in Yunnan province. The extraordinarily harsh
working environment in Tibet demonstrated the robustness of the current set up.
Thus, the set up is adopted to the Yunnan measurement without any major modifi-

cation.

3.1.3.1 Tibet Autonomous Region in China

For the research in Tibet, China cooperated through the Institute of Tibetan plateau
Research, Chinese Academy of Sciences. Due to the limitation of the local environ-
ment, two regions, Nam Co, and Linzhi, are chosen as the sites in which to conduct

the in-field measurements.

Nam Co area has an extremely high elevation (approximately 4700 m). As the poor
plant and animal sources make most biomass scarce, local residents mostly rely on
yak dung as their primary fuel. Most of the local residents lead a traditional nomadic
life, with a Tibetan tent as their shelter. The tourist industry being developed in
the Nam Co area absorbed some residents to join the tour business. Due to their
more settled living style, these people built fixed or semi-fixed households instead
of traditional tents. There are two types of stoves being used in the Nam Co area.

A traditional open fire stove and an improved chimney stove. The open fire stove
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is mostly used by nomadic residents, as it has better portability. All the fixed and
semi-fixed households are using an improved chimney stove nowadays. There is not
much space for household selection. As the population is very sparse in the Nam Co

area, we tried our best to take measurements in whatever household we could find.

The high elevation in Tibet not only challenged the experimentalists physical strength
but also gave instruments a hard time. The ambient pressure at 4700 m altitude (Nam
Co) is measured at approximately 0.55 - 0.6 atm. As sampling pump uses mass flow
controllers to maintain and adjust flow rate, at low pressure like 0.55 atm, in order
to maintain the same mass flow with sea level conditions, the required volume flow
rate is almost doubled. For example, the volume flow rate for the pocket pump at
200 ml/min at sea level produces an actual volume flow rate measured in Nam Co
between 100 — 150 ml/min. To achieve 200 ml/min at Nam Co, the pump has to work
much harder than it does at sea level. The harder the pump works, the faster the
battery drains. Additionally, the high concentration emissions from chimney stoves
is always challenging. Catching peak values is very difficult because the dilution flow
in our sampling train cannot be set too high since as the dilution flow gets close to

the cyclone flow, the emission flow from the probe becomes unstable.

The Linzhi area has much lower elevation (approximately 3300 m) compared with
Nam Co. Lower elevation brings richer plant and animal sources. As a result, wood
becomes the primary fuel for the Linzhi residents. The well-developed agriculture
and tourist industry significantly improved the living condition of local residents. All
the residents have well-built houses and well-designed chimney stoves (different from
the one in Nam Co). As there is a uniformity of households, stove and fuel type, the

selection of participating household in the Linzhi area is mostly based on regional
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considerations. All the measured households in the Linzhi area are located in the two

villages which are close to the Linzhi Research Station, Chinese Academy of Sciences.

Figure 3.6: Up left: traditional Tibetan tent; up right: Linzhi household; bottom left:

traditional Tibetan open fire stove; bottom right: Tibetan chimney stove in Nam Co.

3.1.3.2 Yunnan Province in China

The study in Yunnan province is cooperative with the Center for Disease Control and
Prevention (CDC) of Qujing City. Yunnan is a rich coal province with good growing
weather which brings an abundance of forestry and agricultural resources (elevation
approximately 2000 m). As a result, residents in Yunnan province have various fuels
to choose from: coal, wood, corn, pine needles, and agriculture residue. However,
people mostly use wood, corn, pine needles, or other biomass fuel to start the fire and

they then use coal to keep the stove burning. Hence, coal is considered as the primary

66



fuel in Yunnan province. The household selection is mostly based on coal distribu-
tion. Qujing CDC has conducted comprehensive investigations on the relationship
between coal usage and lung cancer occurrence in the past decades. According to
their database about the distribution of various sub-categories of coal (e.g., gas fat,
smoky, coking, and smokeless), covering all of the mainstream coal types is the main

consideration while selecting participating households.

The stove usage situation in Yunnan province is quite different from the other sites.
As Yunnan province is relatively developed compared with Tibet and Nepal, there
are well-constructed electricity grids in this area, which provides local residents reli-
able and affordable power sources. As a result, many residents in the village actually
already switched to electric stoves for their primary cooking. Solid fuel stoves are still
widely used for heating during the cold weather season, especially for those families
with senior people. Our research is conducted during the summer, which brought
some difficulties in finding households where solid fuel stoves were still in use. Fortu-
nately, there are enough senior people staying in the village who use solid fuel stoves
for heating and cooking even in summer, and also some households use solid fuel
stoves to prepare food for animals (electric stoves are not large enough for this task),

we managed to find enough participating households.

The solid fuel cook stoves used in Yunnan generally are of three different types: high
stove, low stove, and portable stove. The high stove is a chimney stove, which is
mainly use for cooking (before the electric stove became popular); the low stove is
rarely in use nowadays. It is good for heating the floor and also for making some sim-
ple food. The old style low stove does not have a chimney (we did not find any old

style low stoves in use during out study). A newer low stove has similar design with
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the high stove, but it sits lower to ground level. The portable stove is still popular in
villages, especially among senior people, as it is good for heating and easy to carry

around.

Figure 3.7: Left: high stove; middle: portable stove; right: low stove

The sampling train set up for Tibet and Yunnan are similar. The global dilution de-
sign from the Mongolia sampling system is kept and with DustTrak aerosol monitor
to make up the cyclone flow. The filter and gas bag sampling part of the train did
not change. As the sampling duration in Tibet and Yunnan are much shorter than in
Nepal and Mongolia due to transportation restriction, a smaller Kynar bag was used

to collect the gas sample.
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Figure 3.8: Sample train of Tibet and Yunnan measurement
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3.2 The Carbon Balance Method

The measurement and analysis rely on the carbon balance method. This method
is developed by Crutzen et al. [171] and is commonly used for biomass combustion
emission studies [172]. This method calculates the emission factor based on the car-
bon processed in fuel consumption and the ratio between pollutants in the exhaust
gas [79, 6]. A detailed explanation of the carbon balance method is attached in Ap-
pendix A. In order to achieve a representative measurement, the sample is taken after
the plume gets well-mixed [73]. Prior study indicated that emissions take less than
2.5 seconds to reach phase equilibrium [173]. In our set up for open-fire stoves, the
sample probe is located about 1m above the stove, which leaves about 3 to 4 seconds
residence time for the plume to stabilize before reaching the probe. For the chimney
stove measurements, as the length of the chimney is mostly more than 2m long and
the flow inside the chimney is turbulent (Re > 4000) [73], we assume the emissions

are well-mixed within the chimneys and we collect our sample from the chimney outlet.
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3.3 Post Measurement Analysis

The post measurement analysis includes gravimetric analysis for the PM, 5 sample
(PTFE filter) and gas chromatography analysis for the gas sample. The analysis of

the EC/OC (quartz filter analysis) is conducted by our collaborators in the UIUC

group.

3.3.1 Gravimetric Analysis

Gravimetric analysis is applied to the PTFE filters collected from field measurements.
Before heading to the field, the PTFE filters are weighed and sealed (pre-weights).
A post weight is conducted after the measurement in the field with the PM sample
collected on the filter. With the recorded flow information and the weight differ-
ence between pre and post analysis, the PM, 5 emission is calculated. The detailed

gravimetric analysis protocol is described in Appendix D.

3.3.2 Gas Chromatography Analysis

Gas chromatography analysis is applied to the collected gas sample to investigate
the concentration for interesting gas species, which include carbon dioxide, carbon,
monoxide, methane and total hydrocarbon (THC). The detection of carbon dioxide
and carbon monoxide are achieved with a flame ionization detector (FID) plus nickel
catalyst methanizer (SRI Instruments, USA). The THC analysis is accomplished us-
ing a blank column plus FID. This approach takes advantage of the fact that the FID

responds only to hydrocarbons [174]. A detailed GC analysis protocol is available in
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Appendix E.

In this study, the gas samples obtained from field are stored in metal-coated multi-
layer Tedlar (MMT) bags and the exact sample volume are unknown and not unified.
In this case, adding standards into the sample will require separate calibrations for
each individual sample, which is not practical. Thus external standardization is se-
lected to calibrate the GC analysis. Calibration gases with known concentrations of

target gas species are used to generate the calibration curve.
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Chapter 4

Results and Discussion

The heart of the dissertation is the unique data set accomplished with the multi-
ple remote site field campaign completed. As alluded to in the prior chapters, each
measurement exercise faced site-specific challenges which, combined with the nat-
ural variation in stove type, fuel, and stove use, produce significant variability in
the results. This made the post-measurement processing very important for stable,

reproducible, and statistically significant results.

4.1 Data Report

The finalized database includes modified combustion efficiency (MCE) and emission
factors for: carbon dioxide, carbon monoxide, methane, non-methane total hydro-
carbon, and PM, 5 for each sample from the four field sites. The emission factors
are calculated with the carbon balance method, which is described in appendix A.
Modified combustion efficiency is defined as the ratio between carbon in the form

of carbon dioxide to that in the forms of carbon dioxide. MCE is commonly used
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as an approximation of normalized combustion efficiency. Since most of the carbon
emissions are in form of C'O, and CO, MCE provides a robust approximation to the

normalized combustion efficiency (NCE) [72].

[COy]

MCOE = [CO.] + [CO]

There are three types of emission measurement for cookstoves:

e Meals test: this type of measurement is conducted during each meal in the same
household. Each meal test is considered as one separate sample. This test is

focusing on the emission during one cooking event.

e 1-Day test: this type of measurement performs a continuous one day mea-
surement (before breakfast to after dinner) in one household. Each full day
measurement is considered as one sample. This test provides a typical full day

emission information.

e 3-Day test: reviewer three 1-Day tests in the same household to investigate the

variation within same household between different days.

Not all if these three types of measurement are conducted in every field site due to
supply allowance and feasibility so the results are introduced in a site-by-site man-
ner. A complete and comprehensive dataset is acquired in this study. This section

contains the statistical summaries and the corresponding explanation and discussion.
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4.1.1 Nepal

Figure 4.1: The stove and fuels used in Nepal

The measurements results from Nepal contain 81 samples from 45 households and 9
small scale industries. Nine samples are invalid due to instrument failure in the field.
The cookstoves being measured in Nepal are uniformly traditional open fire type for
all households. Fuel types include wood, animal dung, and agricultural residue. 10
samples are measured in the mid hills region, while the rest are from the plains area.
The small scale industries being measured include small food service, candy making,
and pottery workshop. Stoves being used in restaurants are very similar to household
stoves, except they are a larger size. Candy making and pottery workshops use special

stoves (Figure 4.2).
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Figure 4.2: Left: candy making, middle: individal pottery workshop,

pottery stove

right: outdoor

location Residence type  Stove type Fuel type Measurement # of samples
Mid hills House Open fire Wood Meals 2
House Open fire Wood 1-Day 2
House Open fire Wood 3-Day 2
Plains House Open fire Wood Meals 2
House Open fire Wood 1-Day 4
House Open fire Wood 3-Day 6
House Open fire Dung Meals 5
House Open fire Dung 1-Day 9
House Open fire Dung 3-Day 0
House Open fire Agricultural Residue Meals 4
House Open fire Agricultural Residue 1-Day 9
House Open fire Agricultural Residue 3-Day 1
Total 46

Table 4.1: Nepal households summary

The regular living style for village residents in Nepal brings clear emission pattern

throughout the day. Figure 4.3 shows an example of typical real-time C'Oy concen-

tration, with significant C'O, concentration peaks appearing at each meal time. The

statistical summary for emission factors and MCE are shown in Table 4.2.
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Figure 4.3: Example of typical real-time C'O, and C'O concentration for an open fire

stove in Nepal

Sample
amo pnt MCE EF CO; [g/kg fuel] EF CO [g/kg fuel]  EF PMas [g/kg fuel] EF CHa[g/kg fuel]
u

Wood stove at
o 8 0.888+0.009 1171.5422.2 94.4+7.7 2.80.7 40.6+4.2

mid-hill

Wood stove at
lai 18 0.892+0.003 1175.4£19.2 89.2+1.5 2.9+0.6 30.7+2.8

plain

Dung stove at
plain 19 0.874+0.006 1086.3+10.6 99.4+4.8 5.9+0.8 17.442.6
Agri Rez at plain 20 0.904+0.002 1134.6£10.9 76.8+2.2 2.320.3 11.2+2.8
All wood stove 26 0.891+0.003 1174.2+£14.7 90.8+2.5 2.9+0.5 33.7+2.4
All households 65 0.89+0.003 1136.318.6 89+2.1 3.6:0.4 22+1.9

Small scale
) . 7 0.846+0.018 1091.6+15.4 128.5+20.1 5.3#3.2 244451

industries

Table 4.2: Statistical summary for Nepal measurement
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4.1.2 Tibet

A summary of Tibet measurement is shown in Table 4.4. Due to households avail-
ability and the brutal environment, measurement in Tibet comes with smaller sample
amount and lower success rate. 47 samples are collected with 9 of them ending up
invalid due to instrument failure, mostly pump issues. As discussed in section 3.1.3.1,
in order to achieve the same mass flow rate, the load on pumps are much higher when

ambient pressure is low (0.55 — 0.6 atm at approximately 15,000 ft).

location Residence type  Stove type Fuel type Measurement # of samples
Nam Co Tent Open fire Yak dung 1-Day 4
Tent Chimney Yak dung 1-Day 4
Prefab house Chimney Yak dung 1-Day 12
Stone house Chimney Yak dung 1-Day 6
SSI Chimney Yak dung 1-Day
Linzhi Garret Chimney Wood 3-Day
Garret Chimney Wood 1-Day 8
Total 38

Figure 4.4: Tibet household summary

The living condition in different regions of Tibet varies, which made the fuel, stove,
and household types distribute homogeneously with region. In Nam Co, yak dung is
the only fuel. Household types include Tibetan tent, pre-fab house, and stone house.
The mainstream stove is the chimney type, except some tents still use the traditional
open fire bucket stove. In Linzhi, all the residents live in well constructed garrets,
burning wood with chimney stoves. The chimney stoves being used in Linzhi have
a very artistic external design, which gives them some visual design function. There
were 2 small scale industry measurements conducted in Nam Co. Both were small

restaurants with exactly the same type of stoves used in local households.
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Figure 4.5: The household, stove, and fuel in Tibet

The sparse population and limited transportation capability restricted the sampling
time in each household. Unlike the full day measurements conducted in Nepal which
usually lasted more than 12 hours, Tibet testing time was limited to around 6 hours.
Figure 4.6 shows an example of real time pollutant concentration in Nam Co and
Linzhi. The emission pattern from Tibet does not show the obvious cooking events

presented as does the one in Nepal. This difference is attributed to the lifestyle of Ti-
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betan residents. Particularly in Nam Co area, the nomad life does not have a regular
daily meal schedule (breakfast, lunch, snack, and dinner) at all. As shown in Figure
4.6, the daytime stove activity in Tibet does not give obvious patterns representing
regular cooking events. Also, the cold weather in these high altitude regions encour-
ages local residents to use cookstoves for heating purposes as well. The statistical

summary for the Tibet measurements is shown in Table 4.3.
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Figure 4.6: Typical real time emission in Tibet, above: Nam Co; below: Linzhi
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Sample

X MCE EF CO;[g/kg fuel]  EF CO [g/kg fuel]  EF PMys [g/kg fuel] EF CHq[g/kg fuel]
amoun

Dung, open fire 3 0.73:0.075 1298.8+148.3 303.1£80.8 18.5410.2 32.447
stove in tent

Dung, chimney 2 0.9+0.071 1590.4+176.3 107.1¢76.4 26126 5.8+1.6
stove in tent

Duneg, chimney 15 0.91£0.018 1632.4+38.1 96420 14.7+4.1 22446
stove in house

Wood, chimney 15 0.8440.035 1282.9+64.4 150.7431.5 18.6+3.8 9.8+1.3
stove in house

All dung 22 0.89+0.021 1579+41.5 127.7423.2 16.3+3.6 24.1+3.8

All household 35 0.87:0.02 1451.6+44.9 137.8+19.6 17.342.7 16.7¢2.5

Al SsI 2 0.89:0.046 1587.5497.5 122.6451.5 16.17.7 46.145.7

Overall 37 0.87+0.019 1459+42.9 137+18.6 17.2¢26 183426

Table 4.3: Statistical summary for Tibet measurement

4.1.3 Yunnan

Figure 4.7: Left: high stove; middle: portable stove; right: low stove

Table 4.4 shows the summary of the Yunnan measurements. The Yunnan measure-
ment set contains 50 samples from 2 counties with 10 villages. There are 7 invalid
samples. The household types in Yunnan are uniform while stove type varies. Al-
though the well-developed electric grid prompts the usage of electric stoves, solid fuel

stoves are still widely used, especially during winter and within senior residences. The
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typical solid fuel stoves being used in Yunnan include:

e High stove (HS): Dominate cookstove type before electric stove became popular.

Still widely used for cooking. Especially when preparing large amounts of food.

e Portable stove (PS): Open fire bucket stove, designed to burn beehive coal.
Local residents use it for other fuel too. Popular in heating, boiling water, and

preparing simple food.

e Low stove (LS): Also called a floor stove. Not very common. Good for heating

up the floor.

Coal and various agricultural residue dominate the fuel sources in Yunnan province.
On one side, as one of the major coal-rich province in China, coal is easy to find at
low cost and therefore becomes the primary fuel for local residents; on the other side,
agriculture is well developed as it is supported by the appropriate weather and natural
environment. As a result, there are plenty of agricultural residues that could be used
as lighters to start the fire, or even use as fuel. Most of the local residents use coal
and agricultural residue together. The most common scenario is using agricultural
residue (corn cob) to start the fire and using coal to sustain it. After the stove gets

stable, agricultural residue can be used to adjust the stove working condition.

81



location Residence type Stove type Fuel type Measurement # of samples
Fuyuan House High stove Coal 1-Day 13
House High stove Coal 3-Day 2
House Portable stove Coal 1-Day 5
House Portable stove Coal 3-Day 1
House Low stove Coal 1-Day 1
Xuanwei House High stove Coal 1-Day 7
House High stove Coal 3-Day 1
House Portable stove Coal 1-Day 8
House Portable stove Coal 3-Day 1
House Low stove Coal 1-Day 1
Total 40

Table 4.4: Yunnan household summary

Real time monitoring is also conducted in Yunnan. Figure 4.8 shows an example
of the pollutant concentration through out the day. The two major peak emission
event groups indicate the traditional breakfast and lunch event in a Chinese village.
The dinner cooking event, which usually happens at 6pm approximately, could not
be monitored due to local collaborator’s unavailability. The smaller peak at around
3pm is normally caused by water boiling or a snack event. As corn is often used
as the stove starter, the moisture content in it generates a large amount of smoke
at the starting stage of each cooking event; this process shows a strong PM,; 5 peak

concentration at the beginning of every cooking event, while the concentration of CO

and C'Oy does not show the same behavior.
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Figure 4.8: Typical real-time emission pattern for CO,, CO, and PM; 5 in Yunnan

Table 4.5 is the summary for the Yunnan dataset. As mentioned in the previous
paragraph, the mixed fuel usage is very popular in Yunnan. The native definition of
emission factor determined that it is very sensitive to fuel consumption [65]. Thus,
it is important to separate the case of using agricultural residue as a lighter only and
using coal as the major energy source, and using both agricultural residue and coal
as the energy source. Based on observations in the field, the threshold value of 2kg
agricultural residue consumption is selected as the criteria of whether a household is
using agricultural residue as lighter only. In the case of more than 2kg of agricultural
residue consumed, the emission factors are calculated based on the weight of total
fuel (coal plus agricultural residue). In the other case, only coal consumption is con-

sidered in the emission factor calculation.
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In order to explore the effect from mixing agricultural residue (mostly corn cob) to-
gether with coal, the correlation of modified combustion efficiency at different mixing
ratio is plotted in Figure 4.9. The mixing ratio here is defined as the fraction of coal
consumption (kg) in the total fuel consumption (kg). The reason use MCE as the
indicator is that the emission factor is a normalized quantity that is defined as grams
of emission compounds per kilogram of fuel consumption. With emission factor being
calculated, the fuel type information has been already chosen. If using emission factor
for C'O, or C'O, since the emission factor for these carbon compounds largely depends
on the carbon fraction in the fuel, the correlation extracted from the emission factor
of carbon compounds verses fuel mixing ratio will be aliased by the more significant
correlation between emission factor and fuel type (strictly, the carbon fraction in the
fuel). While the modified combustion efficiency, which is essentially a comparison of
how much carbon is emitted in C'Oy and C'O form, does not rely on fuel information.
The result in Figure 4.9 shows that MCE distributes evenly through the whole fuel
mixing ratio range, which implies the mixing ratio does not have a significant effect

on the stove performance.
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Figure 4.9: MCE at different fuel mixing ratio

4.1.4 Mongolia

The Mongolia measurement is accomplished together with a trained local sampling
team. With their help, the Mongolia campaign was able to acquire 157 valid sam-
ples from 236 measurements. Unlike other campaigns which are all taken from low
population density rural villages. The Mongolia measurements are carried out in the
population dense area of the capital city, Ulaanbaatar. Solid fuel stoves are popular in
Mongolia as the heating stove due to extremely cold weather during winter (outdoor
ambient temperature approximately —40°C'). The tests are conducted overnight to
follow local residents’ stove usage schedule (since they are out of the home for work
during daytime). Sampling duration is 15 — 16 hours. Table 4.6 gives the summary

for the Mongolia measurements.
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location Residence type Stove type Fuel type Measurement # of samples

Ulaanbaatar House Dul Coal 1-Day 19
House Khas Coal 1-Day 37
House Traditional Coal 1-Day 34
House Ulzii Coal 1-Day 38
Ger Dul Coal 1-Day 23
Ger Khas Coal 1-Day 0
Ger Traditional Coal 1-Day 33
Ger Ulzii Coal 1-Day 34
Total 218

Table 4.6: Mongolia household summary

Figure 4.11: Households in Mongolia and the heating wall
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Mongolia holds approximately 10% of the known coal reserves in the world [175].
Hence, coal is very affordable and easy to access locally, which makes the fuel usage
for the Mongolia measurements very simple. All the samples in this study use coal
as primary fuel with wood a sa lighter (Figure 4.10). There is no open fire stove
in Ulaanbaatar, as ventilation has a negative effect on keeping rooms warm. The
various chimney stoves are all commercial products. In some households, a heating
wall is constructed from the stove exhaust to obtain better heating effects (Figure
4.11). A special type of household, a Ger, also called a Yurt, is popular in Mongolia.
This round tent-shaped shelter is the traditional residence from the nomad history of

Mongolia. It is still widely used, especially among senior people.
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Figure 4.12: Typical real-time indoor air pattern for COs, CO, and P M, 5 in Mongolia

Figure 4.12 shows typical real time indoor air concentration of COy, CO, and PMs 5
in Mongolian households. As the measurements are conducted overnight, it shows a
very different pattern compared with other sites. The test usually starts at dinner
time when the stove is in an active status, producing peak concentration for all major
emission compounds. At around mid-night, the residents go to sleep, and the stove

activity declines until the next morning when residents wake up and refuel the stove.
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The PM, 5 concentration shows quicker response to residents’ indoor activity, while

it take few hours for CO; and C'O to drop to the low point after people go to sleep.

Sample MCE  EF CO,[g/kg fuel] EF CO [g/kg fuel] EF PM,s [g/kg fuel]
amount
DULin 13 0.971#0.005 1964+47.7 58.1+9 3.4+1
House
KHAS in 23 0.977+0.003 1940428 46.145.5 3.4+16
House
Trad in
18 0.965+0.003 1905.6+41.3 69.446.5 6.7+1.4
House
ULZIlin 21 0.974+0.004 1955.7+31.2 55.4+8.8 1.440.5
House
DUL in Ger 16 0.969+0.004 1883.8+41.5 61.3+7 5+1.5
Trad in Ger 20 0.963+0.003 1939.7+48 76.646.8 6.8+1.7
ULZ'(';:: 26 0.968+0.003 1914.1429.7 66.3+6.3 1.240.4
All Ger 62 0.966+0.002 1914.6422.4 68.3+3.9 4+0.7
All House 75 0.972+0.002 1940.3+17.6 56.443.8 3.6+0.7
All DUL 29 0.97+0.003 1919.8+31.6 59.945.5 4.340.9
ALL KHAS 23 0.977+0.003 1940428 46.145.5 3.4+16
All
. 38 0.964+0.002 1923.5431.7 73.244.7 6.8+1.1
Traditional
All ULZII 47 0.97+0.003 1932.7421.5 61.4+5.2 1.340.3
Overall 137 0.97+0.001 1928.6+14 61.842.7 3.8+0.5

Table 4.7: Statistical summary for Mongolia measurement
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4.2 Discussion and Comparison of Results

4.2.1 Efficiency and Emissions

Figure 4.13 compares the modified combustion efficiency for wood burning cookstoves
between this study (with uncertainties) and several previous works, including both
the water boiling test and the measurement of actual stove usage. The MCE mea-
sured from actual stove use in the field is consistently lower compare with those
measured from standard water boiling tests. A comparison for CO emission factor
(Figure 4.14) gives similar results. The measurements on actual stove use in homes
gives significantly higher C'O emission, and larger uncertainty, than the WBTs. The
Nepal results from Weyant et al. are collected together with this study by the UIUC
sampling team [163], with a similar mean value but much larger uncertainty, which

is likely due to the smaller sample number collected by the UIUC team.
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Figure 4.14: The C'O emission factor comparison
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Figure 4.15 compares the MCE from different regions with different fuels in this study.
The MCE results from all regions with all different fuels are similar, with the Mongo-
lia site an exception, it being significantly higher than all other sites. Coal stoves in
Mongolia are primarily used for heating. Unlike the cookstoves in other sites, which
are only lit during cooking events, the heating stoves in Mongolia are kept on all the
time. This more constant working condition is the potential reason for their high

overall MCE.
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Figure 4.15: Comparison of MCE between sites and fuels

The C'O; emission factor is a good reference for carbon emission as most of the
emission comes out in form of C'Oy. As has been well-addressed, fuel makes a big
difference in the carbon emission. One major reason for this is the carbon content
in fuel, which directly affects the emission factor of carbon compounds. For exam-

ple, woods and agricultural residues normally have the carbon content at about 50%.
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The carbon content for coal can be over 90 % [184]. Comparing the CO, emission
factor for the wood and agricultural stoves (Nepal, Tibet) and coal stoves (Yunnan,

Mongolia), the carbon emission from coal stoves are significantly higher (Figure 4.17).
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Figure 4.16: Comparison of C'O, between sites and fuels

CO and PM, 5 are the major products of incomplete combustion, and they are closely
related to indoor air quality and resident health. One challenge for CO and PMs
measurements are the associated uncertainties, especially for PM, 5. In Nepal, dung
stoves show higher CO and P M, 5 emission than wood and agricultural residue stoves,
which matches with the general opinion of dung as a more ‘dirty’ fuel. But the yak
dung stove in Nam Co, Tibet gives lower C'O and P M, 5 than wood stoves in Linzhi,
Tibet. As discussed in the methodology chapter, the stoves in Nam Co, Tibet, due
to the harsh environment (high altitude, cold), are partially used as heating stoves.

This difference on ‘how the stove is used’ may explain this unusual behavior. Among
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all the field sites in this study, Yunnan coal stoves have the highest CO and PM, 5
emission factor. According to the local CDC, the field sites in Yunnan province,

Fuyuan and Xuanwei county, all have high occurrence of lung cancer.
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Figure 4.17: Comparison of C'O between sites and fuels
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It is interesting to note Nepal’s low uncertainty compared with other sites. Compar-
ing with the emission from cookstove combustion, the background value (ambient) is
relatively consistent. The stoves in Nepal are all open fire design, which will involve
natural dilution by ambient air. This process will lower the signal to noise ratio.
However, in this case, the signal itself varies, but the noise level is more stable. Thus

the result is less variation between each sample, and this leads to a lower uncertainty.

4.2.2 Carbon Particulate Emission

The study of elemental carbon and organic carbon is a separate section of this disser-
tation because it has distinctively different character than the other measurements.

For example, the EC/OC work involved a strong collaborative component from the
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UIUC team, where they were responsible for the core values of these measurements.
This meant that the creative resolution of the typical issues faced during in-field mea-
surements (as described earlier) were handled by others, and the documentation of
such subtle activities is often less complete than when measurement campaigns are
carried out by a single entity. In addition, the EC/OC particulate measurements are
inherently noisier than gas measurements and total particulate measurements because
they are often less uniformly mixed at the sampling zone (the complete mixing into
the atmosphere occurs over longer time). Hence, the clearly valid sample number of
EC and OC is much smaller than for the other species discussed in previous para-
graphs. Nevertheless, the EC/OC data is a critical component of the uncertainty in
climate forcing so it is important to include even the limited validated data obtained.

Figure 4.19 shows a summary of the EC and OC measurement.

Location Fuel Sample EFEC [g/kg fuel] EF OC [g/kg fuel]
amount

Nepal Wood 28 0.53£0.18 1.68+0.35

Nepal Dung 18 0.43+0.14 1.97+0.32

Nepal Agricultural Residue 16 0.59+0.10 0.88+0.14

Tibet, China Yak Dung 10 0.25+0.05 15.41+2.54

Tibet, China Wood 2 0.11+0.05 16.031£14.48

Yunnan, China Coal 16 1.46+0.47 10.09+2.71

Yunnan, China Mix 18 0.51+0.17 7.02+1.26

Figure 4.19: Summary of elemental carbon and organic carbon result
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Figure 4.20 and 4.21 show a comparison of EC and OC emission factors through all
field sites and fuels. The coal stoves in Yunnan, China produces the highest elemental
carbon emissions, even considering its high uncertainty, while other stoves burning
agricultural-based fuel have a similar result. Figure 4.21 shows that the stoves in
Nepal, whatever fuel is using, emit less OC across all the field sites. Figure 4.22 is a
plot of EC and OC ratio for the different regions and fuel combinations, as the EC

to OC ratio is usually of more interest.
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Figure 4.22: Comparison of EC/OC ratio between sites and fuels

As in the discussion above, the elemental carbon emission relates closely to the car-
bon content in the fuel: higher carbon fuel such as coal produces more EC during
the combustion process. Organic carbon seems more affected by the stove type. The
distinctly different behavior of the Nepal stoves appear to result from the open fire

design, where all the other sites have stoves with chimneys. From the perspective

98



of combustion chemistry, as discussed in section 1.2.2, the formation of soot, which
is mostly elemental carbon, is largely related to the production of acetylene (CyHs).
The agricultural-based fuels (wood, dung, agricultural residue, etc.) are essentially a
mixture of hydrocarbons. In the combustion process, before soot (EC) is produced,
the long hydrocarbons (larger C' number) break up into shorter hydrocarbons (smaller
C' number) until acetylene. For a stove that does not burn fuel completely (which
is common for cookstoves), the decomposition reactions for some molecules can stop
before reaching the acetylene stage. In this case, organic carbon is emitted. Elemen-
tal carbon, on the other hand, that reactions reach the key soot precursor acetylene,
which represents more complete combustion as compared to high OC emission com-
bustion. Looking back at the modified combustion efficiency (Figure 4.15), the open
fire stoves in Nepal have overall higher MCE among all other field sites (exclude the
pure heating stove in Mongolia). This suggests that the ratio of EC & OC emission
from cookstoves may logically correlate with the combustion efficiency of the stove:

that is, higher EC at higher efficiency and more OC at lower efficiency.

4.3 Combustion Intermittency

As has been well documented, the primary effect on solid fuel cookstoves’ perfor-
mance and emission is fuel type [3]. Fuel variability alone, however, is not sufficient
to explain all of the observed measurement variation, and it is likely, therefore, that
there are secondary factors impacting significantly stove emission performance. These
secondary factors are difficult to mimic in a laboratory measurement. For example,
stove activities in households can be affected by a series of variables which may in-

clude family size, food type, chef’s skill level and so on. Some of these variables can
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be very hard to introduce into controlled laboratory experiments. A comprehensive
statistical analysis of our large in-field data set [176] showed, as others have found,
that fuel type is a primary factor in emissions. In addition, however, there appeared
to be a consistent trend where emissions were higher (when normalized to fuel con-
sumption) when the stove was used more infrequently. This behavior is reminiscent
of the emission challenges from internal combustion engines during the initial startup
when the system is cold. Previous study has acquired the information between frac-
tion of carbon emission and modified combustion efficiency for three types of stove
in Mexico [177]. In this study, in order to quantitatively evaluate the effect from
stove usage, we propose a parameter ‘continuity factor’;, which provides combined
information comprising the fraction of time the stove is being used, the number of
event cycles during the sampling time span, and the fluctuation of combustion in the

stove while it is being used.

The intermittency analysis is based on the data set obtained from a series of field
measurement campaigns that include not only those already described but others
from around the world. The field sites include: Nepal, Mongolia, India, Mexico and
the Tibet area of China. We analyze the real time information of carbon dioxide
(CO,), carbon monoxide (CO) and PMs,5 emission during stove working hours to
explore the intermittency and its effect on the modified combustion efficiency (MCE)

and emission factors (EF).

As with many other combustion systems, it is likely that most of the incomplete
combustion products are generated during the starting and ending stages. The stove
works best in continuous burning conditions. The results suggest that a larger fraction

of total cookstove operating time spent under continuous burning (lower portion
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for the starting and ending stages), the higher the overall efficiency and the lower
incomplete combustion emissions should be (after considering fuel type variability).
In the case of residential use cookstoves, the number of events (meals) is directly
related to the number of starting and ending processes. With the assumption that
for each event, the starting and ending process takes approximately the same amount
of time, more events will lead to a higher fraction of starting and ending, lowering
the overall efficiency and raising the emissions. Thus, in this preliminary study,
the continuity factor is: within total sampling time, the fraction of time (over total
sampling time) when the stove is actually being used, weighted by the inverse of stove
event (cooking event) number. The cooking events are identified based on the real
time C'Oq concentration measured (figure 2). Samples with higher continuity factor

to have higher MCE and lower incomplete combustion products (CO and PM, ;).

stove working time 1

Continuity Factor = , - X
total sampling time — number of events

The first hint of the effect from combustion intermittency comes from the comparison
of data from different sites. Figure 3 shows the overall MCE from Tibet of China,
India, Mexico, and Mongolia, separated by regions. Despite all other factors like fuel
type and stove type, it is obvious that the MCE in Mongolia is significantly higher
than at other sites. According to the background study and observation, one spe-
cial thing in Mongolia is that these stoves are primarily used for heating instead of
cooking. Which means unlike those cooking stoves which will be turned off after the
cooking event ends, the heating stove stays on all the time. To further explore the
effect from combustion intermittency, a quantitative intermittency analysis is applied

to the data set from Nepal.
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RELATIVE

VARIABLE FUEL N  MEAN STD.DEV  UNCERTAINTY UNCERTAINTY
MCE WOoOoD 20 0.88 0.02 0.01 0.99%
DUNG 14 0.88 0.03 0.01 1.54%

AGRICULTURAL RESIDUE 14 0.90 0.01 0.01 0.64%

COEF WOooD 20 95.39 16.81 7.52 7.88%
[g/kg fuel] DUNG 14 99.05 19.83 10.60 10.70%
AGRICULTURAL RESIDUE 14 79.92 9.88 5.28 6.61%

PM EF WOooD 20 4.23 5.33 2.38 56.29%
[g/kg fuel] DUNG 14 7.00 3.38 1.80 25.78%
AGRICULTURAL RESIDUE 14 2.23 135 0.72 32.26%

Table 4.8: Nepal measurement summary for MCE C'O and PM, 5

The main reason for choosing the Nepal dataset is the same household type and
stove type through all the samples, which minimizes the confounding effects from
these factors. Typically, there are three types of fuel used in Nepal: wood, dung,
and agricultural residue (Figure 3.2). Table 4.8 gives the summary of MCE, emission
factor of CO and PM,5, categorized by fuel type and with statistical uncertainty
calculated. Comparing the MCE and C'O emission factors by fuels, stoves with dung
have the lowest efficiency and highest C'O emission, which matches with previous
studies [79, 3, 178]. The P M5 emission factors for dung stoves are about six times
higher than stoves with wood and agricultural residues as fuel. However, the high

uncertainty level indicates there are considerable other factors involved as well [7].
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Figure 4.23: MCE comparison for various continuity factor
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Figure 4.24: C'O emission factor comparison for various continuity factor
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Figure 4.25: PM, 5 emission factor comparison for various continuity factor

Figures 4.23, 4.24, and 4.25 show the comparison between different levels of continuity
factor. The range of continuity factor for this data set is from 0.2 to 0.8. Consider-
ing the sample size within each subgroup, the low continuity group contains samples
with continuity factor smaller than 0.1 with a mean value around 0.07; The mid level
group ranges from 0.1 to 0.3 (mean value: 0.17) while the high level group is beyond
0.3 (mean value: 0.53). The results of MCE and C'O emission factor are promising.
As expected, continuity factor increases, which indicates the portion of starting and
ending are less, lead to a higher combustion efficiency and lower major incomplete
combustion product emissions. As for the result of PM, 5, there is no obvious pattern,

but the uncertainty and variability are very high which obscures moderate effects.
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Figure 4.26: MCE comparison for various continuity factor within each fuel category

120 140 160
1 | |

100
|

60
|

=S ==

[ co_wWoOoD_LOW (n=10)
[[] CO_DUNG_LOW (n=7)
[ CO_AGRI_LOW (n=7)

1 co_wWoOoD_HI (n=10)
[ ] CO_DUNG_HI (n=7)
1 CO_AGRI_HI (n=7)

Figure 4.27: C'O emission factor comparison for various continuity factor within each
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Figure 4.28: PM, 5 emission factor comparison for various continuity factor within

each fuel category

As mentioned before, one primary effect on solid fuel cookstoves combustion is the fuel
type. In order to exclude this interference, the intermittency analysis is applied within
each fuel category. One challenge associated with this approach is: since the total pool
size is divided by three (roughly), the decreased sample amount within each subgroup
will introduce more uncertainty. To alleviate this negative effect with limited samples,
the samples within each fuel category are grouped into two intermittency levels. The
comparison of MCE, C'O and P M, 5 emission factor with different intermittency level
in each fuel group is shown in Figure 4.26, 4.27, and 4.28. With the effect from fuel
type isolated, the MCE and CO result gives similar but clearer correlation with the
overall comparison above, in agreement with the hypothesis of stove activity as a
secondary effect. Dung and agricultural residue stove PM, 5 emission seems to have
the same pattern. however, the disagreement from wood and agricultural residue

stoves, plus the high uncertainty of PM, 5 data requires further study.
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Chapter 5

Conclusion

A series of in-field emission measurements for solid fuel cookstoves have been con-
ducted. Emission factor for major compounds (COs, CO, PM,5, and C'Hy) with
their statistical uncertainties are calculated with the carbon balance method. The
acquired emission database fills the blank of the inventory for the household cook-
stoves emission in the corresponding regions. The challenge of field measurement
limits its deployment and the study about resident emission mostly relies on model-
ing and lab tests. However, these field data provide important information for both

model tuning and exploring more representative lab test protocols.

A non-dimensional parameter ‘continuity factor’ is established to describe residential
stove activity quantitatively. The correlations between continuity factor and MCE
as well as C'O emission factor are demonstrated by the analysis on the data set from
Nepal sites. The result from both overall analysis and the analysis within each fuel
category agrees with an hypothesis that for residential stove usage, higher continu-

ity factor indicates higher overall combustion efficiency and lower major incomplete
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combustion emissions. There is no obvious link between continuity factor and PMs 5
emission factor, but uncertainty is a major issue for PMs 5 measurements which makes
the analysis very challenging. In order to verify the effect on PM, 5 emissions, a larger
sample size is required. This current study suggests that some recognition of inter-

mittent stove use should be part of such a protocol.

There is no strong link being found between household cookstove emission and out-
door ambient air quality from this study. Most of the field sites (Nepal, Tibet and
Yunnan in China) have very clean outdoor air but high cookstove emissions and very
smoky indoor air. The reasons include short resident time of most cookstove PM
and in natural villages, the population is still sparse compare with big cities. Ulaan-
baatar in Mongolia does have serious air pollution issues, but these are more likely
attributed to the capital city’s high population density and the existence of other

heavy industries, such as mining, which is very popular in Mongolia.

The impact on indoor air quality from residential cookstoves emission is substantial.
Even with chimney stoves, the indoor emission concentrations are significantly higher
than those in the ambient when the stove is running. In Mongolia, the background
COs concentration reaches 3000 ppm, which is almost 10 times that in ambient atmo-
sphere. C'O, which is a toxic gas species, also has above 100 ppm background level in
some households. For those residents using agricultural residue as fuel or lighter, the
enormous smoke generated from the beginning stage of fire is sometimes oppressive
with penetrating odor. In the Yunnan province of China, especially Xuanwei county,
which is one of the field sites in this study, the lung cancer occurrence ranked in the
top 3 in the whole China, and studies relating coal use and lung cancer occurrence

has been underway for decades [45].
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The method of controlling emissions that is being deployed in large scale industry,
such as carbon capture, does not fit the resident emission case well. For distributed
emission sources like in villages, a carbon capture facility is not cost effective, which
gives low energy efficiency ratio [179]. Prompting better stoves to the rural villages
is a useful approach in easing the health threats from solid fuel cookstoves emissions.
Some examples include biogas stoves which use biogas (C'Hy is the major compounds)
generated from agricultural residue and electric stoves. Besides the cost aspect, one
widely existing challenge in these improved stove promotion activities is the inertia
of using the existing stove. that is, residents tend to keep their traditional way of
cooking unless there is an obvious, severe, and well-demonstrated con. One example
is the lung cancer occurrence in Yunnan villages, and the correlated popularity of

electrical stoves locally.

A major contribution of this work is the unique information from in field measure-
ments. These measurements show the real variability of cookstove use and caution
against simple methods to incorporate cookstove emissions in global climate models.
The results show clearly that in the mean, real life cookstove use emits more than
occurs under laboratory and controlled conditions. Nevertheless, the measurements
continue to show that fuel type is a critical variable in cookstove performance. How-
ever, the effect from stove activity, such as the fluctuation during combustion process
and the start and stop stages, should be considered in modeling and designing con-
trolled laboratory experiment. This field dataset provides a good reference for the
potential future research that includes but not limit to regional modeling, laboratory

testing protocol design, and so on.
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Appendices

A Carbon Balance Method

The carbon balance method is developed by Crutzen et al. [171] and has been widely
employed in biomass combustion emission studies [74, 76, 79, 180, 181, 182, 183]. The
method is based on the mass balance of carbon in the combustion process. As shown
in equation A.1, C is the carbon mass in fuel, C, is the unburned carbon remaining
in ash and char, and C7r is total carbon mass in the emissions. C7 includes the carbon
mass in each species. In this study, the considered species includes carbon dioxide
(COy), carbon monoxide (CO), methane (C'H,), total non-methane hydrocarbon

(TNMHC), and total suspended particles (T'SP).
Cr—C,=0Crp (A1)
where

Cr = Cco, + Cco + Ceu, + Crnmuc + Crsp (A.2)
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Combine and rearrange the two equations:

Cr—C, Cco . Cen,  Crnmmc  Crsp
21+ + L+ + A3
Cco, Cco, Cco, Ceco, Ceo, (A-3)
-1+ K (A.4)
and
Cco  Ccu, Crnuac Crsp
K= - L+ + A5
Cco, Cco, Cco, Cco, (4.5)
Thus,
cr,—C,
Coo, = 5" (4.6)

The emission factor E,, for a pollutant is defined as the mass of the pollutant emitted
per mass of fuel consumed (M) [74]. The emission factor for carbon in CO, can be

calculated with the equation:

Cr—C,
Em.cco2 = m (A.7)

and the emission factor for CO, is:

c,—-C,
E,.co, = ( ! - feo, (A.8)

1+ K)M
where fco, is a factor for converting carbon mass to the compound mass, which can

be calculated with the molecular mass of the corresponding compound.

(MW)a
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In the case of C'Os, as the molecular weight of C'O5 is 44 and that for carbon in COq

is 12, fco, = 3.67. For other compounds in the emissions.

M
Enx = Em.CX : ﬂ (AlO)
12
and
Cco, 2
Cx 12
= - Bpcoy o A12
Cco, €O (MW)co, (4.12)
Substitute equation A.12 into equation A.10:
Cx 12 (MW)x
E,x = - Enco, - : A.13
X = G s T 15 (A13)
Cyx (MW)x
= - Epco, + ———t A14
Cco, €O (MW) o, (A1)

Equation A.14 gives the emission factor for compounds X. In actual usage, as the

mass ratio of compounds % is easier to obtain than the mass ratio of carbon CCX ,
2 cOoq
the calculation can be further simplified:
C X - 12
X = (MWW)x (A.15)
Coo, OO0 Grmce,
X (MW)co,
= A.16
00, (M) (410
Substitute equation A.16 into equation A.14.
X (MW)co (MW)x
E, x = 2 Bomco, e A7
X 002 (MW)X .CO2 (MW)CO2 ( )
X
=—— . FE, A.18
COQ .CO2 ( )
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The major advantage of using the carbon balance method to calculate the emission
factor is that this approach requires the measurement of emission ratios (to carbon
dioxide) rather than absolute mass for each compound. With the assumption of the
flue gas stream being well mixed, this method provides great flexibility for probe
position and also excludes the interference of natural dilution from surrounding air

74, 73).

The emission factor calculation with the carbon balance method is based on the
carbon content in the consumed fuel. Thus, the fuel consumption information and
carbon fraction in the fuel are critical. In this study, for agriculture based fuel, such as
wood and agricultural residue, the carbon content is assumed to be 50%. According
to the study conducted by Gaur and Reed [184], this approximation is fairly uniform
among pine and oak. Figure A.1 provides the fuel reference information used in this

study.
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NCV Char % Fraction of fuel carbon
(MJ/kg) % Carbon Char NCV Carbon assumed to remain as char
Wood 19.0 50% 29.5 95% 0.01
Charcoal 28.2 95% 28.2 95% 0.005
Paper/cardboard 19.0 50% 295 95% 0.01
LPG 44.7 82% - 0
Kerosene 39.7 85% - 0
Rice husks - - 0.01
Corn Cobs - - 0.01
Crop residues 13.4 50% 205 95% 0.01
(general)
Dung 12.3 50% 29.5 95% 0.01
Biogas - - 0
Plastic - - 0
Ethanol 26.7 52% - 0
Methanol 211 38% - 0
Coal 23.5 75% 29.5 95% 0.005
palm/dung 13.38 50% 29.5 95% 0.01

Figure A.1: The fuel reference table [184]
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B Standard Operating Procedure for Emissions &

Indoor Air Sampling

1. Statement of Purpose

This protocol describes the instrumentation and general procedures used for

stove emissions measurement conducted in Ulaanbaatar, Mongolia.

2. Equipment requirement

Two types of setup were used in the measurement of emissions.

Basic Setup Advanced Setup
Emissions Emissions
- Gravimetric Sampling for PM> 5 In addition to the Basic Setup:
measurements - CH4/NMHC measurements
- Real-time O, CO, CO3, NO, NO», and - Collection of quartz filters for EC/OC
SOz measurements analyses
Indoor Air
Indoor Air In addition to the Basic Setup:
- Gravimetric Sampling for PMa:s - CH4/NMHC measurements
measurements - Collection of quartz filters for EC/OC
- Real-time PM> s measurements analyses
- Real-time CO/CO2 measurements
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Qty. Qty

Basic Adv. Abbreviation Description
1 1 TESTO Testo 350 M/XL or 350 Flue Gas Analyzer
1 1 DT TSI DustTrak Il Aerosol Monitor
1 1 QT TSI Q-Trak 7565/7575 CO & CO2 Monitor
1 1 CYCLONE BGI Triplex Cyclone
2 2 AC PUMP SKC PCXR8 or XR5000 Universal Pump
1 2 LP SKC Pocket Pump
2 2 TF 37mm PTFE (Teflon) 2.0um Pore Size Filters (loaded into cassettes)
- 4 Qz 47mm Quartz Filters
1 2 0.5L BAG 0.5L FlexFoil Gas Sampling Bag
1 2 200L BAG 200L Tedlar/Kynar Gas Sampling Bag
1 1 HEPA HEPA Filter Capsule
2 2 WATERTRAP Water Trap

2.1. Basic setup

Emission— watertrap = Cydlone

Dilution

v TF > LP

“<hcpue

Emission—* watertrap———» HEPA — TESTO

Figure B.2: Basic Emission Sampling Train

QTRAK

INDOOR AIR —— DT with TF

2.2. Advanced setup

Figure B.3: Basic Indoor Air/Background Sampling Train

3. Preparation of instruments prior to transport to sampling site
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/«% LP —»BAG,
issi watertra —-@—» TF '—' QZ LP
Emissiom—™ D/ y L

\AC PUMP

Dilution -~

m_" watertrap——» HEPA » TESTO

Figure B.4: Advanced Emission Sampling Train

QTRAK

» DTWithTF —* QZ
//

~
INDOOR AIR’\

£ Qz—» LP —»BAG

Figure B.5: Advanced Indoor Air/Background Sampling Train

3.1. A unique sample identification number should be assigned to each house-
hold, based on a household survey, which will have emission and indoor
air tested. All instrument IDs and pump IDs are to be recorded by each

sampling team.
3.2. Filter preparation

3.2.1. Quartz filters should be loaded properly in the conductive filter cas-

sette before transporting to field locations.

3.2.2. All PTFE filters are preloaded into the filter cassettes and are kept

sealed before each measurement. Filter IDs are to be recorded.

3.3. All instruments and pumps should be fully charged before each sampling

period.
4. Installation of instruments at sampling site

4.1. Household information needs to be recorded (household ID, stove type,
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resident type, etc.)

4.2. Record the fuel type and perform an initial fuel weighing as specified on

the Sampling Train Datasheet

4.3. Find a location to set up the sampling equipment (upon approval of house-
hold owner) and perform the setup.
4.3.1. Placement and installation of emissions sampling train-setup

4.3.1.1. Emissions train should be placed near the stove without causing

any potential interference with household members.
4.3.1.2. Assess the stove to determine how the probe should be installed.

4.3.1.2.1. A 1/4” drilled hole may be required for insertion of probe into

the flue and repaired /restored following sampling measurements.

4.3.1.2.2. Make sure that the tubing of the probe is clear of debris. Unclog

and clean, if necessary.
4.3.1.3. Placement and installation of indoor air sampling train setup

4.3.1.3.1. The indoor air train should be placed away from the stoves,

doors, and windows.

4.3.1.3.2. The sampling probe is installed within the breathing zone (ap-

prox. 1.2m)
4.3.2. Measure and record the required initial (pre-measurement) flow rates.

4.3.3. Make certain the all real-time instruments are working properly and

record the start time.

4.3.4. Take a photo of the household and sampling train setup for the record.
5. Retrieval of instruments at sampling site.

5.1. Record stop time
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5.2.

5.3.

0.4.

5.5.

5.6.

5.7.

Check all instruments for normal functionality. Record any issues on the

Sampling Train Datasheet.

Remove PTFE filters from pump and/or instrument and cap both ends
of the filter cassette. Remove quartz filters from the black conductive

cassettes and package them into the filter petrislides, seal with Teflon tape.

Record final (post-measurement) flow rate and pump sampling duration

(time elapsed).
Stop all the real time instrument and pump.
Perform a final fuel weighing.

Transfer the collected gas sample from 200L gas sampling bag into 0.25L

MMT gas sampling bag.

5.7.1. 0.25L. MMT bag needs to be “washed” with sample gas three times

before the transfer.

5.7.2. Deflate the 200L gas sampling bag, once finished.

6. Quality Assurance/Quality Check (QA/QC)

6.1.

6.2.

Field blanks are conducted for both quartz and PTFE filters.

Calibration gas bags are shipped to the field and returned to location of

gas analysis for QC checks.

7. Post-measurement data uploading and instrument maintenance/cleaning

7.1.

7.2.

7.3.

Charge all batteries and instruments

Upload data from all real-time instruments to field laptop and backup

data.

Transcribe written field data from Sampling Train Datasheet to PDF ver-

sion of the datasheet.
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7.3.1. Synchronization of datasheet and all field data (i.e. DustTrak, Q-Trak

data files, etc.) to online cloud storage for backup and accessibility.

7.3.2. Take a photo of the original datasheet as backup.
7.4. Post-sampling filter and gas bag handling

7.4.1. Quartz filter requires cold storage
7.4.2. PTFE filter needs to be sealed

7.4.3. Gas sampling bags should be kept away from sharp items to prevent

puncture of bags.
7.5. The DustTrak IT PM, 5 impactor requires cleaning after each measurement.
7.5.1. Consult user manual for step-by-step instructions.
7.6. Check the internal filters for DustTrak II, Testo Gas Analyzer, and pumps.
7.6.1. Replace filter, if necessary.

7.7. For gas bag measurements, if the 200L. gas sampling bag was not well

inflated from the last measurement, perform a leak check in the lab.

7.7.1. Re-seal the bag if there are any leaks.
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C Field Sampling Datasheet
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D SOP for Gravimetric Filter Sampling

1. Statement of Purpose

1.1. Overview of filter handing, preparation, sampling, and analysis for gravi-

metric measurements.
2. Standard equipment & supplies

2.1. 37mm SKC PTFE Filter with a 2.0 m pore size (SKC Inc., cat. 225-1709)
2.2. 3Tmm SKC 2-Piece Clear Styrene Cassette (SKC Inc., cat. 225-2050LF)
2.3. BIOS 510M Defender Primary Standard Flow Calibrator, 50 to 5000 ml/min
2.4. BGI Triplex Cyclone (SCC 1.062) - PM;y, PM,5 & Respirable

2.5. SKC PCXR8 AirChek Universal Air Sampling Pump (SKC Inc., cat. 224-
PCXR&)

2.6. SKC PocketPump Twin-Port Air Sampling Pump (SKC Inc., cat. 210-
1002A)

2.7. CAHN Model 29 Electrobalance (repeatability of 1.0g)
3. Balance room location characteristics

3.1. Environmentally-controlled laboratory room
3.2. Balance stationed on vibration-free table
3.3. Mean temperature: 20 — 30 & 2°C over 24 hours

3.4. Mean humidity: 30 — 40% RH £5% over 24 hours
4. Gravimetric analysis

4.1. Filters are equilibrated before weighing as specified in section 5.1.
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4.2.

4.3.

4.4.

4.5.

Filter is passed between two polonium ionizing strip (StaticMaster lonizing

Unit, Model No. 2U500) for removal of electrostatic charges.
Each PTFE filter is weighed three times, and repeated if not within +3.0g
Values are recorded in milligrams to 3 decimal places.

Collected field data (i.e. sampling duration, difference in pre- and post-
weight, etc.) is analyzed and PMs 5 concentrations are calculated in mil-

ligrams per cubic meter (mg/m?).

5. Filter conditioning and Quality Check (QC)

5.1.

5.2.

5.3.

5.4.

For pre- and post-sampling weighing, filters are conditioned/equilibrated

in the controlled environment for a minimum of 24 hours.
Both pre- and post-sample weighing is carried out on the same balance.

Balance room laboratory filter blanks and 100mg standard weight are uti-

lized as QC checks.

Field blanks are collected for QC checks.

5.4.1. Cassette-loaded PTFE filters are transported to the field office, and are

then uncapped and recapped during calibration and setup of pumps

before being taken out into the field.

6. Pre-sampling filter preparations

6.1.

6.2.

PTFE filters are inspected, equilibrated, pre-weighed, and loaded into
37mm 2-piece clear styrene cassettes (SKC Inc., cat. 225-2050LF). Fil-

ter weighing procedures specified in section 4.1-4.4.

Filter identification

6.2.1. All cassette-loaded PTFE filters are tagged with a unique identifica-

tion barcode. LOCATION_TF000 (i.e. MNG_TF042)

126



7. Field measurements
7.1. BGI Triplex Cyclone was used in conjunction with programmable sampling
pumps set at specified flow rates for a combined flow rate of 1.5L/min.

7.2. Pump flow rates are measured with a BIOS 510M Defender Primary Stan-

dard Flow Calibrator to verify accuracy before and after sampling.

7.2.1. Flow rates are recorded before and after each sampling period.

7.2.2. Time elapsed (sampling duration) of each pump are recorded.
8. Filter transport & storage

8.1. Exposed PTFE filters/cassettes are capped and refrigerated at 4°C, until

post-weighed.
9. Post-sampling preparations

9.1. Post-sampling exposed filters are removed from cassettes and transferred
to petrislides prior to post-weighing.

9.2. Exposed filters are equilibrated, inspected, and post-weighed. Filter weigh-
ing procedures specified in section 4.1-4.4.

10. Reference

10.1. Environmental Protection Agency (EPA). (1998). Quality Assurance Guid-
ance Document, Method Compendium: PMs; 5 Mass Weighing Laboratory

Standard Operating Procedures for the Performance Evaluation Program.
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E SOP for Gas Sampling Methodology

1. Statement of Purpose

1.1. Overview of gas sampling bag handing, preparation, and gas chromatog-

raphy analysis.
2. Standard equipment & supplies

2.1. 0.5L FlexFoil Gas Sampling Bag (Calibrated Instruments Inc., USA)
2.2. 200L Kynar Gas Sampling Bag (Analytical Specialties, Inc., USA)

2.3. SKC PCXR8 AirChek Universal Air Sampling Pump (SKC Inc., cat. 224-
PCXRS)

2.4. SKC PocketPump Twin-Port Air Sampling Pump (SKC Inc., cat. 210-
1002A)

2.5. BIOS 510M Defender Primary Standard Flow Calibrator, 50 to 5000 ml/min

2.6. Agilent 6890N Gas Chromatograph with FID
3. Gas bag identification

3.1. All 0.5L gas sampling bags are tagged with a unique identification barcode.
LOCATION_MMTO000 (i.e. MNG_MMT042)

4. Standard calibration gas

4.1. Standard predetermined concentrations (ppm) of specific gases (CO, CO2,
and CH4)

4.1.1. Carbon Monoxide (1,000ppm) in Nitrogen balance (Air Liquide Amer-
ica Specialty Gases LLC, USA)
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4.1.2. Carbon Dioxide (1,600ppm) in Nitrogen balance (Air Liquide America
Specialty Gases LLC, USA)

4.1.3. Methane (100ppm) in Nitrogen balance (Air Liquide America Spe-
cialty Gases LLC, USA)

4.1.4. Carbon Dioxide (3% Vol.), Carbon Monoxide (2,500ppm), and Methane
(400ppm) in Helium balance (Air Liquide America Specialty Gases
LLC, USA)

5. Field measurements
5.1. Pump flow rates are measured with a BIOS 510M Defender Primary Stan-

dard Flow Calibrator to verify accuracy before and after sampling.

5.1.1. Flow rates are recorded before and after each sampling period.

5.1.2. Time elapsed (sampling duration) of each pump are recorded.
6. Quality Assurance (QA) and Quality Check (QC)

6.1. Calibration gases are loaded into 0.5L FlexFoil gas sampling bags and are
brought into the field and remains with other field gas samples until the

end of the sampling period

6.1.1. The standard gas concentrations will be analyzed to determine any
potential contamination or interference during transport of the gas

samples.
7. Gas chromatography analysis

7.1. CO2, CO, and CH4 were analyzed using a Agilent 6890N gas chromato-
graph with a flame ionization detector (FID) equipped with a nickel (Ni)
catalyst methanizer (SRI Instruments, USA), with the following columns

used: Molecular Sieve 5A Porous Layer Open Tubular Capillary Column
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(Restek, cat no. 19720) and Agilent J&W Scientific GS-CarbonPLOT

column (Agilent, cat no. 113-3133).

7.2. A 100L gastight Hamilton syringe (Hamilton, USA) was used to inject

100L from the 0.5L FlexFoil gas sampling bags.

7.3. Seven-point calibration curves were made for the quantification of gaseous
species using dilutions of NIST traceable gas standard mixture and indi-

vidual gas standards.

7.4. Samples were randomly selected for duplicate analysis.

130



Bibliography

1]

Stephen R. Turns. An Introduction to Combustion, Concepts and Applications.
McGraw Hill, 2012.

DOE - Fossil Energy: A Brief History of Coal Use in the United States.

Kirk R. Smith, Michael G. Apte, Ma Yuqing, Wathana Wongsekiarttirat, and
Ashwini Kulkarni. Air pollution and the energy ladder in asian cities. Energy,
19(5):587-600, May 1994.

Jesper Ahrenfeldt, Tobias P. Thomsen, Ulrik Henriksen, and Lasse R. Clausen.
Biomass gasification cogeneration A review of state of the art technology

and near future perspectives. Applied Thermal Engineering, 50(2):1407-1417,
February 2013.

Nigel Bruce, Eva Rehfuess, Sumi Mehta, Guy Hutton, and Kirk Smith. Indoor
Air Pollution. In Dean T. Jamison, Joel G. Breman, Anthony R. Measham,
George Alleyne, Mariam Claeson, David B. Evans, Prabhat Jha, Anne Mills,
and Philip Musgrove, editors, Disease Control Priorities in Developing Coun-
tries. World Bank, Washington (DC), 2nd edition, 2006.

James J. Jetter and Peter Kariher. Solid-fuel household cook stoves: Character-
ization of performance and emissions. Biomass and Bioenergy, 33(2):294-305,
February 2009.

Tami C. Bond, Ekta Bhardwaj, Rong Dong, Rahil Jogani, Soonkyu Jung,
Christoph Roden, David G. Streets, and Nina M. Trautmann. Historical
emissions of black and organic carbon aerosol from energy-related combustion,
18502000. Global Biogeochemical Cycles, 21(2):GB2018, June 2007.

R Subramanian, Ekbordin Winijkul, Tami C Bond, Worrarat Thiansathit,
Nguyen Thi Kim Oanh, Ittipol Paw-Armart, and KG Duleep. Climate-relevant
properties of diesel particulate emissions: results from a piggyback study in
bangkok, thailand. Environmental science € technology, 43(11):4213-4218,
2009.

M Matti Maricq, Diane H Podsiadlik, and Richard E Chase. Examination
of the size-resolved and transient nature of motor vehicle particle emissions.
Environmental science € technology, 33(10):1618-1626, 1999.

131



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Fang Yan, Ekbordin Winijkul, Soonkyu Jung, Tami C Bond, and David G
Streets. Global emission projections of particulate matter (pm): I. exhaust

emissions from on-road vehicles. Atmospheric Environment, 45(28):4830-4844,
2011.

T. C. Bond, S. J. Doherty, D. W. Fahey, P. M. Forster, T. Berntsen, B. J. DeAn-
gelo, M. G. Flanner, S. Ghan, B. Krcher, D. Koch, S. Kinne, Y. Kondo, P. K.
Quinn, M. C. Sarofim, M. G. Schultz, M. Schulz, C. Venkataraman, H. Zhang,
S. Zhang, N. Bellouin, S. K. Guttikunda, P. K. Hopke, M. Z. Jacobson, J. W.
Kaiser, Z. Klimont, U. Lohmann, J. P. Schwarz, D. Shindell, T. Storelvmo, S. G.
Warren, and C. S. Zender. Bounding the role of black carbon in the climate

system: A scientific assessment. Journal of Geophysical Research: Atmospheres,
118(11):5380-5552, June 2013.

Rajendra K Pachauri, MR Allen, VR Barros, J Broome, W Cramer, R Christ,
JA Church, L Clarke, Q Dahe, P Dasgupta, and others. Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. 2014.

J.-F. Lamarque, T. C. Bond, V. Eyring, C. Granier, A. Heil, Z. Klimont, D. Lee,
C. Liousse, A. Mieville, B. Owen, M. G. Schultz, D. Shindell, S. J. Smith,
E. Stehfest, J. Van Aardenne, O. R. Cooper, M. Kainuma, N. Mahowald, J. R.
McConnell, V. Naik, K. Riahi, and D. P. van Vuuren. Historical (18502000)
gridded anthropogenic and biomass burning emissions of reactive gases and

aerosols: methodology and application. Atmospheric Chemistry and Physics,
10(15):7017-7039, August 2010.

DM Etheridge, LP Steele, RL Langenfelds, RJ Francey, J-M Barnola, and
VI Morgan. Natural and anthropogenic changes in atmospheric co2 over the last

1000 years from air in antarctic ice and firn. Journal of Geophysical Research:
Atmospheres, 101(D2):4115-4128, 1996.

S Solomon, D Qin, Z Manning, Z Chen, M Marquis, KB Avery, M Tignor, and
HLE Miller. Ipcc 4th assessment report. Climate Change, 2007.

DM Etheridge, L_P_ Steele, RJ Francey, and RL Langenfelds. Atmospheric
methane between 1000 ad and present: Evidence of anthropogenic emis-

sions and climatic variability. Journal of Geophysical Research: Atmospheres,
103(D13):15979-15993, 1998.

EJ Dlugokencky, RC Myers, PM Lang, KA Masarie, AM Crotwell, KW Thon-
ing, BD Hall, JW Elkins, and LP Steele. Conversion of noaa atmospheric dry
air ch4 mole fractions to a gravimetrically prepared standard scale. Journal of
Geophysical Research: Atmospheres, 110(D18), 2005.

J Hansen, MKI Sato, R Ruedy, L. Nazarenko, A Lacis, GA Schmidt, G Russell,
I Aleinov, M Bauer, S Bauer, et al. Efficacy of climate forcings. Journal of
Geophysical Research: Atmospheres, 110(D18), 2005.

132



[19]

[20]

[21]

[25]

[26]

[27]

[28]
[29]

Gunnar Myhre, Jgrgen S Nilsen, Line Gulstad, Keith P Shine, Bjgrg Rognerud,
and Ivar SA Isaksen. Radiative forcing due to stratospheric water vapour from
ch4 oxidation. Geophysical Research Letters, 34(1), 2007.

Markku Kulmala, Ilona Riipinen, and Veli-Matti Kerminen. Aerosols and cli-
mate change. In From the Earth’s Core to Quter Space, pages 219-226. Springer,
2012.

Lianhong Gu, Dennis Baldocchi, Shashi B Verma, TA Black, Timo Vesala,
Eva M Falge, and Pete R Dowty. Advantages of diffuse radiation for terres-

trial ecosystem productivity. Journal of Geophysical Research: Atmospheres,
107(D6), 2002.

Kaicun Wang, Robert E Dickinson, and Shunlin Liang. Observational evidence
on the effects of clouds and aerosols on net ecosystem exchange and evapotran-
spiration. Geophysical Research Letters, 35(10), 2008.

Climate Change. The scientific basis, intergovernmental panel on climate
change. by JT Houghton, Y. Ding, DJ Griggs, et al, 2001.

M. Hallquist, J. C. Wenger, U. Baltensperger, Y. Rudich, D. Simpson,
M. Claeys, J. Dommen, N. M. Donahue, C. George, A. H. Goldstein, J. F.
Hamilton, H. Herrmann, T. Hoffmann, Y. linuma, M. Jang, M. E. Jenkin,
J. L. Jimenez, A. Kiendler-Scharr, W. Maenhaut, G. McFiggans, Th F. Mentel,
A. Monod, A. S. H. Prvt, J. H. Seinfeld, J. D. Surratt, R. Szmigielski, and
J. Wildt. The formation, properties and impact of secondary organic aerosol:
current and emerging issues. Atmospheric Chemistry and Physics, 9(14):5155—
5236, July 2009.

KS Carslaw, O Boucher, DV Spracklen, GW Mann, JGL Rae, S Woodward,
and M Kulmala. A review of natural aerosol interactions and feedbacks within
the earth system. Atmospheric Chemistry and Physics, 10(4):1701-1737, 2010.

ML Dawson, J Xu, RJ Griffin, and D Dabdub. Development of arocacm /mpmpo
1.0: a model to simulate secondary organic aerosol from aromatic precursors in
regional models. 2016.

Thomas W Kirchstetter, T Novakov, and Peter V Hobbs. Evidence that the
spectral dependence of light absorption by aerosols is affected by organic carbon.
Journal of Geophysical Research: Atmospheres, 109(D21), 2004.

OAR US EPA. Mercury and Air Toxics Standards (MATS) for Power Plants.

Owen I. Smith. Fundamentals of soot formation in flames with application to
diesel engine particulate emissions. Progress in Energy and Combustion Science,
7(4):275-291, 1981.

133



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Klaus H Homann and H Gg Wagner. Some new aspects of the mechanism of
carbon formation in premixed flames. In Symposium (International) on Com-
bustion, volume 11, pages 371-379. Elsevier, 1967.

Hartwell F' Calcote. Mechanisms of soot nucleation in flamesa critical review.
Combustion and Flame, 42:215-242, 1981.

HF Calcote, DB Olson, and DG Keil. Are ions important in soot formation?
Energy & Fuels, 2(4):494-504, 1988.

JD Bittner and JB Howard. Composition profiles and reaction mechanisms in
a near-sooting premixed benzene/oxygen/argon flame. In Symposium (Interna-
tional) on Combustion, volume 18, pages 1105-1116. Elsevier, 1981.

M Frenklach, WC Gardiner, SE Stein, DW Clary, and T Yuan. Mechanism of
soot formation in acetylene-oxygen mixtures. Combustion science and technol-
ogy, 50(1-3):79-115, 1986.

Michael Frenklach. Reaction mechanism of soot formation in flames. Physical
Chemistry Chemical Physics, 4(11):2028-2037, 2002.

Henning Bockhorn. Soot formation in combustion: mechanisms and models,
volume 59. Springer Science & Business Media, 2013.

Hai Wang. Formation of nascent soot and other condensed-phase materials in
flames. Proceedings of the Combustion Institute, 33(1):41-67, 2011.

Susan Solomon. Climate change 2007-the physical science basis: Working group
I contribution to the fourth assessment report of the IPC'C, volume 4. Cambridge
University Press, 2007.

Great Britain. Ministry of Health. Mortality and Morbidity During the London
Fog of December 1952. Reports on public health and medical subjects. H.M.
Stationery Office, 1954.

Michelle L Bell and Devra Lee Davis. Reassessment of the lethal london fog of
1952: novel indicators of acute and chronic consequences of acute exposure to
air pollution. Environmental health perspectives, 109(Suppl 3):389, 2001.

Dash Behera, S Dash, and SK Malik. Blood carboxyhaemoglobin levels follow-
ing acute exposure to smoke of biomass fuel. The Indian journal of medical
research, 88:522, 1988.

Rachel Albalak. Cultural practices and exposure to particulate pollution from in-
door biomass cooking: effects on respiratory health and nutritional status among
the Aymara Indians of the Bolivian highlands. University of Michigan, 1997.

Kirk R. Smith, Sumi Mehta, and Mirjam Maecusezahl-Feuz. Comparative Quan-
tification of Health Risks. Global and regional burden of disease attribution to
selected major risk factors, volume 2. World Health Organization, 2004.

134



[44]

[45]

[46]

[47]

[48]

[49]

Ruifang Fan, Junnan Li, Laiguo Chen, Zhencheng Xu, Dechun He, Yuanxiu
Zhou, Yuanyuan Zhu, Fusheng Wei, and Jihua Li. Biomass fuels and coke plants
are important sources of human exposure to polycyclic aromatic hydrocarbons,
benzene and toluene. Enuvironmental research, 135:1-8, 2014.

J Li, J He, R Tang, W Hu, Q Lan, X He, Y Li, and Y Zhang. Molecular
epidemiology study in xuanwei: the relationship among coal type, genotype
and lung cancer risk. Zhongguo fei ai za zhi= Chinese journal of lung cancer,
18(1):16-22, 2015.

Kevin R Hardy and Stephen R Thom. Pathophysiology and treatment of carbon
monoxide poisoning. Journal of Tozicology: Clinical Toxicology, 32(6):613-629,
1994.

Lindell K Weaver. Carbon monoxide poisoning. New FEngland Journal of
Medicine, 360(12):1217-1225, 2009.

Des Gorman, Alison Drewry, Yi Lin Huang, and Chris Sames. The clinical
toxicology of carbon monoxide. Tozicology, 187(1):25-38, 2003.

James A Raub, Monique Mathieu-Nolf, Neil B Hampson, and Stephen R Thom.
Carbon monoxide poisoninga public health perspective. Toxicology, 145(1):1-
14, 2000.

David M Heimbach and Joseph F Waeckerle. Inhalation injuries. Annals of
emergency medicine, 17(12):1316-1320, 1988.

OAR US EPA. Carbon Monoxide’s Impact on Indoor Air Quality.

World Health Organization et al. Who air quality guidelines for particulate mat-
ter, ozone, nitrogen dioxide and sulfur dioxide: global update 2005: summary
of risk assessment. 2006.

OAR US EPA. Sulfur Dioxide | Air & Radiation | US EPA.

Jack G Calvert and WR Stockwell. Mechanism and rates of the gas phase
oxidations of sulfur dioxide and the nitrogen oxides in the atmosphere. Technical
report, Ohio State Univ., Columbus (USA). Dept. of Chemistry, 1983.

PJ Lawther, AJ Macfarlane, RE Waller, and AGF Brooks. Pulmonary func-
tion and sulphur dioxide, some preliminary findings. Environmental research,

10(3):355-367, 1975.

JA Nadel, H Salem, B Tamplin, and Y Tokiwa. Mechanism of bronchocon-
striction during inhalation of sulfur dioxide. Journal of applied physiology,
20(1):164-167, 1965.

Curtis D Klaassen et al. Casarett and Doull’s toxicology: the basic science of
poisons, volume 1236. McGraw-Hill New York (NY), 2013.

135



[58]

[59]
[60]

[61]
[62]
[63]

[64]

[68]

[69]

File:Airborne-particulate-size-chart.svg, January 2016. Page Version ID:
697998519.

OAR US EPA. Particulate Matter | Air & Radiation | US EPA.

RM Harrison. Exposure assessment in occupational and environmental epi-
demiology, 2004.

World Health Organization et al. Air quality guidelines for europe. 2000.
OAR US EPA. Health | Particulate Matter | Air & Radiation | US EPA.

Zhang J and Smith Kr. Hydrocarbon emissions and health risks from cook-
stoves in developing countries. Journal of exposure analysis and environmental
epidemiology, 6(2):147-161, December 1995.

J Zhang, K. R Smith, R Uma, Y Ma, V. V. N Kishore, K Lata, M. A. K
Khalil, R. A Rasmussen, and S. T Thorneloe. Carbon monoxide from cookstoves

in developing countries: 1. Emission factors. Chemosphere - Global Change
Science, 1(13):353-366, August 1999.

Junfeng Zhang and Kirk R. Smith. Emissions of Carbonyl Compounds
from Various Cookstoves in China. FEnvironmental Science € Technology,
33(14):2311-2320, July 1999.

Peter Bergamaschi, Ralf Hein, Martin Heimann, and Paul J Crutzen. Inverse
modeling of the global co cycle: 1. inversion of co mixing ratios. Journal of
Geophysical Research: Atmospheres, 105(D2):1909-1927, 2000.

Prasad Kasibhatla, Avelino Arellano, Jennifer A Logan, Paul I Palmer, and Paul
Novelli. Top-down estimate of a large source of atmospheric carbon monoxide
associated with fuel combustion in asia. Geophysical Research Letters, 29(19),
2002.

V Gros, J Williams, MG Lawrence, R Von Kuhlmann, J Van Aardenne, E Atlas,
A Chuck, DP Edwards, V Stroud, and M Krol. Tracing the origin and ages
of interlaced atmospheric pollution events over the tropical atlantic ocean with

in situ measurements, satellites, trajectories, emission inventories, and global
models. Journal of Geophysical Research: Atmospheres, 109(D22), 2004.

David G Streets, Qiang Zhang, Litao Wang, Kebin He, Jiming Hao, Ye Wu,
Youhua Tang, and Gregory R Carmichael. Revisiting china’s co emissions af-
ter the transport and chemical evolution over the pacific (trace-p) mission:

synthesis of inventories, atmospheric modeling, and observations. Journal of
Geophysical Research: Atmospheres, 111(D14), 2006.

C Venkataraman, G Habib, D Kadamba, M Shrivastava, J-F Leon, B Crouzille,
O Boucher, and DG Streets. Emissions from open biomass burning in india:
Integrating the inventory approach with high-resolution moderate resolution

136



[72]

[73]

[75]

[76]

[79]

[80]

imaging spectroradiometer (modis) active-fire and land cover data. Global bio-
geochemical cycles, 20(2), 2006.

Dorothy Koch, Tami C Bond, David Streets, Nadine Unger, and Guido R
Van der Werf. Global impacts of aerosols from particular source regions and
sectors. Journal of Geophysical Research: Atmospheres, 112(D2), 2007.

Michael Johnson, Rufus Edwards, Claudio Alatorre Frenk, and Omar Masera.
In-field greenhouse gas emissions from cookstoves in rural Mexican households.
Atmospheric Environment, 42(6):1206-1222, February 2008.

Christoph A. Roden, Tami C. Bond, Stuart Conway, Anibal Benjamin Os-
orto Pinel, Nordica MacCarty, and Dean Still. Laboratory and field inves-
tigations of particulate and carbon monoxide emissions from traditional and
improved cookstoves. Atmospheric Environment, 43(6):1170-1181, February
2009.

J Zhang, K. R Smith, Y Ma, S Ye, F Jiang, W Qi, P Liu, M. A. K Khalil,
R. A Rasmussen, and S. A Thorneloe. Greenhouse gases and other airborne

pollutants from household stoves in China: a database for emission factors.
Atmospheric Environment, 34(26):4537-4549, August 2000.

K. R. Smith, M. a. K. Khalil, R. A. Rasmussen, S. A. Thorneloe, F. Manegdeg,
and M. Apte. Greenhouse gases from biomass and fossil fuel stoves in developing
countries: A Manila pilot study. Chemosphere, 26(1-4):479-505, January 1993.

S. C. Bhattacharya, D. O. Albina, and P. Abdul Salam. Emission factors of
wood and charcoal-fired cookstoves. Biomass and Bioenergy, 23(6):453-469,
December 2002.

Robert Pendleton Taylor. The uses of laboratory testing of biomass cookstoves
and the shortcomings of the dominant U.S. protocol. PhD thesis, Iowa State
University, 2009.

Rob Bailis, Victor Berrueta, Chaya Chengappa, Karabi Dutta, Rufus Edwards,
Omar Masera, Dean Still, and Kirk R. Smith. Performance testing for monitor-
ing improved biomass stove interventions: experiences of the Household Energy
and Health Project. Energy for Sustainable Development, 11(2):57-70, June
2007.

Christoph A. Roden, Tami C. Bond, Stuart Conway, and Anibal Benjamin Os-
orto Pinel. Emission Factors and Real-Time Optical Properties of Particles

Emitted from Traditional Wood Burning Cookstoves. FEnvironmental Science
¢ Technology, 40(21):6750-6757, November 2006.

M. A. Johnson, R. Edwards, A. Ghilardi, V. Berrueta, and O. Masera. Why
current assessment methods may lead to significant underestimation of GHG

reductions of improved stoves. Special issue: Climate change and household
energy., (54):11-14, 2007.

137



[81]

[87]
3]

[89]
[90]

[91]

[92]

[93]

[94]

[95]

[96]

Tami C. Bond, David G. Streets, Kristen F. Yarber, Sibyl M. Nelson, Jung-Hun
Woo, and Zbigniew Klimont. A technology-based global inventory of black and

organic carbon emissions from combustion. Journal of Geophysical Research:
Atmospheres, 109(D14):D14203, July 2004.

N. T. Kim Oanh, D. O. Albina, Li Ping, and Xiaoke Wang. Emission of par-
ticulate matter and polycyclic aromatic hydrocarbons from select cookstovefuel
systems in Asia. Biomass and Bioenergy, 28(6):579-590, June 2005.

Robert L Grob and Eugene F' Barry. Modern practice of gas chromatography.
John Wiley & Sons, 2004.

OEI US EPA. Total Suspended Solids (TSS): EPA Method 160.2 (Gravimetric,
Dried at 103-105 Degrees C ).

John G Watson, Judith C Chow, and L-W Antony Chen. Summary of organic
and elemental carbon/black carbon analysis methods and intercomparisons.
Aerosol Air Qual. Res, 5(1):65-102, 2005.

M TSWETT. Physikalisch-chemische stadien aber das chlorophyll. die adsorp-
tionen. 1906.

Berichte der Deutschen Botanischen Gesellschaft v.24 1906.

L. S. Ettre and K. I. Sakodynskii. M. S. Tswett and the discovery of chromatog-
raphy I: Early work (18991903). Chromatographia, 35(3-4):223-231.

David T. Day. A handbook of the petroleum industry. Wiley, New York, 1922.

K.G.K. What is Liquid Chromatography? What is HPLC (High Performance
Liquid Chromatography) | Chemistry Net.

A. T. James and A. J. P. Martin. Gas-liquid partition chromatography: the
separation and micro-estimation of volatile fatty acids from formic acid to do-
decanoic acid. Biochemical Journal, 50(5):679, March 1952.

File:Gas chromatograph-vector.svg.

Keith D. Bartle and Peter Myers. History of gas chromatography. TrAC Trends
in Analytical Chemistry, 21(910):547-557, September 2002.

Suresh Vankayalapati. chromatobuddies: Why don’t we use Capillary columns
in HPLC..?

Walter Jennings, Eric Mittlefehldt, and Phillip Stremple. Analytical Gas Chro-
matography, Second FEdition. Academic Press, San Diego, 2 edition edition,
September 1997.

H Boer and DH Desty. Vapour phase chromatography. Butterworths, London,
page 169, 1957.

138



[97]
[98]
[99]
100]
[101]
[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

110]

[111]

Marcel JE Golay and DH Desty. Gas chromatography. Academic, New York,
page 36, 1958.

LS Ettre. Mje golay and the invention of open-tubular (capillary) columns.
Journal of High Resolution Chromatography, 10(5):221-230, 1987.

DH Desty, JN Haresnape, and BHF Whyman. Construction of long lengths of
coiled glass capillary. Analytical Chemistry, 32(2):302-304, 1960.

Raymond D Dandeneau and EH Zerenner. An investigation of glasses for cap-
illary chromatography. Journal of High Resolution Chromatography, 2(6):351—
356, 1979.

Konrad Grob. Carrier Gases for GC. Restek Advantage, 3, 1997.

Alan Sensue. GC carrier gases, do you really have a choice? ChromaBLOGra-
phy: Restek’s Chromatography Blog.

Methanizer, November 2015. Page Version 1D: 689602246.

Karyn M. Usher Steven W. Hansen Jennifer S. Amoo Allison P. Bernstein
Mary Ellen P. McNally. Precision of Internal Standard and External Standard
Methods in High Performance Liquid Chromatography.

D Pigini, AM Cialdella, P Faranda, and G Tranfo. Comparison between exter-
nal and internal standard calibration in the validation of an analytical method
for 1-hydroxypyrene in human urine by high-performance liquid chromatogra-
phy/tandem mass spectrometry. Rapid communications in mass spectrometry,
20(6):1013-1018, 2006.

Hple Expert. HPLC HINTS and TIPS FOR CHROMATOGRAPHERS: Ex-
ternal (ESTD) vs. Internal Standard (ISTD) Calibration in HPLC.

ORD US EPA. EPA Method 8: Determination of Sulfuric Acid and Sulfur
Dioxide Emissions from Stationary Sources.

Ashkok K Jain. Method 8a—determination of sulfuric acid vapor or mist and
sulfur dioxide emissions from kraft recovery furnaces. National Council of The
Paper Industry for Air and Stream Improvement (Dec. 1996), 1996.

Yu Ting Xiao, Man Jia, X. U. Li, De Zhi Wang, and Guang Jun Peng. The ana-
lytic method of sulfur trioxide and sulfuric acid mist in flue gas. Environmental
Science & Technology, 2012.

MT Nielson. On the relative importance of so2 oxidation to high dust scr denox
units. In 2003 Conference on SCR and SNCR, NETL Publications, 2003.

Hoon Hwang and Purnendu K. Dasgupta. Microtitration of Sulfate with Beryl-
lon II as indicator: Determination of sulfate in environmental samples. Mi-
crochimica Acta, 83(3-4):159-168.

139



[112]

[113]

[114]

[115]

[116]

[117)

[118]

[119]

[120]
[121]

[122]

[123]

[124]

[125]

Xue Mei Yang, Yu Lin, and Zheng Wei Bai. Determination of SO, and SOj3
in flue gas of FCC by thoron titration. Physical Testing € Chemical Analysis,
2015.

James P. Lodge Jr. Methods of Air Sampling and Analysis. CRC Press, De-
cember 1988.

Hoon Hwang and Purnendu K Dasgupta. Microtitration of sulfate with beryllon
ii as indicator: Determination of sulfate in environmental samples. Microchimica
Acta, 83(3-4):159-168, 1984.

Hoon Hwang and Purnendu K. Dasgupta. Spectrophotometric determination
of trace aqueous sulfate using barium-beryllon II. Microchimica Acta, 85(5-
6):313-324, September 1985.

J. C. Haartz, Peter M. Eller, and Richard W. Hornung. Critical parameters
in the barium perchlorate/Thorin titration of sulfate. Analytical Chemistry,
51(13):2293-2295, November 1979.

Susanne V Hering. Impactors, cyclones, and other inertial and gravitational
collectors. Air Sampling Instruments, 8:279-321, 1995.

Virgil A. Marple and Chung M. Chien. Virtual impactors: a theoretical study.
Environmental Science € Technology, 14(8):976-985, August 1980.

Health and Safety Instruments TSI Incorporated. Health-Based Particle-Size
Selective Sampling. TSI Application Note #ITI-050, 1997.

Constantinos Sioutas. Personal particle monitor, September 2004.

OAR US EPA. EPA - TTN EMC Method 201a - PM10 and PM2.5 (In-stack,
CRS) (Revised 12/1/2010).

Simone Simes Amaral, Joo Andrade de Carvalho, Maria Anglica Martins Costa,
and Cleverson Pinheiro. An Overview of Particulate Matter Measurement In-
struments. Atmosphere, 6(9):1327-1345, September 2015.

SKC. PTFE Membrane Filters.

Steve Devine, Sean O’Reilly, Andy Stillo, and Don Thornburg. A Science-Based
Approach to Selecting Air Fllters. Pharmaceutical Engineering, 33(1), February
2013.

Barouch Giechaskiel, Matti Maricq, Leonidas Ntziachristos, Christos Dardi-
otis, Xiaoliang Wang, Harald Axmann, Alexander Bergmann, and Wolfgang
Schindler. Review of motor vehicle particulate emissions sampling and mea-

surement: From smoke and filter mass to particle number. Journal of Aerosol
Science, 67:48-86, 2014.

140



[126]

[127]

128]

[129]

[130]

[131]

132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

William C Hinds. Aerosol technology: properties, behavior, and measurement
of airborne particles. John Wiley & Sons, 2012.

P Gorner, D Bemer, and JF Fabriés. Photometer measurement of polydisperse
aerosols. Journal of aerosol science, 26(8):1281-1302, 1995.

Marcy L. McNamara, Curtis W. Noonan, and Tony J. Ward. Correction factor
for continuous monitoring of wood smoke fine particulate matter. Aerosol and
Air Quality Research, 11(3):315-322, June 2011.

[-Ping Chung and Derek Dunn-Rankin. In situ light scattering measurements of

mainstream and sidestream cigarette smoke. Aerosol Science and Technology,
24(2):85-101, 1996.

OAR US EPA. EPA - TTN - AMTIC FILE TRANSFERS - CRITERIA POL-
LUTANTS.

Peter H McMurry. The history of condensation nucleus counters. Aerosol
Science & Technology, 33(4):297-322, 2000.

Gilmore J Sem. Design and performance characteristics of three continuous-flow
condensation particle counters: a summary. Atmospheric research, 62(3):267—
294, 2002.

Monitoring Devices for HAP.

Colin N Banwell, Elaine M McCash, et al. Fundamentals of molecular spec-
troscopy. McGraw-Hill London, 1972.

Patricia Krecl, Johan Strom, and Christer Johansson. Carbon content of at-
mospheric aerosols in a residential area during the wood combustion season in
sweden. Atmospheric environment, 41(33):6974-6985, 2007.

ADA Hansen, H Rosen, and T Novakov. The aethalometeran instrument for
the real-time measurement of optical absorption by aerosol particles. Science
of the Total Environment, 36:191-196, 1984.

Thomas W Kirchstetter and T Novakov. Controlled generation of black carbon
particles from a diffusion flame and applications in evaluating black carbon
measurement methods. Atmospheric Environment, 41(9):1874-1888, 2007.

C Liousse, H Cachier, and SG Jennings. Optical and thermal measurements
of black carbon aerosol content in different environments: Variation of the
specific attenuation cross-section, sigma (o). Atmospheric Environment. Part

A. General Topics, 27(8):1203-1211, 1993.

Fred R Faxvog and David M Roessler. Optoacoustic measurements of diesel
particulate emissions. Journal of Applied Physics, 50(12):7880-7882, 1979.

141



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Michelle Stephens, Nelson Turner, and Jon Sandberg. Particle identification
by laser-induced incandescence in a solid-state laser cavity. Applied optics,
42(19):3726-3736, 2003.

JP Schwarz, RS Gao, DW Fahey, DS Thomson, LA Watts, JC Wilson,
JM Reeves, M Darbeheshti, DG Baumgardner, GL Kok, et al. Single-particle
measurements of midlatitude black carbon and light-scattering aerosols from
the boundary layer to the lower stratosphere. Journal of Geophysical Research:
Atmospheres, 111(D16), 2006.

David L Hofeldt. Real-time soot concentration measurement technique for en-
gine exhaust streams. Technical report, SAE Technical Paper, 1993.

Nobuhiro Moteki and Yutaka Kondo. Dependence of laser-induced incandes-
cence on physical properties of black carbon aerosols: Measurements and theo-
retical interpretation. Aerosol Science and Technology, 44(8):663-675, 2010.

Michael D Ward, Daniel A Buttry, et al. In situ interfacial mass detection with
piezoelectric transducers. Science, 249(4972):1000-1007, 1990.

Harvey Patashnick and Erich G Rupprecht. Continuous pm-10 measurements
using the tapered element oscillating microbalance. Journal of the Air & Waste
Management Association, 41(8):1079-1083, 1991.

Queensland Government; The State of Queensland; Department of Environ-
ment and Heritage Protection;. Tapered element oscillating microbalance |
Environment, land and water.

Robert Whitby, Robert Johnson, and Richard Gibbs. Second generation teom
filters-diesel particulate mass comparisons between teom and conventional fil-
tration techniques. Technical report, Society of Automotive Engineers, Inc.,

Warrendale, PA, 1985.

David A Okrent. Optimization of a third generation teom(®) monitor for mea-
suring diesel particulate in real-time. Technical report, SAE Technical Paper,
1998.

Diane H Podsiadlik, Richard E Chase, Desmonia Lewis, and Matthew Spears.
Phase-based teom measurements compared with traditional filters for diesel pm.
Technical report, SAE Technical Paper, 2003.

Shuhong Xu, Nigel Clark, Mridul Gautam, and W Scott Wayne. Comparison of
heavy-duty truck diesel particulate matter measurement: Teom and traditional
filter. Technical report, SAE Technical Paper, 2005.

Keizo Saito and Osamu Shinozaki. The measurement of diesel particulate emis-
sions with a tapered element oscillating microbalance and an opacimeter. Tech-
nical report, SAE Technical Paper, 1990.

142



[152]

[153]

[154]

[155]

[156]

[157]

158

[159]
[160]

161]
[162]

163

[164]

[165]

Peter O Witze, Richard E Chase, M Matti Maricq, Diane H Podsiadlik, and
Ning Xu. Time-resolved measurements of exhaust pm for ftp-75: Comparison
of lii, elpi, and teom techniques. Technical report, SAE Technical Paper, 2004.

DR Booker, RA Giannelli, and J Hu. Road test of an on-board particulate
matter mass measurement system. Technical report, SAE Technical Paper,

2007.

DL Boggs, HS Hilbert, and MM Schechter. The otto-atkinson cycle engine-fuel
economy and emissions results and hardware design. Technical report, SAE
Technical Paper, 1995.

GJ Van Wylen and RE Sonntao. Fundamentals of classical thermodynamics.
2013.

Prepared Rob Bailis, Damon Ogle, Nordica Maccarty, Dean Still Input From,
Kirk R Smith, Rufus Edwards, et al. The water boiling test (wbt). 2007.

Rob Bailis, Kirk R Smith, and Rufus Edwards. Kitchen performance test
(kpt). Household Energy and Health Programme, Shell Foundation: London,
UK, 2007.

Rob Bailis. Controlled cooking test. Shell Foundation (Household Energy and
Health Pro, 2004.

Global Alliance for Clean Cookstoves . The Water Boiling Test, Version 4.2.3.

E Tzirakis, K Pitsas, F Zannikos, and S Stournas. Vehicle emissions and driving
cycles: comparison of the athens driving cycle (adc) with ece-15 and european
driving cycle (edc). Global NEST Journal, 8(3):282-290, 2006.

US EPA. Federal Test Procedure Revisions | Cars and Light Trucks | US EPA.

Tami C. Bond, Theodore L. Anderson, and Dave Campbell. Calibration and
Intercomparison of Filter-Based Measurements of Visible Light Absorption by
Aerosols. Aerosol Science € Technology, November 2010.

CHERYL L WEYANT. FEmissions from combustion technologies with a focus
on brick making and in-home cooking. PhD thesis, University of Illinois at
Urbana-Champaign, 2014.

Nordica MacCarty, Damon Ogle, Dean Still, Tami Bond, and Christoph Roden.
A laboratory comparison of the global warming impact of five major types of
biomass cooking stoves. Energy for Sustainable Development, 12(2):56-65, June
2008.

Xiaoliang Wang, John G Watson, Judith C Chow, Steven Gronstal, and
Steven D Kohl. An efficient multipollutant system for measuring real-world
emissions from stationary and mobile sources. Aerosol and Air Quality Re-

search, 12(1):145-160, 2012.

143



[166]

[167]

[168]

169

[170]

[171]

[172)

173]

[174]

[175]

[176]

[177]

178]

[179]

Judith C Chow. Measurement methods to determine compliance with ambient
air quality standards for suspended particles. Journal of the Air & Waste
Management Association, 45(5):320-382, 1995.

Lev S Ruzer and Naomi H Harley. Aerosols handbook: measurement, dosimetry,
and health effects. CRC press, 2012.

John Vidal. Most glaciers in Mount Everest area will disappear with climate
change study, May 2015.

English: UN Office for the Coordination of Humanitarian Affairs. English:
Locator map of China., 2013.

Tami C Bond, Theodore L. Anderson, and Dave Campbell. Calibration and
intercomparison of filter-based measurements of visible light absorption by
aerosols. Aerosol Science €& Technology, 30(6):582-600, 1999.

Paul J Crutzen, Leroy E Heidt, Joseph P Krasnec, Walter H Pollock, and
Wolfgang Seiler. Biomass burning as a source of atmospheric gases co, h2, n2o,
no, ch3cl and cos. Nature, 282:253-256, 1979.

D. E. Ward, W. M. Hao, R. A. Susott, R. E. Babbitt, R. W. Shea, J. B.
Kauffman, and C. O. Justice. Effect of fuel composition on combustion efficiency

and emission factors for African savanna ecosystems. Journal of Geophysical
Research: Atmospheres, 101(D19):23569-23576, October 1996.

Eric M Lipsky and Allen L. Robinson. Design and evaluation of a portable
dilution sampling system for measuring fine particle emissions. Aerosol Science
and Technology, 39(6):542-553, 2005.

Statistical Gazette. State environmental protection administration of china.
Chinese Environmental Statistical Gazette of, 2001.

The Report: Mongolia 2012. Oxford Business Group, 2012. Google-Books-1D:
VsfehNpL3JkC.

J. Dang, A. Dang, D. Dunn-Rankin, and R. Edwards. In preparation. Field
Measurements of Cookstove Emissions from Five Asian Sites, 2016.

Michael Johnson. Quantifying cook stove greenhouse gas emissions using in-field
assessment methods. Dissertation, UNIVERSITY OF CALIFORNIA, IRVINE,
2009.

S. C Bhattacharya, D. O Albina, and Aung Myint Khaing. Effects of selected
parameters on performance and emission of biomass-fired cookstoves. Biomass
and Bioenergy, 23(5):387-395, November 2002.

JCM Pires, FG Martins, MCM Alvim-Ferraz, and M Simoes. Recent devel-
opments on carbon capture and storage: an overview. Chemical Engineering
Research and Design, 89(9):1446-1460, 2011.

144



[180]

[181]

[182]

[183]

[184]

Kirk R Smith, R Uma, VVN Kishore, K Lata, V Joshi, J Zhang, RA Rasmussen,
MAK Khalil, and SA Thorneloe. Greenhouse gases from small-scale combus-
tion devices in developing countries, phase iia: Household stoves in india. US
Environmental Protection Agency, Research Triangle Park, NC| page 98, 2000.

J Ludwig, LT Marufu, B Huber, MO Andreae, and G Helas. Domestic combus-
tion of biomass fuels in developing countries: A major source of atmospheric
pollutants. Journal of Atmospheric Chemistry, 44(1):23-37, 2003.

E Kituyi, L Marufu, SO Wandiga, IO Jumba, MO Andreae, and G Helas. Car-
bon monoxide and nitric oxide from biofuel fires in kenya. Energy Conversion
and Management, 42(13):1517-1542, 2001.

Delphine Brocard, Corinne Lacaux, Jean-Pierre Lacaux, Georges Kouadio, and
Veronique Yoboue. Emissions from the combustion of biofuels in western africa.
Biomass burning and global change, 1:350-360, 1996.

Siddhartha Gaur and Thomas B Reed. Thermal data for natural and synthetic
fuels. 1998.

145



	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	CURRICULUM VITAE
	ABSTRACT OF THE DISSERTATION
	Introduction
	Emission from Solid fuel Cookstoves
	The Impact on Climate Change
	Well Mixed GreenHouse Gas
	Carbonaceous Aerosols

	Indoor Air Quality and Resident Health
	Gas Phase Pollutants
	Particulate Matter


	Background
	Role of Field Studies
	Limitations of Models and Laboratory Tests
	Challenge and Significance of In-Field Measurements

	Measurement Techniques
	Gas Analysis Methods
	Particulate Matter Measurements

	Field Instrument for Cookstoves
	Comparison: Cookstoves vs Internal Combustion Engines
	State of the Art in Field Measurements of Cookstoves


	Methodology
	In Field Sampling
	Nepal
	Mongolia
	China

	The Carbon Balance Method
	Post Measurement Analysis
	Gravimetric Analysis
	Gas Chromatography Analysis


	Results and Discussion
	Data Report
	Nepal
	Tibet
	Yunnan
	Mongolia

	Discussion and Comparison of Results
	Efficiency and Emissions
	Carbon Particulate Emission

	Combustion Intermittency

	Conclusion
	Appendices
	Carbon Balance Method
	Standard Operating Procedure for Emissions & Indoor Air Sampling
	Field Sampling Datasheet
	SOP for Gravimetric Filter Sampling
	SOP for Gas Sampling Methodology

	Bibliography



