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Abstract— In this paper, the influence of fire-ignition methods 

(which determine the progression of the pyrolytic zone) and 

combustion temperatures on CO and condensed matter (smoke) 

emissions during fixed-bed coal combustion were investigated in a 

typical informal brazier/imbaula. Particle and gaseous samples 

were drawn from the exhaust through a rapid dilution sampling 

system (the SeTAR dilution system) before being channelled to 

respective gas and particle analysers. Particle morphologies and 

chemical composition of the particles were investigated by a 

VEGA3 SEM unit with EDS. Results showed that the propagation 

of bed temperatures in fixed-bed residential combustion has an 

influence on the characteristics of CO and PM10 emissions. 

Temperature stratification was found to depend on the fire-ignition 

methods. The top-lit up-draft (TLUD) fire-ignition method 

produced less emissions compared to bottom-lit up-draft (BLUD) 

fire-ignition method. Bed temperatures and the propagation front 

have an impact on aerosol formation and can highlight differences 

in the morphology of the emitted particles and the modes of 

formation. Increasing combustion temperature yields a decrease in 

emissions liquid “tarry” substances and super-aggregates (>10 µm) 

but also leads to an increase in emissions of sub-micron soot 

particles. This work is significant in that there is still scarce 

information available in literature on fuel-bed temperature 

profiles/stratification for packed-bed residential coal-burning 

devices.  

Index Terms— Braziers, condensed matter, emission factor, 

packed-bed temperatures, residential coal combustion  

1 INTRODUCTION  

In South Africa, coal is still a survival commodity for the 

majority of low-income households on the interior plateau 

of South Africa. The fuel is used for cooking, water heating 

and space heating needs. The combustion of coal as a fixed 

(non-fluidized) bed of particles, with combustion air 

supplied from beneath the bed, is widely used in many 

small-scale household energy systems. For example, in most 

townships, the fuel is combusted in small, self-fabricated 

and inefficient packed-bed devices called braziers/ imbaulas 

[1, 2]. 
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 During the winter season (May–August), these devices 

are used extensively, resulting in indoor and ambient air 

pollution [1-3]. The ambient concentrations of combustion 

particles are particularly high on cold, clear night when 

surface thermal inversion layers inhibit vertical and 

horizontal dispersion [4]. Source-apportionment studies 

have identified residential coal burning as the greatest single 

source of airborne aerosols among other pollutants in South 

Africa’s coal-burning townships [5-7]. Due to the health 

effects of fine and ultrafine particulate matter, emissions 

from coal combustion are receiving significant attention, 

from both regulatory authorities and environmental 

scientists [8-12]. Consequently, fine particulate formation 

mechanisms and partitioning, as well as factors influencing 

these, need to be studied in detail in order to develop novel 

technologies that are less polluting [8]. 

Gasifiers, which convert solid fuels to producer gas 

(PG), are being researched, designed, and constantly 

modified to meet requirements for minimum pollutant 

emissions [13]. Researchers have reported on temperature 

profiles, product gas composition, and reaction zone 

propagation rates in the fuel-bed for different types of 

biomass [13-18]. However, there is still scarce information 

available on fuel-bed temperature profiles and reaction zone 

propagation rates for different types of packed bed 

residential coal-burning devices. 

The main objective of this study is to investigate the 

reaction zone propagation rates, and the influence of fuel-

bed temperatures on the emission characteristics of CO, 

condensed matter emissions (PM10), and resultant particle 

morphologies, especially during the ignition and 

pyrolization phases of the fire.  

2 EXPERIMENTAL METHODS 

2.1 Experimental combustion devices  

Fires were made in a representative artisan–

manufactured brazier purchased from users in residential 

areas of Johannesburg. A high air ventilation imbaula 

obtained from actual use in the field was tested for 

temperature stratification in the fuel-bed during normal use, 

with associated emissions of gases and particles. Tests were 

conducted under laboratory conditions at the SeTAR Centre 

situated at the University of Johannesburg. 
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Fig. 1.  Photograph of the high air ventilation imbaula used in the 

experiments. 

2.2 Fuel analysis  

Experimental fuels were tested and analysed using 

appropriate standard methods at an independent laboratory. 

Batches of coal were purchased sufficient to conduct a range 

of comparative tests, and were further characterised for 

thermal content, elemental (proximate) analysis, moisture 

and ash content in third party laboratories. Fuel samples 

were analysed on an air dried basis. Results for the 

proximate and ultimate analysis for the coal grade used in 

this study are presented in Table I. 

Table I.  Proximate and Ultimate analysis results of the D-grade 

coals used in the study. 

Parameter  
(Air Dried Basis) 

Standard 
Method 

Slater Coal D-Grade 

Moisture content (%) ISO 5925 3.5 
Volatiles (%) ISO 562 20.3 
Ash (%) ISO 1171 24.2 
Fixed carbon (%) By difference 52.0 
Calorific value (MJ kg-1) ISO 1928 23.4 
Calorific value (Kcal kg-1) ISO 1928 5590 

Total sulphur (%) ASTM D4239 0.63 

Carbon (%) ASTM D5373 62.6 

Hydrogen (%) ASTM D5373 2.72 

Nitrogen (%) ASTM D5373 1.43 

Oxygen (%) By difference 4.96 

Total Silica as SiO2 (%) ASTM D4326 58.6 

Aluminium as Al2O3 (%) ASTM D4326 27.6 

Total Iron as Fe2O3 (%) ASTM D4326 6.63 

Titanium as TiO2 (%) ASTM D4326 0.82 

Phosphorous as P2O5 (%) ASTM D4326 0.55 

Calcium as CaO (%) ASTM D4326 2.30 

Magnesium as MgO (%) ASTM D4326 0.83 

Sodium as Na2O (%) ASTM D4326 0.42 

Potassium as K2O (%) ASTM D4326 0.79 

Sulphur as SO3 (%) ASTM D4326 1.10 

Manganese as MnO2 (%) ASTM D4326 0.12 

2.3 Fire-ignition methods 

 Two methods of lighting a coal fire in an imbaula stove 

were compared in this study, namely: the bottom-lit up-draft 

method (BLUD) or the traditional method, and the top-lit 

up-draft (TLUD) method also colloquially known as the 

Basa njengo Magogo (BnM). The BLUD method entails 

laying the fire in the following order: a few lumps of coal, 

paper, wood, ignition, after which the bulk of the coal is 

added at an appropriate time after the wood fire is 

established. In our experiments, ~1 000 g of coal were 

placed onto a grate at the bottom of the brazier followed by 

36 g of rolled paper and 360 g of pine wood chips. After 

ignition, about 2 000 g of coal was added on top of the 

already burning kindling. 

In the TLUD method, the order of laying the fire is 

reversed – first the bulk of coal is added onto the fire grate 

followed by, paper, and then wood, with a few lumps of coal 

added at an appropriate time after the kindling has been lit. 

As such, 2 000 g of coal was added to the bottom of the 

brazier onto a fuel grate followed by 36 g of paper and 360 g 

of kindling. After lighting the kindling, about 1 000 g of 

coal was added to the brazier above the kindling.  

2.4 Experimental set-up  

The dynamics of gaseous and condensed matter 

formation during packed bed coal combustion can be 

explained using bed temperature and emission profiles, for 

the different fire-ignition methods. It can be argued that at 

any point of time during the combustion of coal in a brazier, 

the temperature distribution in the stove is a good indication 

of the nature of chemical reactions occurring. Bed 

temperatures were measured by introducing 5 mm K-type 

thermocouples at intervals along the length of the stove as 

shown in Fig. 2. The thermocouples were placed at least 

100 mm apart from each other, and it is assumed that they 

maintained this distance during the entire burn cycle. This 

set up allows one to create temperature plots which show the 

propagation of the reaction front through the packed-bed. In 

the TLUD fires, the reaction front is expected to migrate 

from the top of the packed-bed downwards, and for the 

BLUD fires the reaction front is expected to migrate from 

the bottom of the packed-bed in an upward direction. 

 

Fig. 2. Schematic diagram showing the set-up for monitoring 

temperature profiles in a brazier during different ignition methods. 

T1, T2, T3, T4, T5 refers to temperature thermocouples. [Not 

drawn to scale] 

2.5 SEM analysis  

The Vega3 LM scanning electron microscope (SEM) at 

the University of Johannesburg was used to observe particle 

morphologies from coal-burning fires. The instrument is 

equipped with energy dispersive spectroscopy (EDS), which 
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provides the possibility to analyse particle chemical 

compositions. Filters were coated before sampling [19] with 

a thin layer of gold (<10 nm) using an Emitech Sputter 

Coater in order to enhance contrast in SEM images and 

minimise electrostatic charging of particles. Filters were 

analysed soon after sampling, within one or two days. All 

particles analysed in the field of view were photographed to 

avoid operator bias. Magnification was chosen to allocate an 

individual particle or aggregate to the whole scan area. 

Output images were acquired with 1024 x 768 pixels and 

256 grey scale levels [19]. 

2.6 Calculations and formulas 

2.6.1 Calculating volume of gaseous emissions  

Based on the chemistry of the burned fuel (raw fuel 

corrected for remaining materials) the stoichiometric 

volume of the combustion products was estimated. A gas 

sample was drawn from the emission stream. As many gases 

as possible were measured using the Testo® 350XL/454 

flue gas analysers, typically O2, CO2, CO, NO, H2, H2O, 

SO2 and H2S. The volumetric concentration of each gas is 

multiplied by the Excess Air (λ) to derive a total number of 

moles from which a total mass of each gas is calculated. The 

calculation of the Excess Air (λ) is made in the following 

manner: 
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where 
meas

O2 is the measured O2; 
oxid

O2 is the O2 required to 

complete the oxidisation of incompletely burned gases and 

det2O is the total O2 in all detected gases. This method can 

determine λ even when a water gas shift reaction is taking 

place in the fire (the water gas shift reaction splits water into 

H2 and O

). The SeTAR data calculation sheet uses a 

chemically balanced approach for the determination of 

Excess Air (EA). The determination of the total volume of 

emissions from the fire is affected by the volume of diluting 

air in the sample. 

2.6.2 Determining emission factors 

In this study, the term emission factor is defined as 

concentration of a gas or particulate matter emitted by the 

stove, expressed in parts per million volume (ppmv), 

normalised to 0% excess air (oxygen). This provides the 

concentrations in undiluted air (i.e. sufficient air to provide 

stoichiometric combustion). For simplicity in representing 

the results of mass balance of all emissions from complete 

and partial combustion of the fuel, the SeTAR Centre 

procedures do calculations based on zero per cent excess air 

as a reference value for emission factor reporting. Emission 

factors can be calculated as follows: 

][XEF              (2) 

where  is the excess air (EA) and [X] is the concentration 

of gaseous pollutants in ppmv. It is possible to convert 

emissions in ppmv to other units such as [g or g MJ
-1

 or mg 

MJ
-1

] of fuel. Detailed calculations and conversion factors 

are presented in Pemberton-Pigott [20]. 

3 RESULTS AND DISCUSSION  

3.1 Effect of fire-ignition method 

3.1.1 Temperature profiles for the BLUD method 

The temperature profiles from a typical BLUD burn 

cycle are shown in Fig. 3. The behaviour of the temperature 

and CO emission curves can be explained by reference to 

the photographs of imbaulas ignited by the two methods. 

 

Fig. 3.  Temperature and CO profiles for BLUD coal fire in a high 

air ventilation brazier with D-grade coal: (a) ignition phase; (b) 

pyrolysis; and (c) coking phase, where T2 – T5 are thermocouples. 

Refer to Fig. 5 for placement). 

For the BLUD, ignition at the bottom creates an upward 

migrating pyrolytic zone that is starved of oxygen; 

generating a pyrolytic gas (CO, H2O, volatile and semi-

volatile organic compounds), char and low flame 

temperatures (indicated by curve T5, Fig. 3, from 0 to 30 

min after ignition). Temperature T3 (indicated by the red 

line) is the initial hot zone in the middle of the fire bed 

where the kindling and coal undergoes thermal 

decomposition. The coal swells resulting in the breaking of 

weaker bridges in its macro-structure, which produces tars 

and semi-volatile organic compounds (SVOCs) in a process 

known as devolatilization [2]. The removal of these volatiles 

increases the pore volume in the coal structure. The tars and 

semi-volatile organic compounds become pre-mixed with 

air around the surface of the coal macromolecules. 

Homogenous gas phase combustion of this pre-mixed 

fuel/air mixture occurs. The hot combusting gas mixture 

rises, using up available oxygen, and passes through the 

cooler coal above (indicated by T4) heating up the coal and 

thermocouples by radiation and convection. The lump coal 

around T4 may undergo some pyrolysis, but initially there is 

not enough oxygen or heat to sustain combustion [2]. The 

semi-volatiles subsequently condensed into droplets as the 

cooling gas mixture passes through T5 (area above the top 

brim of the brazier) into the atmosphere, resulting in the 

formation of a dense plume of white smoke. 



 

Fig. 4.  Instantaneous PM10 [mg] emissions profile for the BLUD 

fire: (a) ignition of kindling; (b) coal pyrolisation; (c) coking 

phase. 

This poor combustion efficiency is indicated by high 

PM10 EF for the first hour of combustion and CO 

concentrations of above 4500 ppm during the first 30 min 

after ignition [Fig. 4]. The stove at this stage does not 

produce sufficient heat for cooking and has to be kept 

outdoors because of the excessive smoke. It would take up 

to 60 min for the combustion to improve to the stage when 

the device could be taken indoors safely for cooking or 

space heating. 

 

Fig. 5.  Illustration of initial combustion phases for the BLUD 

method. 

With continued combustion, the CO emissions decreased 

sharply due to depletion of the volatile hydrocarbons. There 

was an evident shoulder peak in CO emissions around 10 

min, implying volatilization of hydrocarbons with relatively 

high molecular weight as the temperature further increased 

during the combustion process [21]. 

The temperature in the homogenous combustion layer 

increased rapidly as volatile matter is combusted, until there 

is insufficient volatile matter evolving from the coal 

macromolecules to sustain this mode of combustion (Fig. 4 

at 60 min). The remaining and subsequently evolved volatile 

matter then experiences slower oxidation with a steady 

increase in the heat release rate [Fig. 3]. This marks the 

onset of the coking phase, which results in an excellent 

combustion efficiency. During this coking phase, 

heterogeneous gas/solid combustion takes place, with the 

rate limited by diffusion of oxygen to the char surface. The 

product of the surface reaction is CO-rich, which undergoes 

further combustion in the gas phase to CO2 [2]. Another 

broad CO emission peak occurs after 100 min and is 

ascribed to the incomplete combustion of the inertinite 

where O2 adsorption onto the fuel becomes the limiting 

factor [21]. These three combustion phases identified by the 

emission characteristics of CO agreed well with the results 

obtained by Smith [22] for pulverised coal and Wang [21] 

who investigated the combustion in residential coal 

combustion. 

3.1.2 Temperature profiles for the TLUD method 

For the TLUD fire-ignition method, T4 (indicated by the 

green line in Fig. 6) is the hot zone where kindling wood 

and a few lumps of coal are thermally decomposed. The 

decomposition results in the formation of volatile matter as 

discussed in the preceding sub-section. The ignition of a 

batch of fuel from the top creates a downward migrating 

pyrolytic zone [2]. We see that for each thermocouple, the 

temperature remains near ambient until the pyrolysis front 

approaches, whereupon the temperature rises rapidly to a 

plateau [Fig. 6]. If we define a particular temperature, say 

750° C, as marking the arrival of the pyrolysis front, we can 

estimate the rate of advance of the pyrolysis front. It took ~ 

35 min for the pyrolytic front to reach thermocouple T3 and 

another 35 min to reach T2 from T3. The thermocouples 

were placed ~100 mm from each other inside the fuel stack 

[see Fig. 2]. This equates to a rate of pyrolytic advance of 3 

mm per min. 

 

Fig. 6. Temperature and CO profiles for the TLUD method in a 

high air ventilation brazier with D-grade coal. (a) Ignition phase; 

(b) – pyrolysis phase; (c) coking phase; and (d) entire fuel bed is 

fully ignited, with uniform temperatures 

T2 (indicated by the blue line) shows a colder zone filled 

with the bulk of the coal, which produces volatile matter and 

tars upon heating. This volatile matter rises through the hot 

flame zone (at T4) with a sufficient supply of oxygen to 

allow for complete homogeneous gas-phase combustion. 

This results in a significant reduction in visible smoke and 

particulates. The flame that can be seen jumping out of the 

stove (T5 as indicated by the brown line) is as a result of an 

increase in the homogeneous gas phase combustion rate 

[Fig. 7]. The propagation front progressed faster in the 

BLUD (Fig. 3: took ~60 min for the front to migrate 

upwards until bed temperatures are nearly uniform) 

compared to the TLUD (Fig 6: took ~110 min for the 



pyrolytic front to migrate downwards until bed temperatures 

are nearly uniform). This indicates that devolatilization 

reactions were probably faster than reduction reactions in 

the BLUD compared to the TLUD method. The downward 

pyrolytic zone migration in TLUD is driven by radiative 

heat transfer only. For the BLUD, the upward migration is 

driven by radiative transfer and convective heat transfer by 

the rising gases passing over the coal. This results in a sharp 

transition in temp for BLUD (Fig. 6) and shallow (more 

gradual) transition for TLUD (Fig. 3). 

 

Fig. 7.  Illustration of a TLUD imbaula coal fire during initial 

combustion phase. 

For the TLUD, good combustion conditions are 

indicated by lower PM10 emissions for over 110 minutes 

[Fig. 8]. The stove produces sufficient heat for cooking and 

is safe to take indoors, from PM point of view, ~25 minutes 

after ignition. After ~30 minutes from ignition, the final 

stage of char combustion is similar to the situation for the 

BLUD ignition method, with reduced PM emission factors 

[Fig. 4, from 60 minutes onwards]. At this stage, the initial 

lighting method has no influence on this last phase of 

combustion. 

 

Fig. 8.  Instantaneous PM10 [mg] emissions profile for the TLUD 

imbaula fire: (a) ignition of kindling; (b) coal pyrolisation; (c) 

coking phase. 

In the final stage of the fire, referred to as the 

smouldering phase, the available heat and fragmentation of 

the residual char are insufficient to sustain complete CO 

combustion, and the CO emissions begin to rise. The char 

surface oxidation rates are primarily a function of the rate 

oxygenated molecules can diffuse to the fuel surface [23-

24]. According to L’Orange [25], as solid carbon is pulled 

from the charcoal an ash layer, composed primarily of 

silicon dioxide and calcium oxide [26], is left on the surface. 

The ash layer acts like insulation reducing heat transfer from 

the charcoal, retards diffusion, thereby slowing the overall 

reaction. As the surface temperature of the charcoal rises 

reactions forming CO exceed those forming CO2 resulting in 

reduced combustion efficiencies and emissions of high 

concentrations of CO gas [25]. 

3.2 Morphological characteristics of particles from 

TLUD and BLUD fires 

 Fig. 9a shows an illustrative micrograph of particles 

collected from the flue gases during the pyrolisation phase 

of the BLUD fire-ignition method, indicating the presence 

of liquid condensed matter that has coalesced to form a layer 

which covers filter pores. Energy Dispersive Spectroscopy 

(EDS) showed that this thin film is dominated by C and O 

with traces of Mo, Zn and Fe. These results could be best 

explained by making reference to the coal used in this study; 

the coal had relatively high fractions of volatile matter. 

When employing the BLUD method, an oxygen depleted 

atmosphere is created in the brazier above the pyrolytic zone 

and the gradual heating of the coal allows for the semi-

volatile organic compounds to be released from the solid 

fuel and, on cooling, condense. Especially during the 

pyrolisation phase and immediately after refuelling, 

conditions would favour evaporation and re-condensation, 

rather than combustion, of volatile and semi-volatile 

fractions. This suggests that the aerosols are in a liquid form 

upon impaction with the filter substrate. 

 

Fig. 9.  SEM images from a high ventilation (a) BLUD fire at 

pyrolisation showing particle decay of the liquid tarry substance 

covering the filter medium; (b) TLUD fire at pyrolisation showing 

presence of coarse mode particles. Scale bars = 2 µm (a); and 5µm 

(b). 

Fig. 9b shows electron micrographs of conglomerate 

particles collected from TLUD fires during coal pyrolisation 

phase in a high air ventilation brazier. This result can be 

explained by making reference to the general observations 

made during the TLUD fires. During the pyrolisation phase, 

less visible smoke could be seen and visible flames were 

observed above the fuel bed. This suggest that at lower 

particle concentration and a higher degree of drying of 

liquid aerosols (i.e. the decay phase), partially or completely 

solidified primary spherules can be formed, and as they 



aggregate they form conglomerates. The decrease in the 

yield of the conglomerates with increasing temperature (i.e. 

high temperatures at pyrolysis in the TLUD compared to the 

BLUD method) can be explained by the stability of tar 

molecules at high temperatures and the reactions of tar by 

gaseous species existing in the post-flame region of the 

stove [26]. A detailed comparison of BLUD and TLUD 

aerosol morphologies from residential fixed-bed coal 

combustion is presented and discussed elsewhere (See 

Makonese [26]).  

4 CONCLUSION 

In this study, experiments were conducted to study 

packed-bed temperature profiles in a typical coal burning 

brazier, and overall emission characteristics of CO and 

PM10. Temperature stratification was found to depend on 

the fire-ignition methods. The propagation front progressed 

faster in the BLUD compared to the TLUD - 

Devolatilization reactions were faster than reduction 

reactions. Temperature difference per unit length of the fuel 

bed (temperature stratification) was larger during the 

ignition and pyrolization phases of the fire but 

comparatively less during steady coking phase of the fire. 

Bed temperatures were found to have an effect on the nature 

and characteristics of gaseous and condensed matter 

pollutants emitted from the braziers. The top-lit up-draft 

(TLUD) fire-ignition method produced less emissions 

compared to bottom-lit up-draft (BLUD) fire-ignition 

method. Finally, bed-temperatures were found to have an 

effect on aerosol formation and resultant particulate 

morphologies.  
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