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1. Introduction

In recent years, it has become recognized that indoor air
pollution exposures from traditional biomass-fired cook-
stoves in developing countries are large in some areas and
are probably quite substantial on a global basis [World
Bank, 1992; Smith, 1993]. An important potential remedy
in many regions is introduction of improved cookstoves
with flues [Smith, 1987]. Unfortunately, however, enclo-
sure of the fire in order to capture the smoke and improve
fuel efficiency cuts off the firelight, which is needed in
many households. In those many villages and urban slums
without electricity, simple kerosene lamps are often used
to substitute for the lost firelight and, indeed, are often
so used at times in homes with traditional stoves as well.

It is easily observed that simple (non-pressurized, wick)
kerosene lamps produce some smoke. This raises the
question of the potential contribution of simple kerosene
lamps to indoor pollution levels, and to what extent their
use would counterbalance the advantage of an improved
stove with flue.

Unfortunately, the air emissions of such lamps do not
seem to have been investigated. Although they have not
been widely studied, available evidence does indicate,
however, that simple (wick) kerosene cookstoves can
sometimes be surprisingly polluting [TERI, 1987; Smith,
et al., 1993; Smith, 1995]. It may be valuable, therefore,
to extend emissions investigations to kerosene lamps.

Here we describe preliminary measurements of total
suspended particulate (TSP) emissions from such lamps
and how they compare with those of biomass-burning
cookstoves. Although a number of health-damaging pol-
lutants are emitted, particulates are probably the best sin-
gle indicator of health impact for most combustion
devices.

2. Methods

Using the method of Ahuja et al. [1986], emission rates
were estimated using a simple non-steady-state box
model, which assumes logarithmic growth (and decay) of
particulate concentrations inside the uniformly mixed
chamber where the lamps are burning. This growth and
decay is assumed to behave according to the following
equations.

(1) Growth: C = Cequilibrium×(1-e-kt)
(2) Decay: C = Cmaximum×(e-kt)

or, alternatively,
(3) ln(C) = -kt + ln(Cmaximum)
where k is the particle removal rate and t the elapsed

time. The value of k is simply the negative slope of the
decay equation, and it can be obtained by determining the

regression slope of the plot of ln(C) versus time. Simi-
larly, the equilibrium concentration (Cequilibrium) can be
determined from the regression slope of C versus (1-e-kt)
from the growth equation. All concentrations must be ad-
justed for the background concentration at the time of
each test.

If there is no particle decay or deposition of the par-
ticulates onto the surfaces of the chamber and if the emis-
sion rates and air exchange rates are constant throughout
each test, the emission rate must be equal to the outflow
of particulates at equilibrium. This outflow is given by
the product of the equilibrium concentration, the air ex-
change rate, and the volume of the chamber. In this case,
k is simply a measure of the air exchange rate. Since there
may be some deposition in a structure, however, particu-
larly for particles larger than a few microns in size, k can
more generally be interpreted as a particle removal rate
[Wadden and Scheff, 1983].

The two most common kerosene lamps in use in an
area of highland Guatemala were investigated in these
emission tests. The traditional lamp is a small can with
a holder for the wick, which must be directly adjusted.
The other is a lamp with a glass chimney and screw for
adjusting the wick. (See Fig. 1).

For each type of lamp, 4 tests were performed under
normal operating conditions and one additional test was
conducted with the flame and smoke production at excep-
tionally high levels. Experiments were conducted in the
EWC’s simulated village house (SVH), which has an in-
terior volume of 16.9 m3.

Two lamps of a given type were placed inside the SVH
at table height and left to burn for approximately 30 min-
utes, usually long enough to reach an unsteady equilib-
rium. The lamps were then extinguished and
measurements were continued for another 20-30 minutes.
During the entire experiment, a fan was run inside the
SVH to prevent stratification and thus keep the smoke
concentration uniform.

Concentrations were sampled once per second by a
nephelometric particulate monitor (Miniram PDM-3) at
shoulder height, from which 10-second averages were re-
corded in an associated datalogger (Metrosonics DL-332).
(See Fig. 1). After each day’s test, the data were uploaded
to a microcomputer.

The emission rate and particle removal rate were not
perfectly constant throughout any given test. Therefore,
the growth and decay of particulate concentrations did not
behave exactly according to the equations at all times,
particularly when near equilibrium or the background
level. Thus, in order to obtain the most accurate estimates
possible, calculations were performed using less than the
entire set of data points. In estimating k, observations for
which concentrations were within 0.10 mg/m3 of the back-
ground were discarded. In estimating Cequilibrium, the
range of observations was truncated when, based on the
appropriate rate constant, the concentration had reached
80 percent of its theoretical equilibrium value (i.e., when
the quantity 1-e-kt in Eq. 1 reached a value of 0.80). See
Figure 2 for the monitored growth and decay of particu-
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late concentrations during one representative test (in this
case, the third test of the can lamps).

3. Results

As listed in Table 1, SVH particle removal rates (k) for
the tests with can lamps averaged 9.4/h, compared to
14.1/h for those using glass lamps. In both cases, vari-
ability was fairly low (coefficients of variation of 17% &
7%) and r2 was high for every test (0.98 ≤ r2 ≤ 0.99).
The reason for this significant difference is unclear, as
the door and windows were set in the same position for
each test. The difference may just be due to chance vari-
ations in wind conditions during the two sets of tests.
Alternatively, it may be due to differences in size and
other factors leading to contrasting deposition charac-
teristics for the particulates formed by the two types of
lamps. Regardless, the high r2 values suggest that the cal-
culated particle removal rates are indeed accurate.

Calculated equilibrium TSP concentrations in the SVH
averaged about 6.7 and 2.5 mg/m3, respectively, for the
pair of can lamps and the pair of glass lamps. This is
equivalent to concentrations of about 3.4 and 1.2 mg/m3

for single lamps. Correlations were high in every test.
For the glass lamps with chimneys, the mean emission

rate per lamp was 300 mg/h (standard deviation: 120
mg/h), while the single test at high emission rate found
530 mg/h (Table 1). Emission rates of the traditional metal
can lamps without chimneys averaged 540 mg/h per lamp
(standard deviation: 160 mg/h), with a high emission rate
of about 2150 mg/h. The mean emission rates of the two
types of lamps were statistically different at the 5% level.

Fig. 1. The glass-chimney lamp is shown in the center and the can lamp on the right. On the left, the particulate monitoring nephelometer sits on top
of its datalogger.

Table 1. Particulate emissions from kerosene lamps
[1]

Test no.

Emissions

from each

lamp (mg/h)

Air

exchange

rate -k (/h)

Equilibrium

conc. (Ce)

(mg/m3)

r2

for k

r2

for Ce

Can lamps

1 723 9.1 9.4 0.99 0.99

2 550 10.9 6.0 0.99 0.99

3 345 7.3 5.6 0.99 0.98

4 521 10.3 6.0 0.99 0.99

Mean 535 ± 155 9.4 ± 1.6 6.7 ± 1.8

High

flame

2152 11.6 21.8 0.99 0.99

Glass lamps

1 401 14.6 3.2 0.99 0.98

2 214 12.7 2.0 0.99 0.98

3 395 14.4 3.3 0.99 0.99

4 171 14.9 1.4 0.98 0.95

Mean 295 ± 120 14.1 ± 1.0 2.5 ± 0.9

High

flame

534 12.5 5.0 0.99 0.99

Note
1. Tests performed with two lamps burning simultaneously in a test chamber of

16.9 m3. Standard deviations are noted for means.
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4. Discussion
The mean particulate emission rates found in these tests
are substantially below those found for open biomass
cooking fires, which range from 2-20 g/h [Smith, 1987].
The lower end of this range, however, just overlaps with
the high emission rate found for the traditional can lamp.
Well-designed, built, and operated biomass stoves with
flues, of course, emit only a fraction of their emissions
indoors, although some smoke may re-enter from the out-
side. Thus, plans to introduce and evaluate the health im-
pact of improved stoves should consider that simple
kerosene lamps could be responsible for a significant frac-
tion of indoor pollution in homes using such stoves.

Even though we conducted only a handful of experi-
ments, the large and statistically significant differences
observed argue that the two lamp types tested have much
different mean emission rates. It would seem that a switch
from a can lamp to a chimney lamp cuts emissions by
nearly half, a particulate emission difference equivalent
to that of the environmental tobacco smoke from smoking
10-15 cigarettes per hour [Smith, 1987]. Since we did not
monitor light output or fuel use, we cannot comment on
the differences between the lamps with regard to these
other important parameters.

As fits with common perception, there also seems to
be a big difference between the emissions of lamps with
poorly and optimally ‘‘tuned’’ wicks. Because only one

test was done with each lamp type, however, more tests
would be needed to quantify this effect.

There would seem to be no obvious reason that particles
from the two lamp types should have substantially differ-
ent deposition characteristics, and yet this seems to be the
most likely explanation for the systematically different
particle removal rates found. Since particle size is not
only a factor in room deposition rates, but also in lung
deposition [Thatcher and Layton, 1995], it may be worth-
while to measure particle size distribution in the emis-
sions from such devices.
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1. Introduction
Environmental, health and pollution aspects of charcoal
utilization have been investigated in a number of studies
in the Zambia Charcoal Utilization Project, which is being
carried out in cooperation between the Stockholm Envi-
ronment Institute and the Ministry of Energy, Lusaka,
Zambia. Environmental aspects in general were studied
in cooperation with the University of Zambia [Serenje et
al., 1994]. Health effects and exposure to smoke and carb-
on monoxide for women cooking with charcoal and other
fuels were assessed [Ellegård and Egnéus, 1992]. It was
found that the exposure to carbon monoxide while pre-
paring food with charcoal in most cases was below ac-
ceptable limits, with mean values of 13 ppm during
cooking time. Emissions from different stove-fuel combi-
nations were assessed by the National Council for Scien-
tific Research [Kaoma and Kasali, 1994; Kaoma et al.,
1994a, 1994b]. Charcoal used in the traditional mbaula
was found to emit large amounts of carbon monoxide (600
g/kg fuel). This caused concern about the use of charcoal
for heating in the night.

Though Zambia is a tropical country, temperatures in
the cold season (June-August) can go down to below 5ºC
in the night, and even occasional frosts have been expe-
rienced. In this season many people resort to using char-
coal in the traditional unvented cookstove (mbaula) for
space heating.

This project was designed to assess the levels of carbon
monoxide exposure that are actually achieved in typical
low-income households. The danger of carbon monoxide
poisoning due to space heating may be especially great
during the night, because people will not be able to ob-
serve the signs of poisoning when they are asleep. Initial
indications include dizziness, headache, nausea and con-
centration difficulties. There has been anecdotal evidence
of carbon monoxide poisoning at night in Lusaka, but the
actual exposure levels have not been assessed.

2. Methods

Carbon monoxide levels were determined by two different
methods. Twenty households were monitored using

Dräger diffusion tubes (Dräger 6733191) during one night
each. The diffusion tube is a glass ampoule containing a
reactive salt. Once the tip of the ampoule is broken, air
starts to diffuse into the tube, causing a discoloration of
the salt. The length of discoloration is used as an indica-
tion of the exposure (ppmh), which can be converted into
average concentration (ppm) by dividing by the exposure
time (h). The accuracy of the diffusion tubes is rather
low; according to the manufacturer a standard deviation
of 25% of the average reading is the common variation.

In six additional households an electrochemical real-
time monitor of carbon monoxide concentrations (Dräger
Minipac) was used together with the diffusion tubes. Most
of these households were monitored for three consecutive
nights, yielding a sample of seventeen observations. The
instrument was connected to a data logger for instantane-
ous recording of data. One value was read every second,
and the average of 60 values was stored each minute dur-
ing the whole monitoring period. The accuracy of this
monitor is stated to be ± 2 ppm by the manufacturer. The
equipment was calibrated each day between measure-
ments.

Temperatures were monitored with thermocouples when
using the Minipac. Temperatures were recorded in the
same way as concentration readings. Air exchange rate
was assessed in some instances through the decay rate of
CO concentration in the night after the charcoal had
burned out[2]. Monitoring equipment was placed by the
bed close to the head of the person sleeping closest to
the charcoal stove. Monitoring time was generally 10-12
hours.

Selection of households was by location (two low-in-
come townships were selected) from among households
stating they used charcoal for heating at night. Since the
investigations were rather intrusive, a sum of money and
some charcoal was offered to those willing to take part
in the survey. Hence the sample was not a probability
sample, but it is felt that it is representative for the situ-
ation of low-income areas in Lusaka.

The total number of households investigated was 26,
and the total number of observations was 37. This offers
possibilities for both inter- and intra-household compari-
sons. 22 of the households investigated were subjected to
an interview concerning charcoal use, habits of heating
and awareness of indoor air pollution issues. All were ob-
served for housing characteristics.

3. Results

Results from carbon monoxide monitoring are shown in
Table 1. Real-time monitoring gave higher values than
diffusion-tube monitoring. This may partly be due to some
of the readings exceeding the scales on the tubes, and
maximum values had to be used instead. Analysis of sepa-
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