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Emission factors of domestic coal-burning braziers

We present experimental results of emission factors from a suite of domestic coal-burning braziers
(lab fabricated and field collected) that span the possible range of real-world uses in the Highveld region
of South Africa. The conventional bottom-lit updraft (BLUD) method and the top-lit updraft (TLUD) method
were evaluated using coal particle sizes between 20 mm and 40 mm. Emission factors of CO,, CO and
NO, were in the range of 98-102 g/MJ, 4.1-6.4 g/MJ and 75-195 mg/MJ, respectively. Particulate matter
(PM, . and PM, ) emissions were in the range 1.3-3.3 g/MJ for the BLUD method and 0.2-0.7 g/MJ for
the TLUD method, for both field and lab-designed stoves. When employing the TLUD method, emission
factors of PM, ,/PM,  reduced by up to 80% compared with those when using the BLUD method. Results
showed the influence of ventilation rates on emission factors, which reduced by ~50% from low to high
ventilation rates. For energy-specific emission rates, the combined (3-h) PM,, emission rates were in the
range of 0.0028-0.0120 g/s, while the combined average CO emission rates were in the range of 0.20-
0.26 g/s, with CO, emission rates in the range of 0.54-0.64 g/s. The reported emission factors from coal
braziers provide the first comprehensive, systematic set of emission factors for this source category, and
fill a major gap in previous efforts to conduct dispersion modelling of South African Highveld air quality.

Significance:
e The study provides the first comprehensive, systematic set of emission factors from coal braziers.

e The study fills a major gap in previous efforts to conduct dispersion modelling of South African Highveld
air quality.

e Results have implications for stove design and lay the groundwork for improvements in the design of
existing coal braziers.

e Results have implications for understanding the potential health impacts of condensed matter emissions
from coal braziers.

Introduction

Exposure to fine particulate matter (PM) from solid fuel combustion is associated with morbidity™ and mortality**,
especially in the developing world®. About three billion people worldwide are exposed daily to harmful emissions
from the combustion of solid fuels. Combustion of these fuels releases products of incomplete combustion such
as carbon monoxide, PM and volatile organic compounds.” The WHO Global Health Observatory has reported
that household air pollution caused the premature deaths of ~4.3 million people globally in 2012, while a further
3.7 million premature deaths were attributable to ambient air pollution.2 Household air pollution is associated with
many health effects such as acute and chronic respiratory disorders, and pulmonary and systemic diseases.”

Emission inventories for PM are critical in establishing how sources affect health and climate and, therefore, need
to be continuously improved.® To date, emission factors from the literature are still adopted in the development
of emission inventories. However, there is currently a lack of sufficient and reliable data, especially for emission
factors, which leads to uncertainties and bias in many emission inventories due to influences of a variety of
parameters.®? For example, combustion technology and operational practice of appliances have a major influence
on the physicochemical properties of the emitted particles.®'%'3 Reported emission factors from domestic burning
vary as a result of differences in (1) fuel properties (e.g. moisture and volatile matter content); (2) stove design;
(3) fire ignition methods (top-lit versus bottom-lit); (4) fire management and ventilation (e.g. air supply amount and
fuel-air mixing condition); and (5) experimental methods (e.g. laboratory chamber, simulated stove/open burning
and field measurement).691417

In South Africa, particularly on the interior Highveld plateau, combustion of coal in open braziers is among the
largest sources of PM and black carbon emissions. Coal is still used as a primary cooking and heating fuel for the
majority of the population.’® There are two ignition methods for lighting a coal fire, namely the traditional bottom-lit
updraft (BLUD) method and the reduced smoke top-lit updraft (TLUD) method, locally known as the Basa njengo
Magogo (BnM).

The rapid electrification of households after 1990, now reaching over 95% of urban dwellings, did not result in
the anticipated switch away from combustion of solid fuels for heating and cooking.'?° As an interim method to
reduce population exposure to domestic smoke emissions, the South African Department of Energy embarked on
a public awareness campaign to encourage the dissemination and uptake of the BnM method as a no-cost method
of reducing smoke emissions.?"?> The TLUD approach is a simple intervention in the manner in which residential
fires are lit, and involves placing kindling at the top rather than at the bottom of the fuel load in a brazier or stove.
In contrast, the traditional BLUD method involves placing the kindling and igniting it at the bottom of the brazier or
stove, with the bulk of the fuel placed on top of the burning kindling.?*? The TLUD method is estimated to result
in a 70-90% reduction in ambient particulate emissions and a 20% reduction in coal consumption at no additional
cost to households.?6?” For several years (from 2009 to 2014), the implementation of the BnM rollout became a
national priority energy intervention programme.
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However, these reports had limitations that reduce confidence in the
reported emission factors — the studies did not control or systematically
evaluate braziers regarding fuel quality, ventilation rates or fuel moisture
content, leading to substantial uncertainties in derived emission
inventories.?”? Determination of such influences is necessary for
an improved understanding of emission characteristics and more
accurate emission factors.? In 1997, the Atomic Energy Corporation of
South Africa characterised one standard coal sample and 10 low-smoke
test fuels for physical, chemical and pollutant emission factors.?” The
authors used only a single stove in the experiments but noted that there
are many different stoves and brazier designs in use in South Africa, and
that brazier designs would influence emission factors. As such, it is likely
that specific fuels would have altered emission profiles when combusted
in different braziers.

We carried out a comprehensive and systematic study of gaseous and
PM emissions from the combustion of commonly used D-grade coal in
typical artisanal coal-burning braziers. The information provided in this
article will be useful for improving emission inventories for CO, CO,, NO,
and PM from domestic coal combustion.

Materials and methodology

Experimental stoves

Brazier stoves are made by hand out of metal drums with perforations
of varying sizes punched around the sides, with a wire grate installed
across the middle to support the fuel bed. There is no standard brazier
design, as the devices vary widely regarding the number, size and
distribution of the side holes (which affects ventilation rates), as well as
the presence or absence of a grate and its position in the drum. Braziers
are used widely in informal settlements and less affluent suburbs for
heating and roadside cooking while burning wood, coal or even trash.

Figure 1:  Photographs of experimental field procured braziers with
(a) high ventilation, (b) medium ventilation and (c) low ven-
tilation; and experimental lab-designed braziers with (d) high

ventilation, (e) medium ventilation and (f) low ventilation.

Three braziers (imbaula), part of a set of 11 procured from user
communities (hereafter field stoves) (Figure 1a—c) and three stoves
designed and built at the SeTAR laboratory at the University of
Johannesburg (hereafter lab stoves) (Figure 1d-f) were evaluated
for emissions performance. Tests were conducted under laboratory-
controlled conditions at the SeTAR Centre. The lab stoves had uniformly
sized and spaced holes, designed so that the total ventilation hole area
approximated the corresponding field stoves — high, medium and low
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ventilation cases, respectively. By the nature of the imbaula device, the
irregular shape and packing density of coal pieces within a particular
combustion sequence does not allow for precise measurement or
replication of air flow through the holes into the combustion zone. While
the lab stove makes an attempt to replicate the ‘as found’ artisanal
field stoves by reproducing the same ventilation hole area in a regularly
spaced array of uniform size holes, complete congruency could not be
established between the field and lab stoves.

Stove ventilation rates

Stove ventilation rates, as a function of air hole density, can affect
the overall performance of a fuel/stove combination. Ventilation rates
differ from one brazier model to another depending on the hole size,
hole configuration (or pattern) and hole density. Ventilation rates need
to be measured and specified to be able to evaluate and compare the
performance of two or more braziers.™ The total hole areas, indicative
of the ventilation rates of the braziers, for the field and lab stoves are
given in Table 1.

Lab stoves were fabricated by drilling 20-mm-diameter air holes on new,
empty 20-L metal paint drums (H=360 mm, D=295 mm); different hole
densities were employed for the high, medium and low ventilation cases,
and holes were distributed above and below the grate. The grate was
set at 120 mm from the base — a height typical of the prototype braziers
collected from the informal settlement.® The hole sizes in the field stoves
varied from 10 mm to 40 mm; a uniform hole diameter of 20 mm was
used for the lab stoves.

Fire ignition method

The BnM fire ignition method is a local derivative of the TLUD procedure.
The sequence for setting a TLUD fire is to place the major portion of the
coal load on the fuel grate, and then place kindling (paper and wood
chips) on top, ignite the kindling, and finally put a few coal nuggets on
top of the burning kindling a few minutes after ignition. As such, about
2.0 kg of coal was added onto the fuel grate, followed by 0.4 kg of
kindling (0.04 kg newspaper and 0.36 kg wood chips). After ignition,
~1.0 kg of coal is added on top of the burning kindling."" For the
BLUD, the sequence is reversed: ~1.0 kg of coal is placed onto the
grate, followed by 0.4 kg of kindling. After ignition, ~2.0 kg of coal
is added to the burning kindling. The BLUD method results in copious
smoke emissions, as the fire is oxygen-starved during the initial stages
of combustion.'

Fuel characterisation

The coal fuel used in the experiments was purchased from a local coal
merchant and compared with coal sourced directly from a colliery in
the Witbank Emalahleni coalfield. The initial field survey revealed that
local merchants obtained a D-grade type coal fuel from Slater Coal Mine
(Dundee, KwaZulu-Natal, South Africa). In light of the above, batches
of D-grade coal, sufficient to conduct a range of comparative tests,
were purchased from the coalfield. For each fuel batch, the fuel was
first mixed for homogeneity and then three 2-kg samples were taken
to an independent laboratory for analyses. Calorific value, proximate
(moisture, ash, volatile organic compounds, fixed carbon) and ultimate
(%G, %H, %S, %0 and mineral elements) analyses were performed
(Table 2).

The coal was crushed and sieved. The fraction passing through a 40-
mm upper sieve and retained by a 20-mm lower sieve was used in all
experiments to avoid variability from coal particle size — a variable that
was not investigated in this study. The fuel was then stored in moisture-
free containers. Immediately before commencing a series of combustion
tests, a sample of the fuel was re-analysed for moisture content using an
electric oven. The quantities of fuel used in the experiments are detailed
in the section on the fire ignition method.
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Table 1:  Ventilation rates of the experimental stoves
Field stoves Lab stoves
High ventilation Me_d |u_m Low ventilation High ventilation Me_dlu!n Low ventilation
ventilation ventilation
Air hole area above the grate (cm?) 159 166 91 126 101 63
Air hole area below the grate (cm?) 248 189 63 138 50 38
Total air hole area (cm?) 407 355 154 264 151 101

Table 2:  Fuel analysis for the D-grade coal used in the experiments
i o) Standard method Drade con

Moisture content (%) 1S0 5925 3.50
Volatiles (%) IS0 562 20.30
Ash (%) IS0 1171 24.20
Fixed carbon (%) By difference 52.00
Calorific value (MJ/kg) IS0 1928 23.40
Calorific value (Kcal/kg) 1S0 1928 5590
Total sulfur (%) ASTM D4239 0.63
Carbon (%) ASTM D5373 62.60
Hydrogen (%) ASTM D5373 2.72
Nitrogen (%) ASTM D5373 1.43
Oxygen (%) By difference 4.96

Sampling procedure

Gas measurement techniques

In this study, the hood method®' was used for monitoring emissions from
domestic coal-burning braziers. Because the experimental braziers did
not have a flue, the stoves were placed under a smoke collection hood
attached to the SeTAR dilution system responsible for the ducting and
dilution of the exhaust gas stream."" When using an extraction fan, high
extraction rates tend to influence the combustion characteristics of a
stove.* In light of this, an extractor fan was not used for drawing air
through the hood and duct. An extractor fan may be useful in preventing
flue gases escaping from the bottom of the hood.®? However, our system
relies on the carbon mass balance method, which only requires a
representative sample of the exhaust gases to quantify the emissions
and not the total capture of all combustion products. An advantage
of the hood method is that it can be employed for the simultaneous
determination of thermal and emission parameters in a standard and
systematic manner.*® Figure 2 shows the experimental set-up.

The measurement instruments (gas and particle analysers) used in this
study cannot cope with the dense smoke emitted from braziers during the
initial phases of combustion. This dense smoke saturates the analytical
instruments, which results in underreporting of emission factors as a
result of the concentrations exceeding the measurement range of the
instruments, or causes the machines to clog with condensed organic
deposits, resulting in erroneous readings. The SeTAR dilution system
was designed with these consequences in mind. The dilution system is
connected to the hood and the sampling nozzle is placed in the stack gas.

The inlet of the sampling nozzle is not equipped with a PM, , fractionating
cyclone, as the majority of the particles are condensation or Aitken
particles below 1 um in diameter. This sampling nozzle is followed
by a mixing tunnel in which the hot exhaust is diluted with aerosol-
free filtered air. The diluted exhaust then passes through a 0.9-m long

South African Journal of Science
http://www.sajs.co.za

ageing chamber (mixing chamber), and then through sampling ports
for gaseous and particle emissions monitoring. The dilution level can
be pre-set or changed by continuously varying the volume of dry air,
depending on need. By recording diluted CO, and undiluted CO,, the
dilution ratio can be calculated for each 10-s interval. As such, there is
no need for flow monitoring or calibration of flow meters. The volume
of dry CO,-free air supplied through the jet can be controlled by using a
rotameter with a needle-valve flow controller.

The sampling configuration for the undiluted gas channel comprised
Teflon tubing, a 4-um pore diameter filter pack, and a flue gas analyser
(Testo® 350XL/454) with cells for CO,, CO, NO, and 0,.* For the diluted
channel, the sampling configuration included the dilution system, a
Teflon tube, and a flow splitter to duct gas streams to a DustTrak DRX
8533 aerosol monitor and a second Testo® analyser.

Particle measurement techniques

The particle mass concentration is determined in the unfiltered, diluted
air stream. The sampling configuration for PM included the SeTAR
dilution system and the particulate monitor (DustTrak DRX 8533 aerosol
monitor), connected by Teflon tubing (Figure 3). The DustTrak aerosol
monitor is an optical particle counter that simultaneously measures size-
segregated mass fraction concentrations (PM,, PM, ., PM,, PM,; and
total particle mass) in real time over a 0.001-150 mg/m? concentration
range. The instrument is calibrated by the manufacturer, Raeco, annually.
It is noted that the mass of the sub-micron fractions reported by optical
particle counters may be overestimated in comparison with gravimetric
methods.* PM emission factors reported in this paper are based on
the mass determined from the optical particle counter, and no post-
measurement correction factors have been applied to compensate for
possible overestimations. While relevant for purposes of dispersion
modelling, any discrepancies in the mass will not invalidate the
comparisons made between ignition methods and ventilation rates.
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Figure 2:  Schematic illustration of the SeTAR stove testing rig, showing the mixing point (A) where the exhaust is mixed with filter compressed air for
dilution; and the sampling point (B) where the diluted exhaust is channelled to the monitoring instruments.

Calculations nco, = (C,..) CO, (CO + CO,)" Equation 3

Gas emission factors nco = (C....) CO (CO + CO,)" Equation 4

The measurement of emissions using the hood method was carried out
on three field and three lab stoves that span the range of braziers used in
the informal settlements of Gauteng Province. As in Bhattacharya et al.®?,
concentrations of CO, CO, and NO, were monitored, enabling calculation
and estimation of emission factors for each pollutant.

Emission factors presented in this study are calculated as in
Bhattacharya et al.*> with slight modifications (methane and non-
methane hydrocarbons are not reported herein), for energy-specific
emission factors in units (g/MJ) of energy in the fuel. The lower heating
value is used for calculations of thermal efficiency numbers and the
determination of energy-specific emission factors. For each test, CO,
GO, and NO, concentrations (ppmv) were recorded every 10 s for the
duration of the burn sequence or the test experiment.

Using the carbon mass balance method, CO and CO, emission factors
were calculated using:

Cmoles = (Cmass - C'ash)/ Mcarbon Equaﬁon 1

where C_ .. is the total moles of carbon burnt, G, is the mass of
carbon in the fuel, G, is the mass of carbon in the ash and M_, - is the
molecular mass of carbon.®

C.cs in the flue gas can be determined by:

Cmoles = r]CO + UCOZ Equation 2

where nCO refers to the moles of carbon in CO in the flue exhaust, and
nCO0, to the moles of carbon in CO, in the flue exhaust.

South African Journal of Science 4
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Mass-specific emission factors (EF) for CO, and CO in units (g/kg) are
given by:

CO,EF = nCO, x M, (mass of fuel consumed) Equation 5

€02

COEF = nCO x My, (mass of fuel consumed)” Equation 6

where M,
respectively.

and M, are the molecular masses of CO, and COQ,

Energy-specific emission factors for CO, and CO expressed in units
(9/MJ) are given by:

CO,EF = nCO, x M, (net heat gained)" Equation 7

COEF = nC0 x My, (net heat gained)" Equation 8
where the net heat gained refers to the heat retained by a cooking vessel
during the water heating experiments.

Excess air

Excess air was determined using the SeTAR data calculation sheet,
which employs a chemically balanced approach (which is detailed on
the SeTAR website). The determination of the total air demand (A) is
given by:

2 meas 2 oxid

A=1+ :
0 Equation 9

2q0t (02 meas_ 02 oxid)
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where 0, s the concentration of O, measured in the exhaust; 0,
is the amount of O, required to oxidise completely unburned gases
or products of incomplete combustion; and 0, o is the total 0, in all
detected gases.™

Energy-specific particulate emission factors

Gaseous emission (in ppmv) can be converted to other units including
energy-specific emission factors referenced to the energy content in
the fuel consumed, namely g/MJ and mg/MJ. There is a need to first
determine the net heat gained from the fuel. Net heat gained is?:

The heat retained by a cooking vessel during
a burn sequence and is expressed in units of
megajoules (MJ). It includes the heating of the pot
and its contents plus the heat of evaporation of
water, but excludes other heat flows through the
pot, specifically radiative and convective losses
from the pot sides and top.

The mass of detected PM, . or PM, is first multiplied by the dilution
factor and then multiplied by A to obtain the actual mass emitted before
dilution. According to Language et al.%, this approach is based on the
foreknowledge that any missing fuel has been turned into combustion
products of some type. This method can track and correctly determine
the performance of the stove in real time while burning fuels in an
inhomogeneous manner, as is often the case with biomass and coal
fuels. The standard reporting metrics for the particle mass concentration
include the mass of PM emitted per net megajoule of energy delivered
into the pot, or mass of PM emitted per net megajoule of energy
delivered from the fire.% For example, the mass of PM, emitted during a
burn sequence is determined and divided by the net heat gained, yielding
emissions per net megajoule (g/MJ) or (mg/MJ). For example:

Emission factors of domestic coal-burning braziers

Emission rates

Emission rates (g/s) for PM and gaseous emissions were determined,
averaged per hour for each hour of a maximum 3-h burn sequence, and
also averaged over the first 3 h of the burn sequences.

Statistical analyses

An F-test was used to test whether different stove test results for the
ignition method and ventilation rates had the same variance. Because
the F-test is a relatively robust statistical tool, we used high alpha
levels (0.05) and balanced layouts. The F-test result was then used to
determine the best -test analysis to use on the data (i.e. a two-sample
t-test, assuming equal variances or a two-sample t-test, assuming
unequal variances).

A two-tailed Student t-test (at the 95% confidence level) was used for
evaluating the thermal and emissions data between fire ignition methods
and between ventilation rates. For this study, a statistically significant
value was taken as a p-value less than 5% (p<0.05).

Quality control

For each brazier model, a series of preliminary burn sequences was
carried out to standardise procedures and to minimise the variability
from differences in user/operator behaviour. After that, five definitive
tests were conducted for each brazier model. After every test run, the
gas probes and Teflon tube channels were cleaned, and the pumps and
machines checked and zeroed.

Continuous gas and particle monitoring instruments are routinely sent
for calibration at intervals prescribed by the manufacturers, or at least
once annually, and need to be periodically verified with laboratory
standards. Zero and span calibration were performed on all analysers
before and after every test run to account for small variations in the
dilution ratio. For example, the DustTrak DRX was zeroed with filtered air
before each test run.

P10, = PM10[g] ot Before conducting t‘est experiments, the s_ampljng dilution system
H, . IMJ] quation 10 components were disassembled, cleaned, air dried, assembled, and
Table 3:  Particulate matter (PM) and gas emission factors for the lab-designed coal braziers using D-grade coal, for the top-lit updraft (TLUD) and bottom-
lit updraft (BLUD) ignition methods at low, medium and high ventilation rates (n=>5)
BLUD method TLUD method Statistical analysis
Pollutant Ventilation rate ET;::;?" s.d. Er'n;(s:;:m s.d. :iﬁ;ﬁ';?.;ﬁgi;; t-statistic p-value
High %3 0.1 0.3 0.02 -80% 22 0.002*
PM, 5(a/MJ) Medium 1.9 0.1 0.4 0.03 -76% 16 0.004*
Low 2.5 0.2 0.6 0.06 -76% 13 0.006*
High 1.3 0.1 0.3 0.02 -80% 22 0.002*
PM, (a/MJ) Medium 1.9 0.1 0.4 0.03 -76% 16 0.004*
Low 2.5 0.2 0.6 0.06 -76% 13 0.006*
High 4.5 0.1 4.6 0.2 2% -0.61 0.61
CO(g/MJ) Medium 6.2 0.3 5.0 0.4 -20% 3.3 0.08
Low 6.4 0.5 5.7 0.2 -11% 21 0.17
High 98 6 99 2 -1% 0.36 0.75
CO,(g/MJ) Medium 98 6 96 2 -2% 0.46 0.69
Low 97 5 102 3 5% -1.0 0.41
High 149 16 126 14 -16% 1.6 0.26
NO,(mg/MJ) Medium 118 11 99 6 -16% 2.2 0.16
Low 87 5 75 5 -13% 2.5 0.13
*p<0.05
South African Journal of Science 5 Volume 113 | Number 3/4
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‘tested for leaks to prevent contamination from the surrounding air’®” to
avoid contamination of the emissions with organic and metal compounds
from previous burn sequences. High power compressed air and water
were used to remove large particles from the sampling channels. The
exhaust collection trains, involving stainless steel ducts, Teflon tubes,
and sampling nozzles, were cleaned with soap and water and air dried
with filtered compressed air.

The response time of monitoring instruments can be affected by the time
the exhaust takes to travel from the inlet probe to the instrument and
through the sensing volume within the instrument. The time lags were
measured before and after a test. The system was first allowed to run
on air for a few minutes to sample ambient air for purposes of obtaining
background readings. Then an ignition torch was lit near the inlet of
the sampling probe. After the ignition torch had been extinguished,
the system sampled ambient air for a few more minutes to allow the
instrument signals to return to background levels, after which the ignition
torch was lit again. These time delays were noted and then corrected
for in the spreadsheet when calculating pollutant emission factors for
different fires.

Results and discussion
Gaseous emission factors

General observations

When the kindling was lit for the BLUD method, the coal immediately
began to give off sulfurous odours and dense whitish/yellowish smoke
— a consequence of devolatilised organic matter that had not reached
combustion temperature or had insufficient oxygen to oxidise fully. A few
minutes elapsed before the coal could be considered ignited (taken as
parts of the lowest lumps of coal glowing visibly red). However, the thick
white smoke continued for up to 30 min as volatiles were evolved from

Emission factors of domestic coal-burning braziers

the gradually heated coal above the rising combustion front. There was
considerably less smoke for the TLUD ignition method, with high flames
above the coal bed resulting from ignition of the evolved devolatilised
organic matter passing through the descending combustion front, with
homogenous phase combustion continuing in the rising gas mixture
above the coal bed.

Gas and PM emission factors for lab stoves using D-grade coal

Gas and PM emission factors for the laboratory-designed stoves, using
D-grade coal, for TLUD and BLUD methods are presented in Table 3,
together with a statistical comparison of the differences. The emission
factors are based on integration over the combustion sequence, from
ignition until 3 h had elapsed, or fuel burnout, whichever was the soonest.

For any given ventilation rate, and for either TLUD and BLUD ignition,
PM,, and PM,  emission factors were similar. Particles <2.5 um
in aerodynamic diameter constitute more than 90% of the mass of
particulate emissions <10 um in aerodynamic diameter (Table 3). There
were significant differences (p<0.05) in particle emissions between
the BLUD and TLUD methods, for all three ventilation rates. The TLUD
approach reduced PM, /PM, . emissions by 76-80% compared to the
‘business as usual’ BLUD method. This result is similar to assertions
made by Le Roux? who found a reduction in particulate emissions of
between 78% and 92% when using the TLUD ignition method.

Comparison of ignition methods (Table 3) shows that there were no
significant differences (p>0.05) in CO, CO, and NO, emissions at any
given stove ventilation rate, implying that the ignition method did not
affect the combustion characteristics of the pollutants in the devices
tested. There were no significant differences between NO_emissions
when varying the ignition method, although there was an average 16%
decrease in the emissions for the TLUD method. Results for NO, are

Table 4: Particulate matter (PM) and gas emission factors for the field stoves using D-grade coal, for the top-lit updraft (TLUD) and bottom-lit updraft
(BLUD) ignition methods at low, medium and high ventilation rates (7=>5)
BLUD method TLUD method Statistical analysis
Difference
Pollutant Ventilation rate E'r: (i:zirzn s.d. Emission factors s.d. BLUl:)ela‘:'l:e'lr'lLUD t-statistic = p-value
(%)

High 1.3 0.1 0.2 0.02 -81% 15 0.000*

PM, (/M) Medium 2.9 0.3 0.6 0.05 -78% 15 0.000*
Low 3.3 0.2 0.7 0.06 -80% 23 0.000*

High 1.3 0.1 0.2 0.02 -81% 15 0.000*

PM, ,(a/MJ) Medium 2.9 0.2 0.6 0.05 -78% 15 0.000*
Low 3.3 0.2 0.7 0.06 -80% 23 0.000*

High 41 0.3 4.0 0.2 -3% 1.0 0.57

CO(g/MJ) Medium 4.2 0.4 41 0.4 -4% 1.0 0.57
Low 4.6 0.3 515 0.2 20% -4.0 0.02*

High 102 4 100 6 -2% 1.0 0.62

CO,(g/MJ) Medium 102 5 99 3 -3% 1.0 0.49

Low 98 6 101 5 2% 0.0 0.65

High 195 8 168 10 -14% 4.0 0.02

NO, (mg/MJ) Medium 188 10 163 4 -13% 4.0 0.02

Low 187 11 161 9 -14% 3.0 0.04

*p<0.05
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as expected, as the maximum temperatures reached in the braziers
for either ignition method were below the threshold temperature for
oxidation of atmospheric nitrogen. Fuel-derived NO, was released in
proportion to concentration in the fuel and was invariant to the ignition
method or ventilation rate.

Gas and PM emission factors from field stoves using D-grade coal

Gas and PM emission factors for the field designed stoves, using D-grade
coal, for TLUD and BLUD ignition methods are presented in Table 4.

There were significant differences (0<0.05) in PM,; emission factors
between the fire ignition methods. Emissions of PM, , and PM, ; from the
TLUD ignition method were fivefold lower (80% reduction) than those
from the BLUD method, across all ventilation rates. These results confirm
results presented in Table 3 for the lab-designed stoves.

For CO, there was a significant difference in CO emissions between the
fire ignition methods at low ventilation rates. At this ventilation rate, there
was a 20% increase in CO when using the TLUD method. Lack of oxygen
resulted in smouldering combustion conditions that favoured the emission
of products of incomplete combustion, including CO and polycyclic
aromatic hydrocarbons.™ NO, emissions show that a significant difference
exists between ignition methods across all ventilation rates. Further
investigations are required to investigate this anomaly.

Influence of stove ventilation rates

The effect of ventilation rates on the emissions of PM, CO, CO, and NO,
were investigated. Three stoves with different ventilation rates were used
for each ignition method, with moisture content and other parameters
held constant. The results of these experiments for the lab-designed
braziers are presented in Table 5.

There were significant differences (0<0.05) in PM,, emissions for both
ignition methods at low, medium and high ventilation rates, implying
that ventilation rate affected the combustion characteristics of PM,; in
all the experimental braziers. For a given device, switching from low to
high ventilation rates reduced PM, ; and PM, , emission factors by 50%.
This advantage is offset by a firepower excessive for convenient cooking
(about 10 kW) especially during the ignition and pyrolisation combustion
phases as well as by increased fuel consumption (by a factor of ~1.3
compared to low ventilation rates).

Table 5:  Emission factors (mg/MJ) as a function of ventilation rates for
the top-lit updraft (TLUD) and bottom-lit updraft (BLUD) ignition
methods (7=5)

metod e P C oo, W,
High 13+01* | 45+01* 986 | 149 = 16*
BLUD Medium 1.9+ 0.1 62+03  98x6 11811
Low 25+02 6405 97«5 87 £5
High 03002 46=+02* 99+x2 126 +4*
TLUD Medium 04+003 | 50x04  96=2 9 +6
Low 06=+006 57+02  102+3 75+5

*significant difference between high and low ventilation rates

However, this improvement from increased ventilation is not as
significant as the decrease from the top-lit ignition. A well-ventilated
brazier, when used in conjunction with the TLUD ignition method, has
the potential to have the maximum reduction of PM emissions from coal
fires in open braziers.

There was a significant difference (p<0.05) in CO emissions, but
not CO, emissions, between the high and low ventilation rates. This
finding shows that ventilation rate influences CO emissions, but may
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not influence the combustion characteristics of CO,. There was also a
significant difference in NO, emissions between high and low ventilation
rates for BLUD and TLUD fires.

Emission rates

The emission rates of CO, CO, and PM, for selected braziers with three
different ventilation rates, using D-grade coal, were calculated from
measurements using the TLUD and BLUD ignition methods. Knowing
the burn rate of the fuel (mass loss) and concentrations of the exhaust
components, we determined the exhaust emission rates during the
operation of the braziers, per hour of operation (Table 6) and for the full 3-h
combustion sequence (Table 7). The emission rates are expressed in units
(9/s), as required by dispersion model input specifications. Averages of
five tests are given together with the standard deviation. Higher particulate
emission rates occurred in the first hour of combustion (ignition and
pyrolysis phases) than in the second and third hours, which can be
associated with condensed semi-volatile compounds that are driven off
from the kindling and during initial heating of the coal. Thereafter, the
particulate emission rates decreased considerably, reaching lowest levels
during the last hour of the 3-h combustion sequence. In constructing
realistic emission patterns from domestic combustion for dispersion
modelling, the correct diurnal time evolution of emissions becomes an
important factor in generating accurate dispersion predictions. Such
hourly emission factors can be adapted to the lifestyle patterns of the
modelled communities when conducting health risk assessments based
on dispersion modelling and exposure assessments.

Table 7 presents a summary of 3-h (full burn sequence) emission rates
for lab-designed and field-obtained braziers for each ventilation rate using
the BLUD and the TLUD fire ignition methods and the combined average
emission rate over the three ventilation rates. There were no differences
in the combined average CO, emission rates for the two ignition methods
and between the lab and field stoves. The combined average CO, emission
rates were 0.54-0.64 g/s. There were differences in the combined average
CO emission rates between the stoves and the ignition methods. The
combined average CO emission rates were in the range of 0.20-0.26 g/s.
The combined average PM,, emission rates were in the range of 0.0028—
0.012 g/s (Table 7).

The data presented in Table 6 and Table 7 are useful for short-term
modelling of pollutants in which 1-h average emission rates are required
inputs for standard dispersion models. Source data input requirements for
air dispersion modelling include specific mass emission rates, physical
stack measurements (e.g. diameter, stack height, exit velocity and
temperature of the exhaust gases) and dry and wet deposition settling
parameters for PM. For domestic sources that are too numerous to model
individually, emissions are treated as area sources, therefore requiring
a knowledge of the source density [number of homes/emission points
per km?| and the emission rate per source (g/s). The source density
can be derived from remote-sensing images and GIS methods, or from
census data. However, up to now, there has been no systematic study to
characterise emissions from a range of domestic coal stoves and braziers,
including variability of stove design, fuel quality, and stage of the burn or
user behaviour. Emission values presented in Table 6 and Table 7 may be
used to construct better area source emission estimates than have been
available up to now, in the absence of reliable emission factors of individual
coal combustion devices, and the time variations of these emissions.

Limitations of the research study

The primary purpose of this study was to investigate in a systematic
manner some of the factors influencing imbaula emissions — namely
ventilation rates and ignition methods. For this purpose, the number
of replicates used in the study is deemed adequate to reach sound
conclusions. As an adjunct, emission factors have been derived. The
selection of field stoves was based on covering the range encountered in
one township. This range included a wide variety of drum sizes, diameters
and distributions of holes, and state of disrepair. A comprehensive
survey would be required to determine the properties of the larger range
of imbaulas used across the Highveld region.

Volume 113 | Number 3/4
March/April 2017


http://www.sajs.co.za

Research Article Emission factors of domestic coal-burning braziers
Page 8 of 11

Table 6:  Hourly average emission rates (g/s) during burn sequence (for dispersion modelling input) for lab and field stoves for the top-lit updraft (TLUD)
and bottom-lit updraft (BLUD) ignition methods at low, medium and high ventilation rates (7=>5)

Ignition Stove Ventilation Hour Energy s.d. co, s.d. co s.d. PM,, s.d.
rate (MJ/h) (MJ) (0/s) (9/s) (9/s) (0/s) (9/s) (0/s)

1 6.39 0.51 1.1 0.09 0.031 0.003 4.1E-02 5.1E-03

Low 2 2.27 0.18 0.36 0.03 0.010 0.001 1.5E-04 3.8E-05

3 1.41 0.07 0.22 0.01 0.011 0.001 4.5E-07 2.6E-08

1 6.60 0.44 1.11 0.07 0.030 0.002 6.3E-02 6.1E-03

Lab Medium 2 2.27 0.17 0.38 0.03 0.020 0.002 1.4E-05 2.9E-06

3 2.01 0.08 0.34 0.01 0.006 0.000 8.7E-07 3.6E-08

1 5.30 0.80 0.84 0.13 0.046 0.007 2.0E-02 2.4E-03

High 2 2.1 0.14 0.33 0.02 0.024 0.001 3.5E-04 5.6E-05

3 1.32 0.07 0.19 0.01 0.023 0.001 1.6E-05 8.8E-07

o 1 6.93 0.84 1.21 0.15 0.063 0.008 4.9E-02 5.9E-03

Low 2 2.27 0.11 0.38 0.02 0.010 0.001 5.5E-04 5.0E-05

3 1.41 0.09 0.22 0.01 0.006 0.000 2.6E-05 1.4E-06

1 7.00 0.70 1.34 0.13 0.043 0.007 3.4E-02 5.6E-03

Field Medium 2 2.43 0.15 0.34 0.02 0.012 0.001 1.4E-05 1.1E-06

3 1.95 0.16 0.24 0.02 0.012 0.001 7.1E-05 7.0E-06

1 7.27 1.01 1.28 0.18 0.021 0.005 2.4E-02 4.1E-03

High 2 2.55 0.13 0.44 0.02 0.027 0.002 2.0E-05 1.1E-06

3 1.93 0.13 0.33 0.02 0.029 0.002 9.2E-05 1.6E-05

1 8.60 0.79 1.46 0.15 0.055 0.007 1.3E-02 1.1E-03

Low 2 1.86 0.12 0.29 0.02 0.014 0.001 1.5E-05 1.6E-06

3 118 0.06 0.18 0.01 0.013 0.001 9.9E-06 6.9E-07

1 3.82 0.92 0.67 0.16 0.036 0.008 7.9E-03 1.4E-03

Lab Medium 2 3.60 0.17 0.62 0.03 0.021 0.001 3.4E-03 2.2E-04

3 3.48 0.20 0.60 0.03 0.027 0.002 2.0E-04 2.2E-05

1 6.90 1.49 0.62 0.24 0.009 0.002 2.3E-03 1.0E-03

High 2 2.70 0.20 0.42 0.03 0.028 0.002 7.0E-07 3.8E-08

3 1.42 0.09 0.20 0.01 0.030 0.002 9.9E-07 6.6E-08

e 1 6.60 1.18 113 0.20 0.030 0.009 1.4E-02 2.0E-03

Low 2 1.93 0.13 0.32 0.02 0.014 0.001 3.1E-05 3.6E-06

3 1.20 0.07 0.19 0.01 0.015 0.001 9.2E-05 1.3E-05

1 5.62 0.73 0.92 0.12 0.030 0.003 8.6E-03 8.4E-04

Field Medium 2 2.51 0.16 0.39 0.03 0.025 0.002 4.1E-04 5.9E-05

3 1.48 0.13 0.21 0.02 0.026 0.002 3.4E-05 3.0E-06

1 4.35 0.66 0.76 0.12 0.023 0.003 2.1E-03 3.4E-04

High 2 2.30 0.17 0.38 0.03 0.021 0.001 5.3E-05 8.1E-06

3 1.37 0.09 0.20 0.01 0.023 0.002 6.1E-07 3.6E-08
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Table 7:  Average emission factors over a 3-h combustion sequence for lab and field stoves for the top-lit updraft (TLUD) and bottom-lit updraft (BLUD)
ignition methods at low, medium and high ventilation rates (7=5)
Ignition Stove Ventilation rate En:;g:y;lr\lll.l) (IsVIﬂ) (g?sz) (;/:) (:/2) (:/:) rg'gls")’ (;/:)

Low 3.36 0.25 0.56 0.04 0.017 0.0015 1.4E-02 1.7E-03

Medium 3.63 0.23 0.61 0.04 0.019 0.0012 2.1E-02 2.0E-03

L High 2.91 0.34 0.45 0.05 0.031 0.0032 6.8E-03 8.2E-04

Mean 3.30 0.27 0.54 0.05 0.022 0.0020 1.4E-02 1.5E-03

PP Low 3.54 0.35 0.60 0.06 0.026 0.0029 1.7E-02 2.0E-03

. Medium 3.79 0.34 0.64 0.06 0.022 0.0029 1.1E-02 1.9E-03

Fel High 3.92 0.42 0.69 0.07 0.026 0.0029 7.9E-03 1.4E-03

Mean 3.75 0.37 0.64 0.06 0.025 0.0029 1.2E-02 1.7E-03

Low 3.88 0.32 0.64 0.06 0.027 0.0027 4.2E-03 3.6E-04

Medium 3.63 0.43 0.63 0.07 0.028 0.0037 3.8E-03 5.5E-04

L High 3.67 0.59 0.41 0.09 0.022 0.0020 7.8E-04 3.4E-04

Mean 3.73 0.45 0.56 0.08 0.026 0.0028 2.9E-03 4.2E-04

T Low 3.24 0.46 0.55 0.08 0.020 0.0037 4.7E-03 6.6E-04

. Medium 3.20 0.34 0.51 0.06 0.027 0.0021 3.0E-03 3.0E-04

Fel High 2.67 0.31 0.45 0.05 0.023 0.0019 7.2E-04 1.2E-04

Mean 3.04 0.37 0.50 0.06 0.023 0.0026 2.8E-03 3.6E-04

Another limitation is that emissions from imbaulas should not be used as
a surrogate for emissions from cast iron coal stoves that have entirely
different ventilation structures, combustion characteristics and probably
user behaviours. We used only a single grab sample of coal. Emissions
rates may also vary according to the coal quality and/or from which mine
or geological seam the coal was derived, and according to the type and
quantity of kindling used to ignite the coal. However, determining the
effects of coal quality and kindling on emissions was outside the scope
of this study. We kept the kindling uniform in terms of quality and quantity
throughout the experiments.

For experimental purposes, controlled methods of fire setting were
adopted. No attempt was made to survey the range of user behaviours,
or to model some of the extreme behaviours encountered in the field
regarding setting the fuel load and ignition method. For example, roadside
mealie cookers fill the imbaula to the brim (5 kg coal) before ignition,
resulting in a prolonged period of intense smoke emission. As with
most combustion stoves, user behaviour is one of the largest factors in
variability in stove efficiency and emissions performance and is a topic
worthy of separate investigation.

Conclusions and implications

This study is the most comprehensive systematic study to date
of emission factors from domestic coal braziers in South Africa.
The insights gained on the controlling variables go a long way to
understanding the divergent results from prior studies that did not take
into account or control for all these variables. We report emission factors
regarding emissions per net MJ of energy in the fuel, for use in rating and
comparison of stoves. The experimentally determined emission rates, in
units (g/s), directly applicable in standard dispersion models, represent
a considerable improvement in previously reported emission factors for
coal stoves. These results have implications for stove designs, laying
the groundwork for improvements in the design of existing coal braziers
and development of novel low-emission combustion technologies, and
understanding potential health impacts of condensed matter emissions.
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Future improvements could explore additional factors, including the
monitoring of organic carbon emissions that have the ability to influence
the accuracy of the estimations of CO and CO, emission factors.
Additional factors also include varying the size of ventilation holes and
the partitioning of ventilation openings below the grate (primary air) and
above the grate or above the fuel load (secondary air), and the mean
particle size of the fuel. We kept the fuel median size and size distribution
constant at 20-40 mm throughout the course of this study.

There is a need to investigate further the effect of hole density pattern
on ventilation rates by clustering primary air holes below the fuel grate
and a limited number of secondary air holes above the level of the
packed fuel bed. Results presented herein show that the performance
of braziers could be improved by optimising the air supply through the
packed fuel bed and to the space above the fuel bed (secondary air). An
increase in the ventilation rate allows for more stable combustion and
higher combustion temperatures, which in turn could lead to improved
heat transfer. Increased ventilation could be achieved by using forced
draft as in some wood pellet and biomass burning gasifiers. However,
this alternative is not viable for brazier stoves as it may require design
alterations to existing braziers, which is not an option for artisanally
produced stoves. The target market for these stoves remains the low-
income (energy poor) households situated in the Highveld region of
South Africa.

In conclusion, PM and trace gas emissions from coal braziers could be
optimised by modifying the ignition procedure, the design of the braziers
regarding hole distribution and diameter, and the position of the grate
in the brazier. Condensed matter particulate (smoke) emissions can be
reduced by allowing for thorough mixing of the volatile gases from the
fuel bed and the air supply, and by allowing a long residence time in the
high-temperature zone. Thus, a brazier with high ventilation rates has the
potential to reduce emissions of CO and PM. Future studies on the effect
of ventilation rates on fixed-bed coal combustion systems should explore
parameters such as the size of ventilation holes, the distribution pattern
of the holes, and fuel size on particulate and trace gas emissions, as well
as the impact of user behaviour on emission rates.
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