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Abstract

Combustion of wood and other biomass is a significant contributor to poor air quality in many
developing countries. Emissions of particulates and Polycyclic Aromatic Hydrocarbons (PAH)
are a major health hazard, particularly in Africa where the use of domestic cookstoves has
increased alongside population expansion. Because of economic factors firewood is commonly
used in place of the more expensive charcoal; particularly in rural areas. This work conducts a
study of PAH emissions from an African cookstove comparing the combustion of both charcoal
and firewood. It is demonstrated that PAH and particulate emissions are much higher from the
firewood compared to the charcoal. The difference in levels can be interpreted due to the
importance of the pyrolysis reactions of the volatile components of wood in PAH formation,
whereas these volatiles emissions are much smaller from charcoal. Analysis of the combustion
phases (flaming, smouldering) is undertaken and a computer model has been developed to link
the composition of the fuels to the emissions of the PAH and particulates. The modelled PAH
levels are shown to followsimilar trend to the experimental results.
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Highlights
Emissions of PAH and particulate emissions from an African cookstove are measured.

Emissions from firewood and charcoal fuels are compared and both fine particulates and
PAH were significantly higher for firewood.

A computer model has been developed to understand the main features of the PAH
emissions.

The modelled PAH levels follow a similar trend to the experimental results.
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1. Introduction

Atmospheric aerosols produced by combustion processes have an impact on both air quality
[1-4] and on the climate [5, 6]. The global impact of pollution by ambient fine particulate matter
(PM2s) in 2015 resulted in ~4.2 million deaths, representing ~4.2% of disability-adjusted life
years [7]. This burden occurs predominantly in Asian and African countries where many people
still rely on combustion of solid fuels for cooking and heating. Indoor air quality can be
particularly poor due to lack of ventilation around cooking areas, which has a proportionately

high impact on women.

The solid fuels used are mostly biomass and charcoal, predominantly burnt in traditional
three-stone fires or cookstoves with high-levels of incomplete combustion. Particulate matter
from combustion is commonly associated with carcinogenic polycyclic aromatic hydrocarbons
PAH [8-12]. Improved cookstoves, designed to improve fuel efficiency, have been distributed
across the developing world. Improved cookstoves may have lower PM and CO emission

factors (EF) compared to traditional stoves [13,14]

The amount of fine particulate matter (Pl associated with cooking is increasing in
Africa and also is a problem in India and China [10-15]. The major fuels are charcoal as well
as wood and although charcoal is widely available in urban areas, it is expensive and yhus man
rural areas mainly use firewood. In Uganda, for example, ninety percent of the Ugandan
population use charcoal or firewood-based fuel for cooking but the quantities used depend on
the area of the countrghe population in urban areas mainly use charcoal (70%) and some
wood (15%, whilst poorer rural areas use more wood ( 86%) and less charcoal (11%) [16]
Rural areas predominately continue to use simple three stone fires, which can be made by the
user. Generally the use of solid fuels for cooking in Africa has continued to increase alongside
population growth [10] whilst in other areas, such as Europe it has tended to decline as shown

inFig 1
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Fig. 1 Graph of population growth showing changes of primary cooking fuel, adapted from

[8]

Many studies have been made of the gaseous emissions [13,14] and efficiencies for a
variety of cookstoves, but few studies have been made of PAH emissions especially to make
comparisons between wood and charcoal fuels, although there has been a recent study of the
PAH emissions of a range of biomass fuels as well as coal, but nit charcoal [12]. In this pape
the emissions of PAH and some gaseous species are compared for wood and char@ral using
improved cookstove widely distributed in Ghana. The levels of particulate species emitted are
also determined. Fine particulates formed will act as carriers for adsorbed PAH species which
pass deep into the lungs, potentially having carcinogenic and mutagenic effects whilst the
particles themselves are associated with heart disease, cancer, lung diseases and other serious
ilinesses [7,8,15



2. Experimental methods
2.1 Details of the Cookstove.

Many different designs of cookstoves have been used around the world ranging from the
three stone method of heating to more energy efficient units. This study uses the Gyapa
cookstove whichis a widely used fuel-efficient stove designed for use with charcoal [17].
Almost 500,000 units have been sold across Africa mastyhana. The unit consists of a
metal casing with a 50 mm thick ceramic liner inside which reduces radial heat lossas, and
raised grate designed with twenty five 15 mm air holes and a door to control the flow of primary
air. .A photograph of this type of stove is shown in Fig. 2. The stove was placed in daacekntila
Fire Box measuring 3m x 3m x 3 to give a controlled environment. Combustion occurs in the
grate and the air flows through the bed of fuel. This gives a uniformity for the cooking process
as well as providing a more uniform flow of air through the combustion zone. The cooking

utensil is placed across the top on supports that are shown in the Fig. 2.

Fig. 2: Picture of the Gyapa Cookstove used showing the fuel feeding aperture and the exit

holes for the combustion gases

The experimental study was conducted using firewood and charcoal and their Proximate and
Ultimate compositions are given in Table 1. The compositions are typical of the fuels available

in that region.



Table 1. Ultimate and Ultimate Analysis of the Fuels %db). Moisture is ar basis

C H N S volatiles| Fixed | ash | moisture
carbon
Charcoal | 76.72 | 1.73 | 0.59 | 0.04 | 16 70.7 134 | 3.1

Firewood | 47.4 | 6.2 0.4 0.04 | 82.6 15.7 |1.7 |56

Db: dry basis; ar: as received basis

2.2 Measurement Methods.

Sampling of the combustion products was undertaken using a stainless steel sampling probe
placedat 1m to the side of the stove in a position representing the head height of a seated cook.
Flue gas composition was measured by online FTIR. Condensation of volatile species was
prevented by use of a heated sample transfer line at 180°¢s BN@M10 was estimated using
a Dylos PM sensor. Total PM was measured gravimetrically at regular intervals throughout the
combustion cycle using a filter holder heated &iC7th a way previously described [18].
Particulate samples were collected onto GF/F filter papers which were extracted into toluene
using an ASE (accelerated solvent extractor), and subsequently analysed using a GCMS
operated in SIM (Selected lon Monitoring) mode. The estimated experimental error of the PAH

emission data is 10%.

Emission factors were calculated according to the total capture method. In this method,
all pollutant emissions from the cookstove are collected in the flue and the emissio&factor
is calculated as:
te x
EF; = f ‘—th
t

m
0

where Gis the concentration of species i, Q is the flow rate in the flue and m the mass of fuel
burned between timesand t. This method is the most accurate since it relies on the direct

measurement of the fuel burning rate and the flue gas flow rate [18].

3. Experimental Results

3.1.Particle and PAH measurements



The effects of the two fuels on the emissions were studied. Batch combustion in a fixed
bed like a cookstove follows the stages of: initial ignition, flaming combustion and then
smouldering. All emissions are highest for both fuels during the initial (cold) ignition phase
but charcoal lumps burn for a long time without the need for the addition of fuel, that is, it is
normally operating under smouldering conditions. In the case of firewood there is a frequent
need to reload fuel, and hence a well-defined smouldering combustion stage is not achieved,
measurements are taken effectively using an ‘averaged valueover the flaming and

smouldering phases.

Measurements were made of particulatecBMPM:io and the PAH contents in the sampled
gases. The P contains carbonaceous soot particles together with adsorbed PAH species,
some particulate high molecular weight PAH and some condensed metal oxides with some
very small fragments of char broken off during the combustion process. ThecBiMains

mainly fragments of char produced during the addition of addititurel (refuelling) which
occurred more frequently with the wood firing. Smaller particles are most harmful due to
deeper penetration into the lungs. Table 2 shows the experimental data obtained 25min after
ignition; in this time the structure of the stove reaches a steady temperature. It is clear that there
is substantially more particles and more PAH are emitted with firewood combustion compared
to charcoal, and that there is a greater proportion of small particles from the firewood. The
measurement for the fine particissconsistent with wood firing generally. There is a greater

correlation between the fine particles and PAH concentration that with the course particles.

Table 2. Comparison of Dylos average particulate concentrations and PAH concentration
(taken 25 min after ignition- flaming combustion)

Fine Particles | Coarse Ratio of Total PAH
Particles
PMaz.s (ug/nt) PMz.s. PMio ng/nt
PMio (ng/n?)
Charcoal 7.1 25 2.9 7.9
Firewood 104.0 6.2 16.9 73.4
Emission Ratio 14.6 25 - 9.3
Firewood/Charcoa




The PAH species identified are shown in Fig. 3 for a range of different phases of
combustion for the two fuels and these were for charcoal (i) ignition, (ii) flaming and (iii)
smouldering, and for wood (iv) ignition and (v) flaming; thus for each species there are five
measurements. The PAH species observed ranged from fluorene to benzo(g,h,i)perylene. These
were significantly higher for firewood compared to charcoal. PAH were barely detectable for
charcoal once the smouldering combustion stage was reached. The distribution of the PAH
species are in accordance with our recent paper [19] for samples which were collected from a
wood stove using a heated filter maintaia¢d temperature of 7Q as before [18]
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Fig. 3 The distribution of the PAH species for charcoal and wood combustion collected on
the filter during the different phases of combustion.

There is little published work on PAH emissions from cookstoves and none that can be directly
compared with the results here. Ozgen et al. [20] have recently shown that for wood stoves

that there is a considerable range of of PAH emissions depending on the combustion conditions



and the fuel. If CO is taken as an indicator of the degree of incomplete combustion, then the
ratio of [CO]/[PAH] can be used to compare the results of the present work with other studies.
If, as in [20], we consider the concentrations of the toxic PAH species benzo[a] and
benzo[b]pyrene for flaming wood and this is divided by the concentration of CO from Table 3
it gives 230,000 £25%. Ozgen et al. [20] show that for an open wood with a similar fuel the
ratio has a value of 205,129 which is within a factor of 2 of the present data, which is good
given the fact that we are comparing a cookstove against an enclosed wood-fired unit. Thus,
Shen et al. [4] have measured emission factors for a range of PAH species for wood combustion
which is consistent with the present data. In terms of isomer Ret@ps@urce signature Shen

et al [4] have recently compiled data for a humber of wood fired appliaces but not for
cookstoves, nor for the use of charcoal where ther is little information. They found that for
wood ANT/(ANT+PHE) = 0.13, and FLA/(FLA+ ) = 0.53, where ANT = anthracene, PHE
phenanthrene, FLA fluoranthene andPYR =pyrene. We obtained values of 0.4 and 0.44
respectively for the cookstove. The former higher value probably represents the inefficient

combustion of this type of cookstove.

Measurements were made of the gaseous emissions from the smouldering charcoal and
the averaged flaming firewood phase taken 45 min after ignition, and these are shown in Table
3. It can be seen that species associated with incomplete combustion - i.e CO, methane and
ammonia, are substantially higher for the firewood. The proportion of gaseous emission from
firewood relative to charcoal emission is ~15 times higher for the firewood, which correlates
well with the observed increases in fine particles between the two fuels. This is consistent with

the emission factor data of Bhattacharya et al. [21].

Table 3. Average gaseous emissions (taken 45 min after ignition)

CO ppm NO ppm CHs ppm NHz ppm
Charcoal 168 trace 11 trace
Firewood 2773 48 161 75
Emission Ratio 16.5 - 14.6 -
Firewood/Charcoa




4. Discussion
4.1 Combustion Mechanism

The combustion of solid fuels such as wood and charcoal can be summarisgahgajverall

global reaction below:

Fuel- volatiles + tar + char ®
Volatiles + @ -CO + HO + smoke (i)
Char + 0.5 @— CO (iii)
CO+0.5Q-CO, (iv)
Volatiles and tar —smoke (v)

Any low molecular weight PAH, such as naphthaléoened is included within the ‘volatiles’

group whilst the high molecular weight PAH is contained in the ‘tar’ together with any other

high molecular weight pyrolysis products such as sugar derivatives. The major difference
between the charcoal and the firewood is that the former has been thermally treated resulting

in a reduction of the volatiles matter (VM) content of the fuel.

The formation of PAH speciesascomputed using the Chemkin plug flow reactor mode] [22

and the POLIMI 1201 chemical kinetic model [23]. The empirical formula for wood was taken

to be GHsOz which is derived from the chemical composition of the wood given in Table 1.

On the same basis charcoal has an empirical formulasefizO1. In the calculation the
diameter of the cookstove was 25cm and the vertical gas velocity of 2 cm/s was used. The
results are not sensitive to this value and doubling the value only changes the computed results
by about 10%.

In the case of dry wood, the pyrolysis gases on the basis of the empirical formula are
taken to be Ce&xCO+{C:Hs} where {GHs} represents the average molecular formula of the
pyrolysis hydrocarbon gases. Thus, by assuming a reasonable amount of air entrainment the
gases to be combusted arefg} + 0.8 N +0.1 Q. This is designated as Case A. However
the actual pyrolysis products from wood are not aliphatic hydrocarbons but consist of products
from cellulose and the aromatic products from lignin as previously discussed [24]. The output
from the Chemkin model of the behaviour of the reaction products showed that ethane

pyrolysed immediately to give a pool of C/H/O/species which rearranged to a number of



species including acetylene which then form benzene and PAH species via the HACA route

[24]. Methane is also formed in this way [25].

The simulated concentrations of selected key species at the exit of the combustor 9cm
above the bed are given in Table 4. This distance was chosen to represent the distance a cool
cooking utensil is above the burning bed. At this position it is assumed that the reaction
products are quenched and no further reaction takes place. But the wood pyrolysis volatiles
are not all aliphatic species and should not be represented by ethane, since aromatic species are
also formed. To approximate a more realistic set of pyrolysis products a mixture obf3.5 C
+ 0.25 C6HOCHs} was used, the former representing the cellulose products and the latter
those from lignin. The results are designated Case B and are shown in Fig 4 and Table 4. In
Fig 4, which is the direct Chemkin output, the compositions of naphthalene; anthracene;
acenaphylene; pyrene and the soot precursors, Bin 1A and Binl B are shown as they pass from
the fuel bed through to the surface of the cooking utensil where the temperature drops and the
reactions are quenched. Bin 1A and Bin 1B are precursors of soot formation and have been
used to model the formation of particulate soot [26]. Of the PAH species the relative
concentrations are as might be expected except that here the volatile naphthalene and
anthracene are not collected on th&Crfilter. The concentrations at the exit point are given in
Table 4, and this includes the values for CO and methane. In Table 4 the values for Case A are
also given. And the effect on the PAH and soot precursors are lower than for the realistic Case
B.
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Fig. 4. Chemkin output for Case B: naphthalene, anthracene, pyrene, and soot precursors Bin
1A and Binl B.



Table 4. Computed species (mol fraction) at a vertical distance of 9cm from the
combustion bed.

Case A, wood, | Case B, 1300 ligno, Case C, charcoal
non-aromatic products assumed to be
products similar to real pyrolysis
assumption products
CHa 3.2E-2 2.8 E-2 3.7E-2
benzene 1.36 E-4 1.7E-3 6.1 E-4
naphthalene, 6.19 E-4 8.6 E-4 15E-4
CioHs
anthracene, 1.67 E-4 3.6 E4 2.0E-5
Ci4H10
Pyrene, 7.57 E-5 14E-4 9.4 E-6
CieHo
Smoke precursor]| 1.17 E -4 6.6 E-4 2.7E-5
Binl1lA
Smoke precursor: 5.0 E-4 2.1E-3 2.7E-4
Bin1B
CO 7.1E-2 9.5E-3 3.2E-2

In the case of charcoal, the devolatilisation products calculated in the same way, are 0.1
CHs, 0.8 N, 0.1 Q. Computations were undertaken for some of the key PAH components
including benzene, CHand CO. The results are designated Case C and are shown in Table 4.
Interestingly the PAH products from the charcoal are of a much lower concentration than for
firewood, which is observed experimentally. The data fou,GEHO and NOx emissions

obtained are comparable with previous experimental data [26

The concentration of CO has been widely used as an indicator of the level of poor
mixing (‘'unburnedness’) in combustion systems, although generally it is applied to turbulent
combustion systems where it is also used as a measure of combustion efficiency. Here we have
a system with a low degree of turbulence but the methodology is still applicable. It is known

that PAH emissions are also an indicator of incomplete mixing and there is approximately a



linear relationship between PAH and CO. This is also trueClids. Generally PAH

concentrations in the literature are approximately 10 times smaller than the CO ahdetéd

is a strong correlation between the ratios of emission of @, and fine particles when
comparing the two fuels.

The relevance of this work to health is complicated by the range of toxicities of different
PAH speciesSo far no ‘particular source or component that uniquely determine the toxicity of
the PM.s mixture, and therefore the evidence does not support the development and application
of sourcespecific relative risk functions for burden estimation’ [8]. Whilst PAH has been
associated with the particulate toxicity because of its involvement in carbonaceous particle
growth the amount associated with individual particles is dependent on the time temperature

history of the particle [16].

5. Conclusions

The use of wood as a fuel results in higher emissions of PAH than charcoal by a factor of nine,
under the operating conditions used here. This is explained by the PAH and the smoke emission
being dependent on the volatile matter contents of the fuels, that for wood being much higher
than that of charcoal, due to prevalence of pyrolysis reactions.

The ratio of PM.s: PMy1o is much greater for wood than it is for charcoal. This is consistent
with previous studies which show emissions of fine particles of smoke is proportional to the
volatile matter in the fuel. A correlation between higher fine particles and PAH emissions is

indicated.

Methane emissions are fifteen times higher for wood than for charcoal. Again this is due to

difference in the volatile emissions.

Emissions of NOx from firewood and charcoal are similar and these both depend on-the fuel
N content of the fuel. However, emission factors on a thermal basis for NOx using wood is

slightly higher than for charcoal.

The computer model developed from analysis of the combustion mechanism supports the
observed link between the differences in volatile matter of the fuels with the PAH and

particulate emission.



Acknowledgements

We acknowledge financial support from the Supergen Bioenergy Hub (EP/J017302). Also the
EPSRC Centre for Doctorial Training in Energy: Technologies for a Low Carbon Future
(EP/G036608), and the EPSRC CDT for Bioenergy [Grant Ref: EP/L014912/1].

References

[1] E.E. Calle, E.A. Zeighami, Health risk assessment of residential wood combustion. In
Indoor Air Quality, ed. P. J. Walsh, C. S. Dudney, E. D. Copenaver. CRC Press, Boca
Raton, FL, 1984.

[2] J. D. Spenglen.L. Soczek, Evidence for improved ambient air qualitv and the need
for personal exposure research, Environ. Sci. Technol. 18983) 268A-274A C. K.

[3] A.K. Bglling, J. Pagels, K.E. Yttri, L. Barregard, G. Sallsten, P.E. Schwarze, C.
Boman, Health effects of residential wood smoke particles: the importance of combustion
conditions and physicochemical particle properties, Part. Fibre Toxicol. 6 (2009) 20.

[4] G. Shen, S. Tao, Y. Chen, Y. Zhang, S. Wei et al., Emission characteristics for
polycyclic aromatic hydrocarbons from solid fuels burned in domestic stoves in rural
China, Environ. Sci. Technol. 47 (2013) 14485—14494.

[5] T.C. Bond, S.J. Doherty, D.W. Fahey, P. Forster, T. Berntsen et al., Bounding the role
of black carbon in the climate system. A scientific assessment, J. Geophys. Res:Atmos.
118 (2013) 5380-5552.

[6] C. Kelley C. Barsanti, J.H. Kroll, J.A. Thornton, Formation of low-volatility organic
compounds in the atmosphere: Recent advancements and insights J. Phys. Chem. Lett. 8
(2017)1503-1511.

[7] A.J. Cohen, M. Brauer, R. Burnett, H.R. Anderson, J. Frostad, K. Estep, K.
Balakrishnan, B. Brunekreef, L. Dandona, et al. Estimates and 25-year trends of the
global burden of disease attributable to ambient air pollution: an analysis of data from the
Global Burden of Diseases Study 2015, Lancet 389 (2017)-19Q3.

[8] J. Orasche, J. Schnelle-Kreis, C. Sthid. Hartmann, H. Ruppert, J.M. Artga

Salas, R. Zimmermann, Comparison of emissions from wood combustion. Part 2: Impact
of combustion conditions on emission factors and characteristics of particle-bound
organic species and polycyclic aromatic hydrocarbon (PAH)-related toxicological
potential, Energy Fuels 27 (2013) 1482—1491.

[9] V. Samburova, J. Connolly, M. Gyawali, R.L.N. Yatavelli, A.C. Watts, R.K.
Chakrabarty, B. Zielinska, H. Moosmiller, A. Khlystov, Polycyclic aromatic



hydrocarbons in biomass-burning emissions and their contribution to light absorption and
aerosol toxicity, Sci. Total. Environ. 568 (2016) 39Q1.

[10] S. Bonjour, H. Adair-Rohani, J. Wolf, N.G. Bruce, S. Mehta, A. Priss-Ustin, M.
Lahiff, E.A. Rehfuess, V. Mishra, K.R. Smith, Solid fuel use for household cooking:

country and regional estimates for 198010 Environ Health Perspect. 121(7) (2013)
784-790.

[11] Z.A. Chafe, M. Brauer, Z. Klimont, R. Van Dingenen, S. Mehta, S. Rao, K. Riahi, F.
Dentener, K.R. Smith, Household cooking with solid fuels contributes to ambient PM2.5
air pollution and the burden of disease, Environ Health Perspect. 122(12) (2014) 1314
1320.

[12] G. Shen, W. Preston, S. M. Ebersviller, C. Williams, J.W. Faircloth, J.J. Jetter, M.D.
Hays, Polycyclic aromatic hydrocarbons in fine particulate matter emitted from burning
kerosene, liquid petroleum gas, and wood fuels in household cookstoves, Energy Fuels 31
(2017)3081-3090.

[13] C.A.Roden,T.C. Bond, S. Conway, A. B. O. Pinel, et al., Laboratory and field
investigations of particulate and carbon monoxide emissions from traditional and
improved cookstoves, Atmosph. Environ. 43 (2009) 1170-1181.

[14] G. Shen, C.K. Gaddam, S.M. Ebersviller, R.L. Vander Wal, C. Williams, J.W.
Faircloth, J.J. Jetter, M.D. Hays, A laboratory comparison of emission factors, number
size distributions, and morphology of ultrafine particles from 11 different household
cookstove-fuel systems, Environ.iSEechnol. 51 (2017) 6522—6532.

[15] A.P. Grieshop, J.D. Marsha. kandlikar, Health and climate benefits of cookstove
replacement options, Energy Policy 39 (2011) 7530-7542.

[16] The Uganda National Household Survey 2009/10, www.ubos.org

[17]|lwww.Gyapa.comn  Website Accessed 1.03. 2018

[18] E.J.S. Mitchell, A.R. Lea-Langton, J.M. Jones, A. Williams, P. Layden, R. Johnson
The impact of fuel properties on the emissions from the combustion of biomass and other
solid fuels in a fixed bed domestic stove Fuel Proc. Technol., 142 (2016), 115-123.

[19] J.M. Jones, A.B. Ross, E.J.S. Mitchell, A.R. Lea-Langton, A. Williams, K.D. Bartle
Organic carbon emissions from the co-firing of coal and wood in a fixed bed combustor,
Fuel 195 (2017) 226-231

[20] S. Ozgen, Stefano Caserini a, Silvia Galante a, Michele Giugliano a,Elisabetta
Angelino b, Alessandro Marongiu b, Francesca Hugony c, Gabriele Migliavacca
c,Carmen Morreale Emission factors from small scale appliances burning wood and
pellets Atmospheric Environment 94 (2014) 144e153


http://www.gyapa.com/

[21] S.C. Bhattacharya, D.O. Albina, P. AbdulSalam, Emission factors of wood and
charcoal-fired cookstoves, Biomass Bioenergy 23 (2002)-4%3.

[22] ANSYS Chemkin Pro. www. ansys.com

[23] E. Ranzi, T, Faravelli, POLIMI 120Jwww.creckmodeling.chem.polimi.it/kinefic
(2016).

[24] E.M. Fitzpatrick, J.M. Jones, M. Pourkashanian, A.B. Ross, A. Williams, K.D.
Bartle, K. Kubica, The mechanism of the formation of soot and other pollutants during
the co-firing of coal and pine wood in a fixed-bed combustor, Fuel 88 (2009) 2409-2417.

[25] W. Ndiema, F.M. Mpendazoe, A. Williams, Emission of pollutants from a biomass
stove, Energy Convers. Mgmt. 39 (1998) 1357-1367.

[26] F. A. Atiku, A. R. Lea-Langton, K. D. Bartle, J. M. Jones, A. Williams, |. Burns, G.
Humphries Some aspects of the mechanism of formation of smoke from the combustion
of wood, Energy Fuels, 31 (2017) 193944,


http://www.creckmodeling.chem.polimi.it/kinetic

