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EXECUTIVE SUMMARY 
An improved chamber method was employed in the evaluation of the energy 
conversion and emission characteristics of coal in two unvented cookstoves known 
as the clay stove and the Maamba stove. Bum rate and stove efficiency were 
determined together with emission factors for carbon monoxide (CO), nitric oxide 
(NO) and respirable suspended particulates (RSP). Compared to Maamba stove, 
the clay stove exhibited a lower bum rate but higher efficiency. The clay stove 
recorded mean CO, S02, N02, NO and RSP emission factors of 200, 47,10, 0.4 
and 2,4 g/kg, respectively. The Maamba stove emission factors for the same 
pollutants were 170, 36, n.d., 1.2 and 8.0 g/kg respectively. 

The emissions and concentrations of carbon monoxide were less than 
those previously found with charcoal use, but still exceeded air pollution 
guidelines by orders of magnitude. Thus the use of coal would not constitute any 
appreciable improvement over the present charcoal use. 

Sulphur dioxide emissions and concentrations are quite high, and would 
constitute an new pollutant in residential areas of Zambia. 

Particulate emissions and concentrations from coal are higher than from 
charcoal. In view of specific health risks associated with particulates from coal 
smoke, the domestic use of raw coal is not recommended. 

i 
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1 INTRODUCTION 
Firewood and charcoal are widely used for cooking and space heating in the 
Zambian households. They account for about 97% of the energy used in the 
domestic sector in Zambia. Charcoal is mainly used among low-medium 
income groups in the urban areas, and firewood is the principal fuel used in 
the rural areas. 

Population increase and urbanization has lead to increased demand for 
arable land in the rural areas, and the urban centres provide a growing market 
for charcoal. Both these factors have contributed to cutting down the 
indigenous forest, the most important type of which is called miombo forest. 

In view of this it has been recognized by the Zambian government that 
other sources of energy for use in the households should be investigated. 
While the final aim is to use electricity for domestic needs, this goal is not 
likely to be achieved in the near future. In the meantime indigenous sources 
of energy such as coal and coal briquettes are being considered. 

Zambian coal reserves have been estimated at about 100 million 
tonnes, out of which 400,000 tonnes of washed coal is produced yearly. 
Maamba Collieries Ltd (MCL) is presently the sole producer of coal in 
Zambia. Most of the coal is consumed in the industrial sector. In order to 
preserve woodfuel sources and to widen its customer base, MCL is promoting 
the use of coal in the household. In order to burn coal, a stove has been 
designed by MCL. 

The National Council for Scientific Research has established a 
Household Fuel Emission Testing Unit in collaboration with the Stockholm 
Environment Institute (SEI). For the past two years, the unit has been 
evaluating the thermal efficiencies and emission characteristics of household 
cookstoves, e.g. traditional mbaula-, clay stove, improved mbaula, which burn 
solid fuels like charcoal and coal briquettes (1), (2). The objective of 
the unit is to collect data on the use of these appliances with solid fuel and 
to advise the promoters as well as the users on the characteristics of the 
cookstoves and their environmental impact when in use. 

Tests have been conducted to evaluate the emission levels and the 
thermal efficiencies of the MCL coal stove and the clay stove when used with 
washed coal. The findings of these tests are reported in this document. 

2 EXPERIMENTAL 

2.1 Test site, methods and instrumentation 
An improved chamber method which allows simultaneous evaluation of 
emissions and thermal attributes of chimneyless stoves, was used for the tests 
(3). This method utilizes the water boiling test to determine the overall 
stove efficiency or percentage of heat utilisation (PHU), while fuel emissions 
are quantified using the air exchange rate determined for the particular test. 

The tests were conducted in a laboratory converted to simulate a low-
income household kitchen, found in high-density communities in urban and 

mbaula = stove 

1 
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peri-urban areas where biomass fuels (wood and charcoal) are predominantly 
used. 

Figure 1 The test chamber: a simulated low-income household kitchen 
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The room had an asbestos ceiling, and plastered walls with shelves on two 
sides. The floor was made of concrete. There were two windows and one 
door. The total internal volume was 13.7 m3. A schematic of the test room 
is shown in Figure 1. Stratification of pollutants in the room was eliminated 
with the use of two fans. The fans were placed in such a way that they did 
not interfere with the combustion. The air exchange rate was assessed using 
the decay of concentration of a pollutant (usually CO) when emissions had 
ceased. For each experiment, the air exchange rate was assessed immediately 
after the monitored burn cycle. 

Continuously measuring instruments were used to monitor carbon 
monoxide (CO), sulphur dioxide (S02), carbon dioxide (C02), nitric oxide 
(NO), nitrogen dioxide (N02) and aerosol (smoke). The gas monitors were 
calibrated using commercially available standards. Respirable suspended 
particulates (RSP) were collected' on a filter. Instruments for CO, NO, C02, 
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aerosol and temperature were connected to a data logger which was interfaced 
with a computer for data storage. 

2.1.1 Carbon monoxide 
For real-time monitoring of carbon monoxide a Drager Minipac T3 portable 
electrochemical CO monitor was used. Monitoring range was 0 - 2000 ppm. 
Data from the Minipac was recorded through the computer system. 

2.1.2 Carbon dioxide 
Real-time monitoring of carbon dioxide was done with a Riken 411 A infrared 
monitor. This is a stationary instrument but can be operated with batteries. 
Measuring range 0-5%. Data was collected through the logger system. 

2.1.3 Sulphur dioxide 
Sulphur dioxide concentrations were measured with an Industrial Scientific 
S0261 portable electrochemical monitor with digital display. Measuring range 
0-200 ppm. This instrument was manually read. 

2.1.4 Nitric oxide 
Nitric oxide was monitored with a transportable electrochemical NO monitor, 
Ecolyzer 2000. Measuring range 0-100 ppm. Data was collected through the 
logger system. 

2.1.5 Nitrogen dioxide 
Nitrogen dioxide concentrations were measured with an Industrial Scientific 
N0264 electrochemical portable nitrogen dioxide monitor with digital display. 
Measuring range 0-1000 ppm. This instrument was manually read. 

2.1.6 Aerosol 
Aerosol, a summary measure of particulate matter and liquid droplets, was 
monitored using a GCA Corp Miniram PDM-3 portable Aerosol monitor of 
nephelometric type. Monitoring range 0.01 - 100 mg/m3. Maximum particle 
size 10 /xm aerodynamic diameter (calibrated for Arizona road dust). 
Readings were recorded manually. 

2.1.7 Respirable suspended particulates 
Respirable suspended particulates were collected on a filter using a Gil-Air 
portable dust sampling pump model 17 G9. The flow rate through the pump 
was adjusted to 1.9 litres/min. 8.0 pm pore size filters were used (Millipore 
Corp) for the RSP collection. A cyclone (SKC Inc.) was attached to the filter 
holder to remove particles larger than 7.2 um. Filters were desiccated before 
and after sampling and weighed on an A&D electronic balance model ER-
182A. 

2.1.8 Temperature 
Temperatures were measured with thermocouple wire type K connected to the 
computer through the data logger. 
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2.1.9 Calibration 
Gas monitors were calibrated throughout the study using commercially 
available standards. Pump flow for RSP monitoring was calibrated using a 
high-precision rotameter (Contram-Essholm). 

2.1.10 Data recording 
Some of the continuously monitoring instruments (CO, C02, aerosol, 
temperatures) were connected to a 16-channel data logger model AAC-2, 
which was interfaced with a portable Toshiba computer for data storage. In 
addition to the automatic logging of data, all instruments were manually read 
and recorded in an experiment log. In the case of SOz and N0 2 this was the 
only mode of data recording. 

2.2 Data analysis 
The equations used in the calculation of the burn rate, thermal efficiency air 
exchange rate and the emission factor were based on the approach used by 
Ahuja et al. (3). The following equations were used. 

2 2 7 Bum rate 
The burn rate was calculated according to Equation (1). It was corrected for 
the moisture content of the fuel. 

• 1 [ 100 (^ -^ )1 (1) 

t [ (100+Af) J 

where F = burr, rate (kgh1) 
W, = Weight of fuel at start of test (kg) 
Wf = Weight of fuel at end of test (kg) 
t = Total test duration (h) 
M = Moisture content of fuel (%) 

; : 

2 2 2 Thermal efficiency 
The burn rate and the net calorific value of the fuel were used in the 
calculation of thermal efficiency, or percent heat utilization (PHU) according 
to Equation (2): 

nm(W*jTrTl)^W^Wmf)L\ ( 2 ) 

where n = thermal efficiency (%) 
W,^», = Initial and final weights of water in the pot (kg) 
a = Specific heat of water (MJkg-^C1) 
T u = Initial and final temperature of water (°C) 
L = Latent heat of vaporization of water at 100 °C (MJkg'1) 
F = Burn rate (kgh'1) 
t = Total test duration (h) 
H = Net calorific value for the fuel ((MJkg'1) 
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2.2.3 Air exchange rate 
The air exchange rate of the test-room was determined by the assumed 
logarithmic decay of pollution concentration after emissions had ceased (the 
stove brought out of the room) (Equation (3)). This decay was approximated 
by plotting the natural logarithm of the pollution (here CO was chosen) 
concentration against time, and determining the least square fit of the ensuing 
line. The slope of the line gives the air exchange. 

S = ( '"Co ~ '"C;) ( 3 ) 

'/ 

where S = air exchange rate (h1)2 

Q,, C, = concentration at start and instantaneous concentration 
tj = instantaneous time (h) 

2.2.4 Measured pollutant concentration 
The mean pollutant concentration (Ca) was calculated by averaging the 
instantaneous concentration (Q) values for continuously recording instruments. 
The mean RSP concentration was according to Equation (4): 

ot 

where C, = mean pollutant concentration (mgm'3) 
Wjf, WB = Initial and final weights of the filter catch (mg) 
Q = Average air flow rate of the sampling pump (m3h"') 
t = sampling duration (h) 

2.2.5 Equilibrium pollutant concentration 
The equilibrium (steady-state) concentration (Ce) for continuously monitoring 
instruments was calculated according to Equation (5): 

c. = —^hr (5) 

where C. = equilibrium pollutant concentration (mgm.3) 
Q = Instantaneous concentration (mgm"3) 
ts = Instantaneous time (h) 
S = Air exchange rate (h1) 

The Cc values for RSP were obtained by multiplying the Ca values by the ratio 
of Cc and Ca for CO. 

2 Actually volumes/hour, i.e. the exchanges of the full volume of the room per hour. 
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2.2.6 Emission factor 
The emission factors were calculated according to Equation (6): 

£ = °'SV (6) 
1000F 

where E = emission factor (gkg1) 
Ce = Equilibrium pollutant concentration (mgm"3) 
S = Air exchange rate (h'1) 
V = volume of test-room (m3) (13.67 m3) 
F = Burn rate (kgh1) 

2.2.7 Emission rate 
The emission rate was calculated according to equation (7): 

K(fl+A)[C(7)-C(0)»-<.-*)r]_ yptC0 
ER = [1 - . -<•*>'] ^ 

where ER = emission rate (cm"3h') 
V = Volume of test-room (cm3) 
C(T) = Final average indoor pollutant concentration at time T (ppm) 
C(0) = Indoor pollutant at time 0 (ppm) 
C0 = Outdoor pollutant concentration (ppm) 
T = Test duration (h) 
a = Air exchange rate (h1) 
k = Net rate of removal processes other than air exchange (h1) 
P = Fraction of the outdoor pollutant level that permeates the test-room 

(unit-less). * 

In the case of gases the emission rate in cm3/n was converted to g/h by using 
the ideal gas law. 

2.3 Fuel and stove 
Washed coal was used in this study. It was obtained from the Maamba 
Collieries Ltd in the form of cobbles (size range 25 - 60 mm). Before use, the 
cobbles were crushed to about 25 mm size. The physico-chemical properties 
of the coal were determined at the NCSR, and are presented in Table 1. 

Table 1 Physico-chemical properties of Maamba washed coal 

Ash, % 13.5 
Volatiles, % 20 
Fixed carbon, % 65 
Moisture, % 1.3 
Calorific value, MJ/kg 27.9 



Kaoina, Kasali and Ellcgård 7 

A design of the maamba stove is shown in Figure 2. The stove was 
originally designed for use with coal, and is made from a heavy (5 mm thick) 
steel tube. It resembles the traditional mbaula but it is only provided with 
one air inlet (vent) at the bottom part of the side. The vent does not have 
any door for air control. No pot rests are provided, but bigger pots can rest 
on the rim of the combustion chamber. Smaller pots will rest directly on the 
coal bed. The weight of the Maamba stove was 7.4 kg. At full load the stove 
could contain 1.2 - 1.5 kg of coal. 

Figure 2 Design of clay stove and Maamba coal stove 
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The clay stove (Figure 2) was designed and produced by the NCSR for use 
with coal briquettes. The main reason for designing this stove was that the 
traditional mbaula, which is made from scrap metal, did not endure the heat 
and fumes from the briquettes for any prolonged time. This is probably the 
reason that the Maamba stove was designed from very thick metal (5 mm) 
instead of the common scrap of 0.4 - 0.6 mm. In order to further improve the 
resistance of the clay stove, the fire compartment is a separate ceramic 
cylinder inserted inside the stove. At the bottom of the insert there is a 
replaceable grate, also made from ceramic material. The clay stove also had 
one vent, but provided with a sliding door for inlet air control. At the top the 
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stove is widening in a funnel-like fashion, and three ridges are provided as pot 
rests. This makes it possible to accommodate a wide range of pot sizes 
without impeding the air flow through the stove. The weight of the clay stove 
is 7.5 kg. 

2.4 Ignition of coal 
The Maamba coal is of a sub-bituminous type characterized by slow burn rate. 
The last attribute presented a problem in igniting the coal. When ignited, the 
coal produced such copious fumes that it was neither possible to see anything 
nor breathe properly in the simulated kitchen (test-room). The water boiling 
tests were, therefore, started after smoke generation had subsided to bearable 
levels. Calculation revealed that this resulted on average in a loss of 0.25 and 
0,55 kg of fuel for the clay stove and Maamba stove, respectively, before tests 
could begin. Even in the field the cooks would not be expected to use the 
stoves during the smoking stage as this could cause great discomfort and 
probably damage to their health and also blacken the pots and kitchen. 

The ignition method used involved first igniting 4 -5 pieces of charcoal, 
and placing them in the Maamba stove. Then the coal was heaped on the 
glowing charcoal pieces. After the coal caught fire it was allowed to burn 
outside the test room for a while until the smoke subsided. This usually took 
about one hour. This procedure was employed because 
a) it was not considered realistic that housewives would allow the stove 

emitting so much smoke inside the house, and 
b) the smoke made it impossible to read the instruments inside the test 

room, they could actually not be seen 
Hence, in this study not all emissions from the coal are actually assessed. 
However, the procedure employed in this study was probably similar to what 
would be expected to occur under actual field condition. The emissions 
reported here are considered to be what is likely to be emitted inside a house 
when the stove is in use. 

3 RESULTS AND DISCUSSION 

3.1 Thermal Performance of stoves 
The water boiling tests were conducted throughout the entire burn cycle of a 
charge of fuel and hence multiple tests were performed per each fuel load. 
These were designated burn phase A, B and C, representing the first, the 
second and the last boiling test within a burn cycle, respectively. The 
averaged results are presented in Table 2 (see Appendix, Table Al and 
Table A2 for the full data). 

In both stoves the rate of coal combustion and consequently the power 
output decreased as the burn cycle progressed towards burn-out. Overall, coal 
burned 2.6 times faster in the Maamba stove than in the clay stove and the 
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Table 2 Average bum rate, power and efficiency in the two stoves 

Burn phase 

Clay stove 
Burn rate (kg/h) 

Power (kW) 
Efficiency (%) 

Maamba stove 
Burn rate (kg/h) 

Power (kW) 
Efficiency (%) 

A 

0.13 
1.01 

44.7 

0.32 
2.47 

35.7 

B 

0.11 
0.85 

42.7 

0.29 
2.25 

32.2 

C 

0.07 
0.54 

46.9 

0.16 
1.22 

44.7 

Mean 

0.10 
0.80 

44.8 

0.25 
1.98 

37.5 

power output was 2.5 times higher for the former than for the latter. The 
efficiency or percentage of heat utilised (PHU) for both stoves was lowest in 
phase B and highest in C. However, efficiency usually increases with 
decreased burn rates (3), which was not found here. This was probably due 
to the fact that the pot utilised in phase A was bigger than that in B. Pot A 
had a volume of 5.2 litres while that for B was 3.2 litres. Using a water 
boiling test, Khummongkol (4) studied the effect of water quantity on stove 
efficiency and found that stove efficiency increased with increased amount of 
water in the pot. Overall, the results in Table 2 show that the efficiency of 
the clay stove was higher than that of the Maamba stove by 7 percentage 
points. 

Coal in its raw form is rarely used in unvented cookstoves and it is thus 
difficult to find comparable data in the literature. The same type of clay stove 
used here was tested with coal briquettes in a previous study (1) and recorded 
mean values of 0.21 kg/h, 1.5 kW and 37% for burn rate, power output and 
efficiency, respectively. The thermal performance of the clay stove with coal 
briquettes was thus closer to that of burning coal in the Maamba stove than 
in the clay stove (Table 2). 

Table 3 Ranges of maximum temperatures attained at various locations of the 
two stoves during coal combustion 

Clay stove Maamba 

Fuel bed 900-1000 800-950 
Ash chamber 170-200 250-270 
Wall 80-95 230-260 

Figure 3 and Figure 4 show temperature profiles generated at various 
locations within the stoves during a typical burn cycle of coal combustion in 
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Figure 3 Temperature profiles for coal combustion in the clay stove 
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Figure 4 Temperature profiles for coal combustion in the Maamba stove 
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the Clay stove and Maamba stove respectively. Table 3 shows the peak 
temperature ranges for the various locations within the stoves. Under the 
conditions of this study, both stoves were able to maintain very high fuelbed 
temperatures for over five hours. The clay stove recorded higher peak 
fuelbed temperatures than did the Maamba stove. The Maamba stove 
exhibited higher ash chamber and wall temperatures than the clay stove. The 
Maamba stove ash chamber temperatures was consistently higher than that for 
the wall throughout the test duration. 

The clay stove ash chamber temperature exceeded that for the wall 
halfway through the burn cycle and thereafter it dropped to values below 
those for the wall. The Maamba stove had apparently higher energy losses 
than the clay stove (Table 3). Coal was the only fuel used in the two stoves 
and hence the differences in their performance could be attributed to their 
physical features. Some of the measured and calculated physical and other 
features of the two stoves are presented in Table 4. Clay has better heat 
absorbtion properties and renders more resistance to heat flow to the outer 
surface than metal. Therefore, the clay stove with thicker walls would lose 
less heat through the stove walls (Table 3). 

Table 4 Physical and other features of the two stoves 

Stove material 
Stove shape 
Wall width, cm 
Fuelbed volume (Vfb), litres 
Ash chamber volume (Vac), litres 
Vac/Vfb 
Air inlet area, cm2 

Grate area, cm3 

Free flow area of grate, cm2 

% Free flow area 
CO/C02 (mean) 

Clay 
stove 

clay 
bell 
3.5 
1.7 
0.7 
0.4 
40 
123 
24 
19 

0.07 

Maamba 
stove 

mild steel 
cylindrical 

0.4 
4.5 
7.2 
1.6 
149 
531 
160 
30 

0.07 

The ratio of the ash chamber volume to that of the fuelbed for the clay stove 
was four times lower than that for the Maamba stove. In fact the ash 
chamber was bigger than the fuelbed in the Maamba stove. Radiative heat 
is lost through this section of the stove. 

In this study the clay stove recorded lower burn rates (Table 2) but 
higher fuel bed temperatures. The Maamba stove had the ash chamber as the 
main heat sink (Figure 3). The ratio of total stove volume to fuel bed volume 
was 1.4 for the clay stove and 2.6 for the Maamba stove. Jayaraman et al 
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(5) found that the lower the value of this ratio, the higher the efficiency of 
the stove and this has been confirmed in this study (Table 2) . The 
percentage of the free flow area of the grate in the clay stove was lower than 
that in the Maamba stove. The grate acts as a thermal resistance to 
downward heat flow while providing uniform air flow and free fall of the ash 
form the fuelbed. Jayaraman et aL suggested that for the grate to optimally 
perform all its functions the percentage of the free flow area must be 
approximately 25 to 30%. The value for the clay stove of 19% was outside 
this range and this was probably why it generated very low burn rates. The 
supply of oxygen to the fuel as indicated by the CO/C02 ratio was, however, 
identical in both stoves (Table 4, see Appendix; Table Al and Table A2 for 
more data). The low burn rates in the clay stove were presumably due to low 
rates of oxygen supply to the fuel resulting from the low free flow area of the 
grate. 

Table 5 Temperature rates and factors during the combustion of coal in the 
clay stove and Maamba stove 

Burn 
cycle 
no 

1 
2 
3 
4 
5 

Mean 
S.D 
Min 
Max 

Clay 

Temperature 
elevation 

rate 
(°C/min) 

1.018 
1.408 
1.612 
1.721 
1.347 

1.421 
0.271 
1.018 
1.721 

stove 

Temperature 
elevation 

factor 
(°C/g) 

0.803 
1.127 
1.066 
1.067 
0.831 

0.979 
0.150 
0.803 
1.127 

Maamba stove 

Temperature 
elevation 

rate 
(°C/min) 

2.353 
3.825 
2.737 
2.892 
3.427 

3.047 
0.581 
2.353 
3.825 

Temperature 
elevation 

factor 
(°C/g) 

0.865 
0.688 
0.773 
1.173 
0.834 

0.867 
0.184 
0.688 
1.173 

Gill (6) has argued that efficiency and fuel savings are meaningless terms 
to stove users who regard the ability to cook quickly as being more important. 
In Table 5 the temperature elevation rates (TER) and temperature elevation 
factors (TEF) for the two stoves are compared. TER indicates the rate of 
water (3.25 litres) temperature rise to boiling point (97°C)3 while TEF shows 
the water temperature increase per unit of fuel burned. On average, the 
Maamba stove, which was the bigger (contained more fuel) of the two boiled 

3 Lusaka is located at an altitude of 1300 m a.s.l. 
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water twice as fast as the clay stove. The average boiling time on the 
Maamba stove was 31 minutes while on the clay stove it was 68 minutes. 
However, if both stoves contained the same amount of fuel, the boiling time 
for the clay stove would be shorter than that for Maamba stove by 13%. 

This study has shown that the clay stove could be used as an energy 
conservation tool with regard to coal consumption , however, for those who 
opt to cook quickly with coal the Maamba stove is the best option of the two 
tested stoves. 

3.2 Carbon monoxide 
Averaged results from continuous monitoring of carbon monoxide (CO) 
emissions in the simulated kitchen are presented in Table 6 and the 
instantaneous room CO concentrations for typical burn cycles of the two 
stoves are presented in Figure 5. 

Table 6 Mean carbon monoxide concentrations and emission factors for coal 
combustion in the two stoves 

Clay Maamba 
stove stove 

Mean concentration (mg/m°) 108 276 
Emission factor (g/kg) 199 170 

The mean CO concentration for coal use in the clay stove ranged from 28 to 
192 mg/m3 (full data in Table A3 of Appendix) while the mean emission 
factor had a range of 106 - 260 g/kg (full data in Table A5 of Appendix). 
The Maamba stove recorded a mean CO concentration range of 170 - 360 
mg/m3 (Table A4 of Appendix) with a mean emission factor range of 110 -
340 g/kg ( Table A6 of Appendix). 

The overall mean CO concentration was lower and the emission factor 
was higher for the clay stove compared to the Maamba stove (Table 6). This 
was most likely due to the fact that the Maamba stove had a larger fuel bed 
than the clay stove and higher burn rates. Burnet et al (7) have shown that 
emissions increase with increased firebox while Barnett and Shea (8) found 
that emission factors decreases as burn rate was increased. Figure 5 shows 
that high concentrations of CO were produced by both stoves throughout the 
entire burning period. Moreover, the concentrations were steadily rising with 
time, even though this trend was more pronounced with the clay stove than 
with the Maamba stove. Jaasma and Macumber (9) also observed steadily 
rising CO emissions from coal and attributed this to the swelling and 
agglomeration of coal during combustion resulting in the plugging of the 
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Figure 5 Carbon monoxide concentrations in the test room for typical runs with 
clay stove and Maamba stove 

500 

Clay stove Macmba stove 

grates and consequent limitation of air supply to the fuelbed. It therefore 
appears that the clay stove, with a lower percentage of free flow area of the 
grate, plugged more easily than the Maamba stove. 

The mean CO emission factors found in this study are within the range 
reported for anthracite coal of 169 - 482 g/kg (10) but lower than the 
mean reported (1) for the clay stove with coal briquettes of 222 g/kg. The 
mean CO concentrations in the test room caused by both stoves significantly 
exceeded the Canadian indoor air quality guidelines (Table 7)(11). 

Table 7 Canadian domestic indoor air quality guidelines 

Pollutant 

CO 
S02 
NOx 
RSP 

Exposure duratio 

1 hour 
5 min 
5 min 
1 hour 

Concentration (mg/m3) 

2.5 
1.0 

0.48 
0.100 

3.3 Sulphur dioxide 
The overall mean sulphur dioxide (S02) concentrations and emission factors 
for the two stoves with coal are presented in Table 8. The clay stove exhibited 
a mean S02 concentration range of 16 - 66 mg/m3 (Table A3 of Appendix), 
while the emission factors ranged from 17 - 72 g/kg (Table A5 of Appendix) 
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Maamba stove recorded a mean S02 range of 22 - 93 mg/m3 (Table A4 of 
Appendix) with a mean emission factor range of 17 - 76 g/kg (Table A6 of 
Appendix). The overall mean S02 concentration was higher and the emission 
factor was lower for Maamba stove than those for the clay stove. Sulphur 
dioxide emissions are basically a function of the sulphur content of the coal. 
Islam and Smith (12) reported a S02 emission factor for lignite briquettes 
ranging from 6 to 58 g/kg which compares favourably with the results of this 
study (Table 8). The coal briquettes previously (1) tested in the clay stove 
recorded a mean emission factor of 1.4 g/kg, a value well below those found 
in this study. ''.''"i 

Figure 6 shows the instantaneous S02 concentration in the test-room 
for typical burn cycles of the two stoves. In both cases very high S02 

concentrations were generated throughout the burning period. It is this fact 
which makes the use of coal in unvented cookstoves very unattractive and 
potentially dangerous to public health. The Canadian indoor air quality 
guidelines (Table 7) stipulate a concentration of 1.0 mg/m3 for five minutes; 
this was exceeded in all the test-runs. 

Figure 6 S02 concentrations in the test room for coal burned in the clay stove 
and the Maamba stove. 

\r^' { \ 

150 200 250 300 350 400 
Minutes 

Clay stove Moamba stove 

3.4 Nitrogen oxides 
The mean nitrogen dioxide (N02) and nitric oxide (NO) concentrations and 
the corresponding emission factors are provided in Table 9. N0 2 was not 
analyzed for the Maamba stove due to equipment break-down. 
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Table 8 Mean sulphur dioxide concentrations and emissions factors for coal 
combustion in the two stoves 

Clay stove Maamba stove 

Mean concentration (mg/m1) 
Emission factor (g/kg) 

28 
47 

54 
36 

The Maamba stove recorded higher NO values than did the clay stove. The 
mean NO values for Maamba stove ranged from 0.6 to 3.6 mg/m3 while those 
for the clay stove were from 0.1 to 0.4 mg/m3 (Table A5 and Table A6 of 
Appendix). The mean NO emission factor for Maamba stove had a range of 
0.4 - 2.4 g/kg while that for the clay stove was 0.1 - 1.3 g/kg (Table A5 and 
Table A6 of Appendix). The mean N0 2 concentration for the clay stove 
ranged from 1.5 to 9.2 mg/m3, while the emission factor had a range of 1.6-
29.6 gkg-1 (Table A3 and Table A5 of Appendix). Jaasma et al (9) reported 
NOx emission factors for coal in the range 2.6 to 5.1 g/kg even though they 
advised these values to be viewed as rough estimates of the actual values. 

Figure 7 Test room concentrations of nitric oxide (NO) from combustion of coal 
in clay stove and Maamba stove 

6 0 
Minutes 

120 

Clay stove Maamba stove 

Figure 7 shows the instantaneous and NO concentrations for typical burn 
cycles of the two stoves using coal. Irrespective of the type of stove NO was 
usually detected in the early phases of combustion, thereafter the 
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Table 9 Mean N0 2 and NO concentrations and emission factors for coal 
combustion in the two stoves 

Clay Maamba 

stove Stove 

N02 NO NO 

Mean concentrations (mgm-3) 4.3 0.2 1.6 
Emission factor (g/kg) 9.9 0.4 1.2 

concentrations declined to zero. N0 2 levels persisted for some time longer 
but did not occur throughout the entire burn-cycle. The cause of these trends 
was not identified. The fuel bed temperatures encountered in this study 
would suggest that the source of the nitrogen species was fuel nitrogen. 

Table 10 Mean RSP concentrations and emission factors for coal combustion 
in the two stoves 

Clay stove Maamba stove 

Mean concentration (mgm-3) 1.1 8.0 
Emission factor (g/kg) 2.4 6̂ 4 

3.5 Aerosol and Respirable suspended particulates 
The average results of the aerosol and respirable suspended particulates 
(RSP) are presented in Table 10. In this study the aerosol monitor was not 
calibrated with the gravimetric RSP sampler. However, the aerosol monitor 
was observed to respond instantly to smoke within the test-room and hence 
the aerosol values could be viewed as smoke concentrations. Table 10 
reveals that the tests were conducted with the coal devolatilization phase not 
completely exhausted. The large variation in RSP concentrations is most 
likely due to variations in the degree of devolatilization of the coal before 
moving the stove into the test room: The clay stove had RSP mean 
concentration ranges of 0.4 - 3.7 mg/m3 (Table A3 of Appendix). The 
emission factor range for RSP was 1.2 - 4.4 g/kg, (Table A5 of Appendix). 

The Maamba stove recorded mean RSP range of 3.4-12.8 mg/m3 

respectively (Table A4 of Appendix) while the emission factor range for RSP 
was 2.1 - 11.2 g/kg, (Table A6 of Appendix). 

Of the two stoves, the Maamba stove generated more particulates 
(Table 10). The RSP values found in this study for both stoves exceeded the 
indoor air quality guideline of 0.1 mg/m3 for one hour (Table 7). 
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Table 11 Pollutant emission factors for coal devolatilization in the clay stove 

Emission factor (g/kg) 
Burn cycle Air exchange rate 

_no ( V ) CO SO, RSP 

1 20 140 61 17 
2 14 240 31 27 
3 5.4 90 36 16 

Mean 13 160 43 20 
S.D. 7.1 75 16 6.4 

Due to the large variations in particulate measurements an attempt was made 
to characterise the devolatilisation stage of coal combustion. This was 
achieved by placing 300 g of fresh coal pieces on top of coals in the char-
combustion phase. The emissions were monitored up to a time when the 
aerosol monitor indicated zero reading. Table 11 shows the emission factors 
for some of the pollutants monitored during the coal devolatilisation in the 
clay stove. The factors obtained with the Maamba stove ar shown in 
Table 12. Compared to the factors reported earlier in this study, the only 
significant differences which occurred were those for the aerosol and RSP 
concentrations. In both cases the RSP emission factors were very high with the 
clay stove recording somewhat higher mean values. The RSP emission factors 
found in this study (Table 11 and Table 12) are within the range of 1.8 - 45.0 
g/kg reported for coal (9). The high intensity of smoke from coal would 
make it unacceptable in residential areas if used on a massive scale. 

Table 12 

Burn cycle 
no 

1 
2 
3 

Mean 
S.D. 

Pollutant emission factors for coal devolatilization in 

Air exchange rate ~ 
(h-1) 

16 
23 
23 

21 
4.2 

Emission factor 

CO 

180 
135 
158 

157 
22 

SO, 

30 
35 
34 

33 
2.9 

the Maamba sto 

(g/kg) 

RSP 

17 
19 
20 

18 
1.5 
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Figure 8 Aerosol levels generated during coal devolatilization in the clay and 
Maamba stoves 

200 
to 
E 
\ 
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S 100 
CD < 

Cloy stove Waombo stove 

Figure 8 shows the instantaneous aerosol (smoke) concentrations generated 
during the devolatilisation of 300 g of coal in the clay stove and Maamba 
stove. In both cases smoke concentrations rose very rapidly and after about 
30 minutes they declined to lower values. 

4 EMISSIONS FROM FUELS AND STOVES USED IN LUSAKA 
With the present study, a number of investigations on stoves and fuels used 
in Lusaka is concluded. The fuels tested have included the by far most widely 
used fuel, charcoal, as well as coal briquettes and coal. The stoves tested 
have included the traditional mbaula, as well as the improved mbaula, the clay 
stove and the Maamba coal stove. One of the main reasons to do this has 
been to find out the pollution effects of these stoves and fuels. In Table 13 a 
summary of the average emission factors for CO and RSP from all the stove 
and fuel combinations are presented. 

From the point of carbon monoxide emissions it appears clear that the 
traditional mbaula is the worst cooking device. This is true for both charcoal 
and coal briquettes. For use with charcoal on the other hand, the improved 
mbaula appears to be the best choice with respect to fuel emissions. The 
reason for the very high CO emissions from the traditional mbaula is probably 
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Table 13 Average emission factors for fuels and stoves used in Lusaka (g per 
kg fuel) 

Charcoal Coal briquettes Coal 

CO RSP CO RSP CO RSP 

Traditional Mbaula 600 1.1 550 3.3 

improved Mbaula 340 1.1 

Ceramic stove 430 1.5 220 4.2 200 2.4 

Maamba stove 170 6.4 

that the pot generally is placed directly on the burning charcoal in the stove, 
restricting the air flow through the fuel bed. Thus a relatively simple technical 
change of the traditional mbaula - adding pot rests on the top - might render 
it significantly less polluting. Carbon monoxide emissions from coal use in the 
same stove (clay stove) are actually lower than from either coal briquettes or 
charcoal. 

The respirable particulate emissions (RSP) are lowest from charcoal, 
irrespective of the type of stove used. Hence from this point of view, charcoal 
appears to be the best choice of fuel. RSP emissions from coal and coal 
briquettes are higher, though the choice of stove appears to have an influence 
in this case, with the clay stove yielding less emissions on the average. 

Table 14 Average test room concentrations of pollutants for fuels and stoves 
used in Lusaka (mg/m3) 

Charcoal Coal briquettes Coal 

CO RSP CO RSP CO RSP 

Traditional Mbaula 320 0.50 220 1.2 

Improved Mbaula 230 0.75 

Ceramic stove 220 1.1 220 2.8 110 1.1 

Maamba stove 280 8.0 

Concentrations of pollutants in the test room (a simulated kitchen) dumig the 
studies of fuels and stoves in Zambia are presented in Table 14. The CO 
concentrations acquired with charcoal are again higher for the traditional 
mbaula than from the improved mbaula or the ceramic stove. Concentrations 
for coal briquettes are similar to those for charcoal in the improved mbaula 
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and the ceramic stove. CO concentrations in the test room with coal as the 
fuel were lower than from any other fuel when used with the ceramic stove, 
and almost as high as the concentrations from charcoal with the traditional 
mbaula when used in the Maamba stove. Hence the use of coal in this regard 
implies no great difference from the currently used fuels. 

The particulate levels in the test room were lower from charcoal than 
from the coal briquettes and coal. The concentrations found with the 
traditional mbaula were similar to those obtained from sampling in a large 
number of households, where the average concentration during cooking time 
was 0.38 mg/m3 (13). The Maamba stove with coal gave the highest 
concentrations on all accounts. 

The main reason for the interest in the pollution from stoves is the 
possible health effects from these emissions. Carbon monoxide is an acutely 
poisonous gas, where exposure to high levels for short time can lead to 
nausea, headaches and eventually unconsciousness and death. Chronic effects 
of carbon monoxide pollution are under debate, but it has been suggested that 
reduced fetal development could be associated with it (14). The effects 
of CO exposure are stronger in persons with cardiovascular diseases, in 
children and persons suffering from anaemia. The partial pressure of oxygen 
in the atmosphere is an important factor, and thus susceptible persons at high 
altitudes (such as Lusaka) are at greater risk. 

Particulates are more strongly associated with long-term or chronic 
health outcomes, such as chronic obstructive lung diseases and cancer. 
Exposure to high levels of particulates are strongly indicated to be associated 
with impaired lung function. The most generally known example of this is 
tobacco smoking. Acute respiratory infections also appear to be associated 
with exposure to domestic smoke, see e.g. Pandey et al. (15). With respect 
to cancer as the final end-point there appears to be a difference with regard 
to the type of smoke. Mumford et al. (16) found that lung cancer in a 
county in China was strongly associated with the domestic use of a smoky coal 
in unvented stoves. While pollution levels during cooking were extremely high 
from both smoky coal and wood (24 and 22 mg RSP/m3, respectively), 
prevalence of lung cancer was not associated with wood fuel use. Lung cancer 
prevalence neither associated with use of "smokeless" coal, though the 
carcinogenic potential of the smoke was similar to that of smoky coal. Thus 
the difference appears to relate mainly to the concentration levels found, and 
that there is actually a greater in lung cancer risk from coal smoke coal than 
from biomass fuel smoke. 
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5 CONCLUSIONS 
Having evaluated the efficiency and emission characteristics of coal 
combustion in the clay stove and Maamba stove under laboratory conditions, 
the following conclusions can be made. 

1. The combustion of coal in the clay stove was very slow, resulting in a slow 
temperature increase in the pot. Coal combustion in the Maamba stove was 
comparable to currently used stoves. 

2. The emissions of CO were high, but generally lower than from charcoal, 
which is currently the most widely used fuel. However, concentrations of CO 
attained in the test room were similar to those obtained when using charcoal. 

3. Concentrations of carbon monoxide in the test room during "cooking" much 
exceeds the safe levels recommended in air pollution guidelines. 

4. Particulate emissions from coal in both stoves were higher than from 
charcoal, in the Maamba stove much higher. 

5. In addition to the fumes emitted in the test room, the coal fire generated 
such a pungent and irritating smell before cooking could be started, that its 
domestic use in an unvented cookstove could result in a public health 
nuisance, if not a hazard. 

6. S02 emissions and concentrations from use of raw coal was much higher 
than from either coal briquettes or charcoal 

7. The domestic use of coal on a massive scale should not be considered until 
stoves with appropriate chimneys have been introduced. Even then the risks 
to public health and the environment will not be eliminated. 
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Table A1 Thermal combustion characteristics of coal in the clay stove 

BURN 
CYCLE 

BURN RATE 
kg charcoal / hour 

BURN PHASE 

A B C 

BURN 

CYCLE 

AVG 

THERMAL EFFICIENCY 
% heat utilization (PHU) 

BURN PHASE 

A B C 

BURN 
CYCLE 

AVG 

TEST DURATION 

hours 

BURN PHASE 

A B C 

BURN 

CYCLE 
TOTAL 

C O M 
BUSTION 

EFFICI 
ENCY 

( C O / C O , 
ratio) 

CLAY STOVE 

1 
2 
3 

4 
5 
6 
7 
8 
9 

10 

MEAN 
S.D. 

0.08 
0.07 
0.14 
0.15 
0.11 
0.11 
0.14 
0.19 
0.18 
0.11 

0.13 
0.04 

0.04 
0.07 
0.09 
0.12 
0.17 
0.14 
0.09 
0.13 
0.13 
0.12 

0.11 
0.04 

0.03 
0.09 
0.06 
0.06 
0.12 
0.08 
0.07 
0.08 
0.02 
0.08 

0.07 

0.03 

0.05 
0.08 
0.10 
0.11 
0.13 
0.11 
0.10 
0.13 
0.11 
0.10 

0.10 
0.04 

58 
49 
39 
34 
58 
56 
39 
27 
45 
42 

45 
10 

46 
43 
49 
41 
33 
42 
56 
31 
42 
44 

43 
6.8 

44 
29 
35 
39 
46 
67 
64 
53 
43 
49 

47 
11 

49 
40 
41 
38 
46 
55 
53 
37 
43 
45 

45 
9.7 

1.3 
1.4 
1.1 
1.1 
0.9 
0.9 
1.3 
1.0 
1.4 
1.2 

1.2 
0.18 

1.5 
1.4 
1.1 
1.0 
0.9 
0.9 
1.2 
1.1 
1.2 
1.2 

1.2 
0.19 

1.8 
1.7 
1.6 
1.1 
1.0 
1.2 
1.7 
1.3 
1.7 
1.5 

1.5 
0.27 

4.6 
4.5 
3.8 
3.2 
2.8 
3.0 
4.2 
3.4 
4.1 
3.9 

3.8 
0.6 

0.10 
0.08 
0.05 
0.05 
0.06 
0.07 
O.OS 
O.OB 
0.08 
0.07 

0.07 
0.02 



Table A2 Thermal combustion characteristics of coal in the Maamba stove 

BURN 
CYCLE 

BURN RATE 
kg charcoal / hour 

BURN PHASE 

A B C 

BURN 
CYCLE 

AVG 

THERMAL EFFICIENCY 
% heat utilization (PHU) 

BURN PHASE 

A B C 

BURN 
CYCLE 

AVG 

TEST DURATION 
hours 

BURN PHASE 

A B C 

BURN 
CYCLE 
TOTAL 

COM
BUSTION 

EFFICI 
ENCY 

(CO/CO, 
ratio) 

MAAMBA STOVE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

MEAN 
S.D. 

0.22 
0.25 
0.53 
0.33 
0.21 
0.15 
0.36 
0.43 
0.39 
0.32 

0.32 
0.11 

0.2 
0.24 
0.29 
0.38 
0.23 
0.13 
0.33 
0.44 
0.38 
0.28 

0.29 
0.09 

0.1 
0.11 
0.25 
0.12 
0.14 
0.11 
0.21 
0.14 
0.16 
0.23 

0.16 
0.05 

0.17 
0.20 
0.36 
0.28 
0.19 
0.13 
0.30 
0.34 
0.31 
0.28 

0.26 
0.11 

50 
29 
27 
39 
34 
40 
30 
38 
37 
33 

36 
6.4 

35 
30 
41 
27 
29 
54 
30 
25 
25 
26 

32 
8.7 

56 
42 
25 
60 
32 
39 
43 
69 
48 
33 

45 
13 

47 
34 
31 
42 
32 
44 
34 
44 
37 
31 

38 
11 

0.6 
0.8 
0.6 
0.6 
0.8 
0.7 
0.7 
0.5 
0.5 
0.6 

0.64 
0.11 

0.8 
1.2 
0.7 
0.7 
1.0 
0.9 
0.8 
0.7 
0.7 
0.9 

0.81 
0.17 

1.1 
1.4 
1.2 
0.9 
1.4 
1.4 
1.0 
0.7 
0.8 
0.8 

1.1 
0.26 

2.4 
3.4 
2.5 
2.2 
3.2 
3.0 
2.4 
1.9 
2.0 
2.3 

2.5 
0.5 

0.11 
0.08 
0.07 
0.07 
0.08 
0.08 
0.08 
0.05 
0.05 
0.07 

0.07 
0.02 | 
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Table A5 Pollutant emission factors for coal in the clay stove 

Emission factor (g/kg) 

Burn cycle no 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

MEAN 
S.D 
MIN 
MAX 

CO 

240 
210 
190 
130 
160 
260 
260 
250 
190 
110 

200 
55 

110 
260 

S02 

35 
72 
51 
33 
46 
69 
63 
42 
39 
17 

47 
17 
17 
72 

N0 2 

1.9 
1.7 

10 
9.3 

11 
30 
18 
11 
6 
1.9 

10 
8.6 
1.7 

30 

NO 

0.43 
0.18 
0.10 
0.43 
0.12 
0.79 
1.3 
0.29 
0.38 
0.10 

0.41 
0.38 
0.10 
1.3 

RSP 

1.5 
1.9 
2.3 
2.9 
2.8 
1.4 
1.6 
4.5 
4.3 
1.2 

2.5 
1.2 
1.2 
4.5 
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Table A6 Pollutan 

Burn cycle no 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

MEAN 
S.D 
MIN 
MAX 

t emission factors for coal in the Maamba stove 

COr 

170 
140 
180 
180 
170 
340 
140 
110 
130 
150 

170 
64 

110 
340 

Emission factor (g/kg) 

S02 

27 
31 
57 
36 
36 
76 
26 
26 
17 
23 

36 
18 
17 
76 

NO 

1.9 
1.2 
0.57 
2.4 
0.82 
2.2 
0.72 
0.82 
0.43 
1.3 

1.2 
0.68 
0.43 
2.4 

RSP 

2.1 
8.3 
5.0 
4.1 
8.4 
7.1 
5.9 
2.7 
9.7 

11 

6.5 
3.0 
2.1 

11 
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