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Abstract.

A number of campaigns have been carried out tdksiiathe emission factors of pollutants from faembustion in West
Africa, as part of work package 2 (‘Air Pollutioma Health’) of the DACCIWA (Dynamics-Aerosol-ChermnisCloud
Interactions in West Africa) FP7 program. Emisssaurces considered here include wood (Hevea afd)liand charcoal
burning, charcoal making, open trash burning, aftdoles emissions including trucks, cars, busesdwaedvheeled vehicles.

Emission factors of total particulate matter (TP®lgmental carbon (EC), primary organic carbon (@@jvolatile organic

compounds (VOChave been established. In addition, emission fantasurements were performed in combustion chambers

in order to reproduce field burning conditions &tropical hardwood (Hevea), and obtain particutatéssion factors by size
(PMO0.25, PM1, PM2.5 and PM1Gparticle samples were collected on quartz fibeéerl and analysed using gravimetric
method for TPM and thermal methods for EC and Ot &mission factors of 58 VOC species were deternirsing off-
line sampling on a sorbent tube. Emission factsulte for two species of tropical hardwood burrdfigeC, OC and TPM are
0.98 + 0.46g/kg of fuel burned (g/kg)1.05 + 4.55g/kg and41.12 + 24.629/kg, respectively. For traffic sources, the highe
emission factors among particulate species aredffamthe two wheeled vehicles with two-stroke ewgi (2.74 g/kg fuel for
EC, 65.11 g/kg fuel for OC and 496 g/kg fuel foMP The largest VOC emissions are observed for twdksttovo-wheeled
vehicles, which are up to three times higher thamssions from light-duty and heavy-duty vehiclesodrene and
monoterpenes, which are usually associated witlydniit emissions, are present in almost all anttgepi@ sources
investigated during this work and could be as $icgut as aromatic emissions in wood burning (Idtlel). EC is primarily
emitted in the ultrafine fraction, with 77% of ttegal mass being emitted as particles smaller had pm.The particles and

VOC emission factors obtained in this study areegelty higher than those in the literature whodeesare discussed in this
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manuscriptThis study underlines the important role of intsiteasurements in deriving realistic and repretigatamission
factors.

1 Introduction

Air pollution and its consequences on air qualityman health and climate are particularly worryiméfrica. First, there is
a rich mixture of sources of pollutants: naturairees with Sahelian and Saharan dust emissionsinemilith anthropogenic
sources including biomass burning, traffic, indystesidential cooking, power plant emissions atiebis. Up to now, dust
and biomass burning were considered to be predotnarad many studies have been conducted on theseeso A few
studies only deal with anthropogenic sourdesdreae and Merlet, (2001) have shown that doméstis used for cooking
are an important source of primary particle carbanmldwide and particularly in Africa. The main soas of energy in
households in Africa are solid fuels such as charagricultural residues and wood (Wang et al13Q in Sub-Saharan
Africa, these biofuels represent approximatively86f the total energy consumption (Ozturk and Bild@015). Traffic
emissions are also expected to be important dtigettype of engine, its maintenance, its age aeduél it uses (Robert et
al., (20073) and Peltier et al., (2011)). Indeed, the trafliéet in Africa is characterized by an aging fléabre than 80 % are
second-hand vehicles with 73 % older than 10 yelal)s(Kablan, 2010; Essoh, 2013). In Cbte d’lvom&st of these vehicles
are more than 20 years old (Ministry of Transp@f12) and are as such highly polluting due to inififit combustion
(Boughedaoui et al., 2009). Also, there is a diffee in fuel quality used in traffic between Afrimad developed countries.
UNEP, (2016) report have shown that in developiogntries the average sulphur levels of fuel usettaifiic (particularly
diesel fuels) are high and may even reach 10 089wwhile developed countries have reduced fuel sulpdvels to 10 parts
per million (ppm). In some African countries, itdlso necessary to note the importance of two-velueethicles (two- stroke
or four-stroke engines) which use a mixture ofamitl gasoline derived from smuggling that is verjupiog (Assamoi and
Liousse, 2010). Finally, very high levels of polots are associated to trash burning emissionshisxdource has not been
well studied in Africa. In most African countrieslid waste collection systems are insufficierddiag some people choosing
to remove waste using open burning (Wiedinmyerl.et2814). In many African countries, open burnozrurs at public
landfills due to the lack of a modern incinerator.

All these anthropogenic sources are expected t@ase in the next decades due to urbanization apdlation density

increases. In Marticorena et al., (2010) it hasnb&en that they can be as important as the fmelvn” dust and biomass
burning sources. In Liousse et al., (2014), it hayunderlined that they could be higher than Asiassions in 2030 if no
regulation occurs as quickly as possible.

One approach for quantifying air pollution and irofsa and formulating emission reduction strateggefy use atmospheric
modelling tools which require emission invento@sssource data (Bond et al., 2004; Junker and &&2908; Granier et al.,

2011; Smith et al., 2011; Klimont et al., 2013).iEsion inventories are built based on activity aotlutant emission factor
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(EF) data. However, the above-mentioned sourcesareell documented, especially in terms of p&tzarbon and VOCs
compounds EFs, leading to a scarcity of emissiciofa for these sources. Indeed, biomass burnirgyf&fFa number of
gaseous and particulate species have been corbpileddreae and Merlet (2001) and Akagi et al. (90%&thowing that many
studies have been carried out in Africa since 139dwever, literature shows only a few EFs measurgrnstudies on
anthropogenic sources. Most existing works in #rag mainly focused on biofuel combustion. For exdanparticles and
gases EFs measurements for wood cooking fire heee performed by Brocard et al., (1996), Brocaral.e{1998) in Cote
d’lvoire and by Bertschi et al., (2003a) in Zamlitarticles and gases EFs measurements have atspdréarmed by Bertschi
et al., (2003a), Brocard et al., (1998), Kituyiakt (2001) for charcoal cooking fire and by Peargs al., (2001), Lacaux et
al., (1994), Cachier et al., 1996, Brocard et(aP98) for charcoal making fire. Unfortunately, Bistudies are only done for
a few pollutants. To our knowledge, EF measuremfantsaffic vehicles in Africa are very scarce.

As a consequence, existing emission inventorieg\fidca extracted from global emission products urselequate emission
factors, which are not measured in Africa and cquseatly which are not relevant to specific fuelsl mombustions, and
inadequate activity consumption data given by maéonal agencies (e.g. UN, IEA). Even in the éngstAfrican Regional
Inventory of Liousse et al., (2014), literature E$=ued from US or European emissions and notaate€for Africa have been
sometimes used, leading to many uncertainties (Assand Liousse, 2010). Moreover, if the emissiorentory uncertainties
result on one hand, from uncertainties in the &gtand emission factor data (Liousse et al., 2Bahd et al., 2013; Zhang
and Tao, 2009; Zhao et al., 2011), on the othed harcertainties are also linked to spatial keysdusegeographically
distribute pollutant emissions. Therefore, theafdecal activity data, emission factors and addsigatial keys derived from
local measurements on Africa-specific sources nedy to reduce uncertainties in emission inventories

In Africa, the most recent regional African invemntdias shown that black or elemental carbon (BE®G) emissions are
dominated by the use of diesel fuels, animal wdstdwood, charcoal making and coal (Liousse et24l14). While, animal
waste, charcoal making, fuelwood and two-wheelddcole fuels mostly affect organic carbon (OC) enoiss. The authors
also showed that West Africa has maximum emissiorthe domestic and traffic sectors for EC, OC boar monoxide,
nitrogen oxides and volatile organic compound sgrediue to combustion of the fuels above mentioned.

In term of pollutants from combustion process,sitnecessary to focus on carbonaceous particlesai@CEC) since
carbonaceous particles are the main constituerteqgfarticle phase from combustion activity enaissi It is also interesting
to study volatile organic compounds (VOC) sincedh@ssion factors of these components are not kmellwn despite their
expected impact on air quality and climate throtlgdir effects on ozone and secondary organic aBsr¢S®A) formation
(Matsui et al., 2009; Yokelson et al., 2009; Shaanal., 2015).

In this context, our study was to conduct seveaahgaigns to measure EFs for the above mentionedrieagi sources and
pollutants. Such a study is fully included in thenfie of the Dynamics-Aerosol-Chemistry-Cloud Intéicns in West Africa
(DACCIWA) programme (Knippertz et al., 2015). DAGKA aims to quantify the influence of anthropogeaitd natural

emissions on air quality, clouds and rainfall oseuthern West Africa and assess their impacts amhuecosystem health,
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and agricultural productivity. One of its aims @ésdevelop an emission inventory of anthropogeniases specific to this

region.

The work here presented aims to provide a datadfaS€s for total particulate matter (TPM) masspedatal carbon (EC),

organic carbon (OC) and combustion gases (VOQ)dtiution sources specific to Africa. The focusisdomestic fires using

wood and charcoal mostly for cooking, charcoal mgkind solid trash disposal by open fires. Emissietated specifically

to road traffic include studies on vehicle catege(light duty and heavy duty), energy (gasolindiesel engine), use (private
and public transport) and age (old and recent).

In section 2, this paper describes the materietlamdnethodology used to calculate EFs of the staidied African emissions
sources. Section 3 deals with the analysis of sasnphereas section 4 presents the EF resultdadfifieasurements including

a comparison with literature values. In this settimombustion chamber measurements of EF are diserla

2 Methodology and materials

Two types of measurements were carried out ingtidy for emission factor measurement experimdiels: measurements

for all studied sources and combustion chamber unea®ents for fuelwood sources.

2.1 Emission factors

Emission factors are defined as the amount of ailuemitted per kilogram of burned fuel. EFs aggednined using the
carbon balance method (Ferek et al., 1998, Radék, @988, Ward and Radke, 1993) . The amounadian emitted to the
atmosphere during combustion and that containeddh fuel allow an estimation of the amount of fueht. Previous studies
(Hall etal., 2012; Chen et al., 2007; Gupta et24l01) have shown that, during fuel combustiopraximately 95% of carbon
is emitted into the atmosphere as carbon dioxid®)@nd carbon monoxide (CO). It is therefore reabtmto estimate the
emitted amount of carbon from CO and £éncentrations by neglecting hydrocarbons andgbest implying a minor

overestimation of EF values (Pant and Harrison3261hll et al., 2012; Chen et al., 2007; Guptal €2801; Yokelson et al.,
2007; Shen et al., 2010; Roden et al., 2006). The &e determined from concentration measuremeriteiplume and in

ambient air outside the emission souréasissions factors are then calculated as folloves (E

A[X]

e« MM,
EF(x) = A[C02]+A1[;:0] x f,x 103 1)

where EF (x) is the emission factor of the polhtitain g per kg fuel burnt (g/kg)[x] =[X] smoke— [X]oackgroundiS the mixing
ratio of x in fresh smoke plume and backgroundraspectively (it is noted that ambient concentragiof TPM, EC, OC and
VOC before combustion are assumed to be zero); MMike molar mass of x (gmdland 12 is the molar mass of carbon
(g.molt) and £ is the mass fraction of carbon in the fuel.

The modified combustion efficiency (MCE) is definas{Eq.2):
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_ 4[co2]
MCE = A[co2]+4[co] 2)

The ratioACO/ACO, andMCE depends both on the relative importance oftwemain phases of combustion: the flaming
and smoldering phases. The flaming phase is cleaizetl by very high temperature combustion and ergtjon, and the
smoldering phase by low temperature and oxygen@dard and Radke, 1993). High&k€O/ACO; or lower MCE indicates
more smoldering (Ward and Radke, 1993). From lgboydests on biomass burning, several authors tewenstrated that
MCE is around 0.99 for pure flaming (Chen et @002, Yokelson et al., 1996), and varies betweeB-0.85 for smoldering
(Akagi et al., 2011). In this study, an average M&Zis determined for each studied source from measamts.

Combustion chamber EFs were calculated using ttimnaalance method in Eq.1 excepted for AMS ar2l &®a collected

in Edinburgh combustion chamber for which the failag equation was used (Eq.3):

EF = ([Cx]smoke_[Cx]backgroung)*Qchamber*t (3)

Mpurned

In Eg3, EF (x) is the emission factor of the pahitx in g/kg fuel burnt; [Cxfokeand [CXbackground the concentration of x in
the fresh smoke plume and the background air, céispéy/, Q-namber the air flow entering the chamber, t, the sanyptime

and mumed the mass of burnt fuel.

2.2 Description of field measurements

Three field campaigns of emission factor measurésneare performed as part of DACCIWA work packagdI2e first in
March 2015 in Abidjan@o6te d’lvoire) the second in July 2015 in both Abidjan and Coto(Benin), and the third in July
2016, also in AbidjanLocations for these field measurements are showa orap in Supporting Information Figure S1.
During these campaigns, several sources were studigOpen trash burning: In each eight different lamagi chosen to
represent the combustion of waste diversity (dmt, wid or fresh waste), trash burning plumes vsarapled at “Akouédo”
landfill, the largest (153 ha) and the official ddifl site in the East of Abidjan Distric{2) Charcoal and wood burning fire:
Eight samplings were carried out for charcoal mgrtFs, including six in Abidjan and two in Cotonéwr wood burning
EFs, four measurements were carried out in Abidiging two different species of tropical African thaood, Hevea (hevea
brasiliesis) and Iroko (Milicia Excelsa), respeetiv Note thatHevea and Iroko are both hardwood but with differen
properties; for example, their density differs (8@0m* and 650 kg/) respectively). Both are mainly used in urban sifea
residential cooking, heating and in other servibegeries, power plants, etduring these measurements, wood and charcoal
were burned in two types of stoves traditionallgdig the West African region for cooking, madengtal and of baked earth
(see Figure S2rhese measurements include different phasesbastion (pyrolysis, flaming and smoldering). (3)atcoal
making fire (CHM): Eight tests were carried outtoaditional charcoal making furnaces, 3 of thesesBs were located in the
outskirts of Abidjan and 5 tests in a rural are2 &m far from the Lamto geophysical station (Lang#®60 km far from

Abidjan). The CHM kiln was prepared by charcoaldareers who use all types of available dense wobd.Klin was covered

5
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with a layer of leaves and a layer of earth of aldducm thick. The draught, needed for the propagaif the pyrolysis,
comes from an air circulation between the baséefkiln and a row of holes made in a horizontahplavhich are closed
when the charcoal producers opens a new row bé&lewrevious one. The smoke was sampled at the imalds in the CHM
kiln. (4) Combustion of fossil fuels in the traffic sect&F measurements were carried out on severatleebkhaust in
Abidjan and Cotonou: cars, buses, trucks, mopesmlme and diesel vehicles. Both recent (undgrelds) and old vehicles
(over 10 years) have been studied. For each typehitle, at least two tests were performed, sitmgaseveral engine speeds.
During these various measurements, samples weza bakhe plume at around 1-1.5 m far from the seuexcept for vehicles
where samples were taken at the tailpipe outle¢. different EFs values of the different tests areraged for each source.
For road traffic EFs, we also calculated a mearivatgnt vehicle EF for four-wheeled gasoline anelseéi fleets respectively
using fleet characteristic given by Direction Geedes Transports Terrestres (DGTT) of Cote dievob0% of total vehicles
are considered as old models (whereas 40% as reces) and 77% of total vehicles are light dutyidlels (whereas 23% are
heavy duty vehicles) (SIE CI, 2010).

As with four-wheeled vehicles, we calculated anrage equivalent vehicle for two-wheeled fleets asng that 40% are

two-stroke engines (whereas 60% are four-strok@nesyy and 40% are recent vehicles (whereas 60%ldee vehicles).

2.3 Field measurement and sampling equipment

Two types of sampling were performed during ourrB#asurement experiments: collection of particle$\ratman quartz
fiber filters and Speciated VOCs (Alkanes, Alke@arbonyl and Aromatic Compounds) on sorbent tubiggire 1 shows the
particles and VOC schematic sampling system infigld. According to Equation 1 (Eq. 1), it is necessaryguantify the
amounts of C@and CO emitted to the atmosphere to determineth@unt of carbon emitted during the combustion and
calculate the MCE. The QTRAK-757%am et al., 2011; Li et al., 201 7eveloped by TSI, was used to measure &l
CO gas concentrations. This allows the measurermoemeal time atmospheric GQand CO concentrations. The CO
concentration is determined using an electrochdr@msor with a sensitivity of 0 to 500 ppm witt3% accuracy. The CO
concentration is measured using a non-dispersivarad detector with a sensitivity of 0 to 5000 ppsith an accuracy of £
3%.The QTRAK-7575 was calibrated in the laboratorppto each field measuremeithe difference between G@nd CO

in the fresh smoke plume and the background aomatl the amount of carbon emitted into the atmaspHering each
sampling to be obtained.

VOCs were actively sampled using sorbent tubesk{fr&me® and TERA-Environnement) containing multisorbent
materials. Duplicates were performed for 15 minutgiag a manual pum\ccuro 2000, from Dragewyith a controlled flow

of 100 mL.mint. For each emission source studied, samples wera &tkibe same levels as those from the filter hodabel
QTRAK-7575 probe (see Figure 1). While off-linelfieneasurements are essential to characterizeothpasition from real
emissions from an unrestricted number of sourdesy are limited as only a small fraction of compdsiand only some
combustion processes can be measured. Therefareldnto capture a large spectrum of VOC species the largest number

of emission sources in the region, two types obsnot tubes were used: Tenax TA 60-80 meshes (25@ &gliphenyl-p-
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phenylene oxide) and multi-sorbent tubes compoge@ambopack C (200 mg) and Carbopack B (200 mgB®Gnesh
(graphitized black carbon). The identification anpantification of each tube type was performedfémnt places and under
different analytical techniques.

The particle collection line consisted of a pumphva flow rate of 9.5 litres per minute (Ipm) fanspling total particulate
matter, a volumetric counter for quantifying sandpér volume and a filter holder on which a 47-miardeter quartz-fiber
filter (QM/A®, Whatman Inc.) was mounteBefore sampling, the filters were cleaned by meatdr 48 hours at 340° C. After

sampling they were kept at a temperature of 5° &/tid any contamination of the samples.

2.4Measurements in the combustion chamber in the dil&d wood combustion plume

This sampling took place in a chamber where thenpkiof Hevea wood fire were convoy@dtherefore, concentrations were
diluted compared to the measurements carried ogtaumd field at the sources. The tests were cdrdun two combustion
chambers with different configuratior@nly Hevea wood from Céte d’lvoire was studied @ithcombustion chamberEhe
combustion chamber of Lannemezan (Guillon et 81,3 (Laboratoire d'Aérologie, UMR 5560, ToulouBeance) and the
combustion chamber at the University of EdinburgB&hool of Engineering were usdd Lannemezan, the dark dilution
chamber (10m x 4m x 4m) allowed measurement of eatnations at the absence of any solar radiatioth \wD
photochemistry. A fan stirs the air in the chamioemix it well. For this combustion, the fuels were burned in aair&bve
similar to the one used in the field and the plismeonvoyed into the chamber through a chimneyni.bigh and 15 cm
diameter (Figure 2). Two QTRAKSs were used to measl®» and CO concentrations, temperature and assodielsiive
humidity in the room. The chamber remained cloagrihd all phases of combustion, monitored from dja@ent room to the
combustion chamber. After homogenization of thenmuwithin the chamber, five filter sampling linesreesponding
respectively to the cut-off heads PM0.25, PM1, PMPM10 and TPM were used to collect aerosols 5623 minutes on
average. For each of the five lines, the pumps weupled to flow regulators to allow aerosol setstby particle size classes.
Between two experiments, the chamber was openetdilated) to allow all sensors to return to theackground values. Four
tests were carried out with Hevea wood from Céteail'e.

Hevea wood combustion experiments were also coaduasing the FM-Global Fire Propagation ApparatRA) at the
Edinburgh University School of Engineering facilifthe FPA allows the burning of small samples @ funder controlled
conditions (Brohez et al., 2006). The sample holaes placed on a mass balance that provides sangsie evolution during
the experiment. The samples were surrounded byifdtared lamps, irradiating uniformly at 30 kWhflow heat) or 50
kwm2 (high heat), and subjected to an air flow entefingn below at rates of 50 lpm (low flow) or 200rg(high flow). A
large part of these chamber measurements has ylbesth discussed in detail in Haslett et al., (20@inly focusing in
active analyser results but not on filter samplifilge configuration used in this chamber is showhigure 3.

The fuel used in Edinburgh was Hevea wood from @teire. The plume was collected in a hood betarering the exhaust

tube. Air samples were collected simultaneouslinat points: (A) in the exhaust tube, where CO a@ @ere measured

7



10

15

20

25

30

directly and a further sample was diluted in puiteogen by a factor of 100 for the online measuneimef EC and OC
concentrations. An Aerosol Mass Spectrometer (AM&3 used to measure the concentration of organisels and other
non-refractory species and a Single Particle Sdattdeter (SP2) to measure refractory black car{®@) mass
concentrationThe CQ, CO and @ concentrations in the plume were measured atjaémcy of 1 Hz at the exhaust tube by
the FPA analysers using non-dispersive infraretirtiegies (Servopro 4200(B) At the exit of the exhaust pipe for filter
sampling (offline measurement). A QTRAK analyserswied to continuously measure CO and €@hcentrations. Two
aerodynamic sampling lines (PM2.5 and TPM) weradugith pumps, counter, cut-off heads and filterdeolwith 47 mm
quartz fiber filters.

Eight combustion tests were carried out during ¢ixiseriment. Two of them were made with infraredpa set at 30 kWrh
and incoming airflow of 200 Ipm (low heat and hiw: hFl), 3 tests at 50 kWihand 200 Ipm (high heat and high flow:
HFI) and 3 other tests at 50 kWiand 50 Ipm (high heat and low flow: Hfl).

3 Sample analysis

3.1 VOCs analysis

The analysis of Tenax tubes was performed ak #fmratoire de Météorologie PhysiqieaMP, Clermont Ferrand-France),
using a gas chromatograph - mass spectrometemsy{&€/MS, Turbomass Clarus 600, Perkin Elmer) coteteto an
automatic thermal desorption unit (Turbomatrix ATEgpch cartridge was desorbed at 270 °C for 15anaflow rate of 40
mL/min, reconcentrated on a second trap, at -1@i@aining Tenax TA. After the cryofocussing, theptwas rapidly heated
to 300°C (40°/s) and the target compounds weré@ddnto the GC. The separating column used waplary PE-5MS
(60mx0.25mmx0.2&m, 5% phenyl — 95% PDMS, Perkin Elmer) and the &@perature profile was ramped from 35°C for
5 min, heating at 8°C mihto 250°C and hold for 2 min. The mass spectromeés operated in a Total lon Current (TIC)
from 35 to 350 m/z amu, and all chromatography ipetars were optimized to enable the separatio® @ompounds from
C5-C10 VOC:s. Calibration was performed by analyziagditioned cartridges doped with known massesaoh compound,
present in standard low-ppb level gas solutionscofpased from the National Physical Laboratory, UK)e cartridges were
then analyzed with the aforementioned method aliloration curves were obtained for each compouraibGpack cartridges
were analyzed aBAGE Department (IMT Lille Douaivith an analytical system ATD-GC-FID, already désed in
Detournay et al., (2011) and Ait-Helal et al., (2D1This method allowed the separation and idestifon of 58 compounds,
from C5-C16 VOCs, including 7 carbonyls, 2 ketoriesterpenes and 6 intermediate VOCs (C11-C16).apmpdication of
both methods allowed the comparison of common camg® (benzene, toluene, ethylbenzemep-xylene, o-xylene,
trimethylbenzenes, n-heptane, iso-octane, n-ociapénene,p-pinene, limonene, isoprene) and the analysis afyéinal

techniques performance.
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The tubes were previously conditioned by flowingified nitrogen through them at a rate of 100 mintpifor 5 hours at 320
°C using an adsorbent thermal regenerator. Thatguwesurance parameters of both methods (uncaesiand detection
limits) are described in Sl (Tables S1 and S2).

3.2 Particulate matter filters

Gravimetric analysis of quartz fiber filters (prding TPM, PM10, PM2.5, etc,) was performed by conmgathe difference

in weight of the filters before and after exposiéeighing was performed using a SARTORIUS Microba&awith 1.95 pg
sensitivity. After the gravimetric analysis, thédaatory two-step thermal method from Cachier et(2B89) was applied for
the separation and the analysis of elemental agahar carbon particulate contents (EC and OC, rtisedy). Note that the
detection stage was modified since in our instrunjéd ICARUS), particulate carbon content is quigedi from CQ by a
non-dispersive infrared (NDIR) detector, insteadaflometry as in Cachier et al. (1989). The rabeezof the use of thermal
method was validated by comparing results of 10pdasmalso analysed by the thermo-optical methodP@®@VE method,
Chow et al., 1993, 2001).We performed a linearasgjon analysis of all values obtained for bothhmés$ for TC, EC and
OC. The analysis of the regression coefficientggiginere in terms of3Rshow that suitable correlations were found among
the thermal and thermo-optical methods for TC, B& @C values. The thermal method gives 94% of QC%%6 of the EC
measured with the thermo-optical method. Examplesgression plots are given in Supporting Inforioratvith the Figure
S3. After this comparative study of analyses bgéhivo methods, the thermal method was used fasubsequent analyses
because of the high filter loa@iwo similar aliquots of the same filter were tlemparately analysed. One portion was directly
analysed for its total carbon content (TC). Thesoftortion was firstly submitted to a pre-combusttep (2 h at 340°C under
pure oxygen) in order to eliminate OC, and thenlyaea for its EC content. Organic carbon (OC) comedgions were
calculated as the difference between TC andTE€.analyser calibration is checked before eadbssef analyses by analysis

of the filter punches each containing a sucrosetieol of known concentration.

4 Results and Discussions
4.1 Ground field measurements

Field measurements allowed mean values EFs detationirfor residential fuels fires (charcoal burn{if@gH) and fuel wood
burning (FW)), for charcoal making fires (CHM), fopen trash burning fires (WB) and for vehicle exdtgcar, bus, truck,
light duty vehicles, two-wheeled two-stroke andrfstroke vehicles) by energy source (Diesel ando@es and by model
age (recent (less than 10 years old) and old (Edsyand over))As aforementioned, the studied species are CQ, CO
carbonaceous patrticles (EC, OC and TC), specia@@s/compounds (C5-C16 alkanes, C5-C11 carbonylkefithes C6-

C9 aromatics and 13 species of terpenes) andgatttulate matter (TPM).
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4.1.1 Particulate EFs for biofuel combustion source

The EFs for fuelwood burning sources were calcdlddowing Eq.1, and using fc = 46% (Brocard et 4B96). EFs are
express in g of pollutant per kg of fuel burnedk@)/ Results of EF(OC) values given in Table 15651 + 6.44 and 6.50 +
1.98 g/kgfor Hevea and Iroko wood respectively, while for ,BE&Fs were found to b&.45 + 0.61 and 0.52 + 0.39 g/kg
respectively. Hevea wood emitted more carbonacpatticles than Iroko wood. To have a mean EFs fmwdvcooking fire,
we averaged the EFs of the two types of wood stlidéze (Iroko and Hevea). Following this, a valfi®.88 + 0.46 g/kg for
EC and 11.05 + 4.55 g/kg for Céte assumed to be representative of the EFs tyfpicthis area. On one hand, EC and OC
EFs for Iroko wood cooking fire are slightly of teame order of magnitude than those of Brocard. ef1®96) but EFs of
Hevea wood cooking fire from this study are higteam other literature values of Table 1. On theeottand, comparison of
mean EFs of EC and OC with those used by Liousak,¢P014) and Akagi et al., (2011) showed tHafHET) are of the same
order of magnitude while EF(OC) of this study artame higher than those reported by Liousse ef2014) and Akagi et al.,
(2011) (see Table 1). Thus, the use of new EF(@®) this study should show that previous valugsF{fOC) underestimated
OC emissions in West Africa. These differences bmgxplained by the wide variety of wood used ndifferent studies as
well as the different burning conditions as showrhe different MCE values in Table 1. However, MCE value for Iroko
wood cooking is slightly the same than those ofdard et al., (1996). This reveals that these twolagstions take place
mainly in the flaming phase because MEB.92.

Particles EF’s for charcoal cooking fire were ohéai by averaging EFs of several tests and usin§7&.5% (Brocard et al.,
1996) to express EFs in g/kg of charcoal burnetlera also presents the mean EF for charcoal cgdiia with literature
data. EC and OC, EFs were found to be 0.65 + 0h&801a78 + 2.80 g/kg, respectively. It may be seemlon one hand, that
our EF(EC) for charcoal cooking fires are 3 timaghkr than those reported by Brocard et al., (128%) Roden and Bond,
(2006) but of the same order of magnitude to thesal by Liousse et al., (2014). On the other hir@lEFs are almost the
same for OC. For charcoal burning, we can saylilmtsse et al., (2014) give the same order of magderiof EC and OC
emissions in West Africa compared to those we waliiin using this study values and the same #&ctildta. Mean value
of MCE (0.83+0.06) found for charcoal cooking fgleows that this also burned mainly in flaming phase

The carbon balance method cannot be used directigitulate charcoal making (CHM) EF (Bertschilet2z003) in the same
way that we did to calculate wood and charcoal ingri&Fs. Indeed, during CHM process, part of thened carbon is found
in charcoal, ash and in the pyroligneous liquidehless than 50% is emitted into the atmosph&seshown previously,
Lacaux et al., (1994), Cachier et al., (1996), 8reital., (1999) and Bertschi et al., (2003a) estinthe fraction of carbon
emitted as atmospheric gases to be 35%, 35%, 37842 % respectively. Moreover, Cachier et al. 9@)9%estimate that
during CHM if 35% of the carbon content of woockisitted into the atmosphere, 89% is emitted as @DCGO during the
smoldering phase. Since the CHM conditions desdribeCachier et al., (1996) are similar to thosetto$ study (pure
smoldering phase because of an average MCE of Faaré 4) (Akagi et al., 2011)), we considered 8% of the carbon
content of wood are emitted into the atmosphere8d of this carbon to be emitted as CO and @OCHM. Thus, 0.35
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was the factor used in order to obtain an EF iy @kwood burned from EF in g per kg of carbon (@ecet al., 1996)As
shown in Table 1, CHM EFs of this study are combplar#o those of Brocard, (1996) and Cachier et(4896) for OC and
are a factor 2 lower for EC. This difference cobilexplained by a wide variety of wood used for CkéWy. wood type or
wood moisture)For charcoal making fires, mean MCE are found t®@®+0.05 value lower than those found for other

biofuel tested in this study.

4.1.2 Particulate EFs for road traffic sources

EFs for road traffic sources were calculated folfoyv(Eq.1). The fraction of carbon contained insgie(IPCC, 2006;
Kirchstetter et al., 1999) and in gasoline (IPCQQ& Ban-Weiss et al., 2010) was assumed to beiB58rder to obtain an
EF expressed in g of pollutant per kg of fuel bdr(gfkg). Table 2 summarizes EC, OC and TPM EFRs foor measurements
by two aged vehicle categories (old (10 years ama)and recent (less than 10 years old)), by gnerduel type (gasoline
and diesel) and those used in emissions inventories

The results show that the EF(EC)(1.03 + 0.83 géa) EF(OC) (1.80 + 1.26 g/kg) of this study for dight-duty gasoline
vehicles (LDGV) are larger than those of recenticlek with a factor of 1000 and 40 respectively B and OC showing
that older the LDGV becomes, the more EC it enhilee LDGV, EF(EC) and EF(OC) for old vehicles aiiglrer than those
of recent vehicles for light-duty diesel vehicle®DV) (Table 2). The high emission factors for aldehicles in Africa can
be explained by the lack of regulations on vehatgssions (catalytic converter and diesel partteufidters, e.g. standards
EURO). In addition, EC EFs are higher than OC Ef$bth old and recent LDDV as previously showrsbgne studies such
as Pant and Harrison, (2013); Chiang et al., (204r&) Grieshop et al., (2006). EFs of all testdulales are reported in Table
S3 of the Supporting Informatiott.was reported in the literature (measurementgpedbrmed in Africa) that the EC EFs of
diesel vehicles were in the range of 0.11 to 2/&Q-fuel (Kirchstetter et al., 1999; Gillies and ri@er, 2000; Streets et al.,
2001; Westerdahl et al., 2009; Wang et al., 200262 Our results of EF(EC) of diesel vehicle aréhis range excepted for
old vehicles.

Mean EFs, of EC, OC and TPM for LDDV including mte cars and taxi are estimated to be respectd/8hy + 2.20 g/kg,
2.03 £1.13 g/kg and 35.82 + 21.40 g/kg. They aghdr than mean EFs for heavy-duty diesel vehi#3DV) including
truck and bus, respectively of the order of 2.20.85 g/kg, 2.50 + 1.43 g/kg and 31.00 = 15.80 glkggarding gasoline
vehicles, EF measurements were carried out onliB@BV that constitute the majority of the fleetmgigasoline. Mean EC,
OC and TPM EFs are lower than LDDV vehicles witb20+ 0.49 g/kg, 1.10 + 0.77 g/kg and 7.0 + 2.8@gkspectively.

Finally, mean road equivalent vehicle EFs (Tableyjuel types were compared with EFs values usé@bnd et al., (2004)
inventory and in the most recent African emissimventory by Liousse et al., (2014). For gasolietigles, EF(EC) value
of our mean road equivalent vehicle is higher tthenupper limit value used by Bond et al, (2004)iclv is the value used by
these authors for countries where there are the super emitters as in West Africa. Unlike EF(EQ)r EF(OC) is within

the range of values given by Bond et al. (2004)ibig lower than the upper limit given by Bondat, 2004. For diesel
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vehicle, while our EF(EC) value for mean road eglént vehicle is close to the upper limit givenBond et al., (2004), our
EF(OC) is higher than their upper limit value. kid#ion, the EFs values obtained in this studydgasoline are higher than
those observed in Liousse et al., (2014) (4 timgkdr for EC and 2 times higher for OC), while thare slightly lower for
diesel (Table 2). This shows that the use of Liewgtsal., (2014) EFs underestimate EC and OC emnis$br on-road gasoline
motor comparing to what would happen if using oisEalues whereas of the same order of magnitudenfsoad diesel

motor.

EFs for two-wheeled (TW) vehicles were also clasdificcording to their age (old and recent), aedt #ngine type (two or
four strokes). Indeed, it is important to recadlttdue to the use afvery polluting mixture of gasoline and olil, theotstroke
engines were distinguished from the four-strokeirgyFor recent TW two-stroke engines, EC and OC EF2&® + 1.40
g/kg and 25.71 + 1.10 g/kg respectively, while,10+10.01g/kg and 0.45 + 0.13 g/kg are found forergcTW four-stroke
engines. In addition, for old TW two-stroke engine€ and OC EFs are 3.45 g/kg and 124.21 g/kg c&spéy, while, 3.66
o/kg and 25.46 g/kg are found for old TW four-seangines (Table 3). This shows that, TW two-strekgines globally
emitted much more carbonaceous particles (espg€éllparticles) than TW four-stroke engines. ThHaga EC and OC EFs
for two-stroke engines can be explained by incotepgtembustion due to the gasoline-oil mixtures usetese engineJhis
has already been highlighted by Volckens et alg8or particulate emissions when studying twaistis engines. In
addition, the old/recent ratio of EF(EC) for TW+Rokes is around 1.5. While the same ratio for EEY@ around 5, which
is 3 times greater than that of EF(EC). Similafty, TW-4 strokes, the old/recent ratio of EF(OCaifactor of 2 greater than
the ratio of EF(EC). That shows that OC emissiaesnaore enhanced (doubled or tripled) in older Tétigles compared
with those of EC.

Mean road equivalent two-wheeled vehicle Bbtined for EC and OC (Table 3) are both veryeclosthe values used by
Assamoi and Liousse, (201@hich is the only regional two-wheeled vehicle inigry specific to Africa. These values were
used in Liousse et al., (2014lso, EF(EC) and EF(OC) mean values from thislgtare both above the upper limit of the
TW EFs given by Bond et al., (2004) which corresptmthe TW EFs that these authors consider foicAflComparison of
these new values with those used in the Bond ,g24104) inventory shows that this global inventangderestimates EC and
OC emissions from two-wheeled vehicles in Africartizularly in West Africa.

These higher EFs may be explained by the factAfiadan TW two-stroke vehicles are often older astond hand (used)
vehicles imported from Europ&loreover, Assamoi and Liousse, (2010) have showahdHarge proportion of the fuel used
by two-wheeled vehicles in West Africa is adultechiind smuggled and thus of poor quality comparé&itopean standards
as shown by UNEP, (2016). It can be seen in Figutretfossil fuel (FF) sources (diesel, gasoline) haveBd@h the range
between 0.9-1, aside from two wheeled two strolgirers (TW 2T), which have a MCE of 0.65. As expdcfBWV 2T with a

mixture of gasoline and olil, presents a less efitod®mbustion with more abundant smoldering prosluct
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4.1.3 Particulate EFs for open trash burning

EFs of pollutants for open trash burning were dalted using Equation 1 adapted for this sourcéhdhcase, Equation 1 was
multiplied by carbon oxidation factor (COF) definad the ratio between the amount of burned carbdnttze amount of
carbon initially present in the sample. Carbon enhof household waste (trash) of 46% was useddinuat al., 2013 ;
Wiedinmyer et al., 2014) with a COF of 58% (Fiedd¢il., 2010). The averaged EFs for open trashibgiare presented in
Table 4 with associated standard deviation. Dusingmeasurementdifferent phases were observed during each tegtlsam
with different predominance from one test to anofffégure S4)the flaming phase was predominant during the acstibn
of dry trash while the smoldering phase was predanti for wet trash burning. These various fire syp@d the trash
composition explain the relatively high value oé thssociated standard deviation. EF expressegar gg-trash (g/kg) of
EC, OC and TPM, are 2.80 * 3.30, 6.44 + 4.60 an8®BZ 32.90, respectively. As expected, trash Imgreimits more OC
than EC. In addition, the relative high value oM Buggests that other kinds of particulate matacli as ions or metals) are
also emitted during trash burning. When comparialges found during this study to those of Christaal., (2010) which
deals with carbonaceous particles EFs, it is nttatt EF(OC) are of the same order of magnitudeleithe EF(EC) of our
work is higher than that of Christian et al., (2Dp&6th a factor 4 of difference. This high EF(E@uhd in the present work
may be explained by differences in the solid tresimposition from Cbéte d'lvoire and Mexico, where theasurements of
Christian et al., (2010) were carried out. Moregitecan be also explained by the fact that mamihg was sampled during
our measurements. Finally, the use of EC EFs frdwmis@an et al. (2010) in several global inventsri@ould underestimate

EC emissions from trash burning in West Africa.

4.1.4 Emission factors of volatile organic compoursd

Volatile organic compounds (VOC) were measuredeanission factors estimated for the first time to knowledge in West
Africa. Fifteen common VOC speciess(@ Cio) were identified and quantified from sorbent tubeasurements and are
reported in Table 5. The selection of these VOC reteted to their identification by both analyticaéthods implemented
during this study.

Globally, the dominant VOC species emitted durikgrieasurements include toluenetp-xylene, 1,2,4-trimethylbenzene
(124-TMB), ethylbenzen@-xylene, 1,3,5-trimethylbenzene (135-TMB) and haptal hese compounds are important species
in terms of atmospheric reactivity, generally inxgd in photochemistry processing and in the foromf secondary
pollutants like ozone (Pandis and Seinfeld, 2086)matic compounds also have high secondary orgaatiasol potentials
(Derwent et al., 2010). While they are usually a&ged to biogenic emissions (Kesselmeier and $td989), isoprene and
terpenes (limonene;pinene ang-pinene) were also observed in the EFs of almbahéhropogenic sources. Table 5 presents
EF values of such species for all the studied smurit is important to note that standard deviatialues are high, reflecting
the range of uncertainties linked to the two setr@flysis (see methodology section) and also tdiffexent sources associated

to the emission sector analysed.
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As it may be seen, road traffic VOC EFs preserttechighest values, especially for two-wheeled ttwvoke engine (TW 2T).
The EFs for TW are up to three orders of magnigréater than those observed for diesel vehicles/fhduty diesel vehicles:
HDDV; light duty diesel vehicles: LDDV) and lightuty gasoline vehicles (LDGV). They are dominateddtkanes and
aromatic compounds (Tsai et al., 2003). Likewise highlight the presence of isoprene and terpengs@ns in TW sources,
whose contribution cannot be neglected. In termsngfine differences, 4-stroke engine emissionsitvadr EFs than those
observed for 2-stroke engines. This result is ireagent with other works (Tsai et al., 2000; Moatet al., 2010), which
analysed the concentration of individual VOC in thigpipe exhaust showing the differences betwestréke and 4-stroke
engine emissions.

Gasoline vehicle EFs are higher than diesel vehiated they are dominated by aromatics compoundiidimg xylenes,
trimethylbenzenes and toluene (45%, 25% and 15%eotisely, in relative contribution %weight). Theaim differences
associated with both fuel emission profiles wetatesl to the higher relative contribution of bere¢d7% for LDDV) and
alkanes (18% for HDDV) for diesel vehicles. Chataoaking (CHM), wood (FW) and charcoal burning (GHiissions were
characterized by the abundant presence of alkhragene, and xylenes. Particularly in the cas&\ftErpenes and isoprene
show important contribution to the total sum of ssions (15% and 13% respectively). The most abund@tC species
observed for open trash burning (WB) were terp€B886) followed by toluene, trimethylbenzenes, beezand alkanes
respectively. The sum ofs€C;0 VOC for this study show a similar EF range in camigon with the sum of volatile organic
compounds found in the literature (Christian et 2010). Despite of the uncertainties associatedaith method, high
variabilities were found from different measurenserglated to the same emission source. For instdneé/VVB emission
factors presented a high standard deviation (U®@86). This deviation could be related to the éftéanany factors the can
impact the burning process, including the combusfiocesses, the fuel chemistry, moisture, and geégngAndreae and
Merlet, 2001).

Individual VOC species were aggregated into spegieaps as proposed by the GEIA initiative thatev@troduced in the
last EDGAR VOC inventory (Huang et al., 2017) (TexbB4, S5 and S6). In this way, a larger VOC databes considered,
including 12 species of terpenes, intermediated ¥QZOCs from C11-Cl@-alkanes), ketones and carbonyls compounds
for a reduced number of sources (Table S4). The differences obtained from this exhaustive speriatere related to the
contribution of heavy alkanes (VOCS6, being the i\&X@ie most important fraction (50%)) and aldehy&3C22, 13%) for
HDDV sources. The contribution of heavy alkanesrirdiesel was also observed in other studies (AlaHet al., 2014;
Dunmore et al., 2015). In the same way aldehydesemted a considerable contribution in CH and CHihissions and
terpenes were also significant (14%) in wood bugremissions (FW).

The determined EF for gasoline (LDGV) and diesédlV and HDDV) vehicles and wood burning have beempared
(Figure 5) to the ones from the literature (McDahat al., 2000; Gentner et al., 2013; Evtyuginalgt2014) in order to
evaluate the magnitude of the West African anthgepic emissions of VOCs. Numbers are reported inleT&7 of the
supporting information. Regardless of the motoi@atthe EFs in West Africa are higher than the mesent ones reported
in California in the Cadelcott tunnel by Gentneakt (2013). The differences span two orders ojmitade. The EFs for
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wood burning are also higher by between a factd® ahd a factor of 100 than those reported initkeature for different
types of hardwood used in woodstoves and fireplée€igsire 5). The presence of isoprene and monatepim WB emissions
is also observed in the literature. However, is study, their levels are as significant as thesai@romatics compounds.
These new VOC data were also used to evaluatenfssien inventories in Cote d’'lvoire as a firsteatudy. VOC emissions
were calculated by combining the new speciated \ERS and statistical activity data provided by Inggional Energy
Agency (IEA) and then compared with those provibdgthe EDGAR inventory (EDGAR v4.3.2) for the rdaansport sector.
For that purpose, the fifteen VOCs were aggregatedrding to GEIA VOCs groups (Table S4, Huand.e2817). In Figure
6 the road transport emissions for the year 20X26ite d'lvoire are compared. Notwithstanding tHected number of VOC
species, a large discrepancy can be noted betwatdnpbofiles (Figure 6a): the EDGAR inventory urelimates VOC
emissions by a factor of 50. In terms of compositibe main differences are observed for VOC6 gie«@6 alkanes), which
presents a greater contribution in the EDGAR inegntThis disparity could also be related to the ¥OC species that were
analysed for VOCG6 group in our study. In contraspmatics compounds dominate the updated emissi@ntory, especially
for C8 and C9 compounds (40% and 25%, respectietyre 6b). Since the reactivity is different fach species, the
inaccuracies in the VOC speciation have also caresszes in the estimation of their impacts. Thedgaof measurements
and sources profile data in Africa were previoustinted out in the development of EDGAR inventomhich leads to
consider the priority of this region for future entory improvements (Huang et al., 2017). Our tsgliow that emissions of
anthropogenic VOCs by actual emission inventorjangely underestimated and show the usefulneisssifu measurements

in real conditions to derive realistic emissiontéais and subsequent emissions of better quality.

4.2 Combustion chamber measurements for fuelwood lbing
4.2.1 EF comparison between field and combustion amber measurements for wood burning

Table 6 summarizes EFs of EC, OC and TPM carrigdrothe combustion chambers. As it may be seefq £F values
obtained with the same methodology “filter sampliage a factor of 16 and 11 higher than those afrieanezan combustion
chamber for EC and OC respectively, and a factofi@®fand 28 higher than those of Edinburgh combnstizamber.
Quantitavely, it may be seen that a dilution factbaround 8 exists between field and combusticandber measurements.
Indeed CO/CQ@field measurements=(0.32) are 8 times higher than that of Lannemezad.@4), and C®is roughly the
same. The same factor is obtained for thg EEFannemezafatio for EC and total mass. This is not so cleigin the Edinburgh
results. Edinburgh and Lannemezan MCE results gshatithere is more flaming during these tests thaing the field tests
due to higher MCE~0.94) rather than in the fiele 0.76).This important difference between field and comimmsthamber
results may be linked to many factors such as iffiereint combustion conditions (different MCE) atie high dilution of
plumes occurring in combustion chambénsleed, field EF measurements are performed mitte plume before it dispersion.

In terms of quantities, ground field values arerespntative of primary emissions, which have tcd@puted in emission
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inventories algorithms. Finally, we have comparés EEC and OC) obtained at Edinburgh combustiomblea with two
sampling methodghe method using the filter sampling and QTRAK-Z%n one hand and the AMS-SP2 and FPA CQ-CO
analyser method on the other hand. MCE obtaineu RRA are slightly higher than those of QTRAK, wh&hows a stronger
flaming condition. But the differences are morermmanced with EFs, where EFs(EC) obtained from AMPR-8easurements
are 100 times higher than those obtained fron fitiethodologyThese differences in addition to those listed aboag be
due to the carbon measurement method (thermal mhéthdilters (EC) and incandescence method usisgngle-particle
methods for SP2 (BC) (Petzold et al., 2013)).

However, it may be underlined that, combustion d@nmeasurements are very complementary to groelddmieasurement.
First, it allows more measurements to be perforthad on the ground. Second, it allows a better tgtdeding of the impact

of combustion processes on aerosol compositiorsaedclass (e.g. PM2.5, PM1).

4.2.2 Wood burning EFs per size-class

Relative contributions of different size classesi{®, PM2.5, PM1, and PMO0.25) to total size of ECQ &C EFs are shown
in Table 7. As it may be seen, such a contribudess variable for EC EFs from fine particles (™ 81%) to ultrafine
particles (PMO0.25: 77%) than for OC EFs which vafi®m 72% to 51% for PM2.5 and PMO0.25, respecjivEhis means
that EC EFs particularly predominate in the ultiafsize fraction. This results is in line with theported by previous works
on fuel wood burning (Guofeng et al., 2012; Damirlet al., 2011; Purvis et al., 2000). Table 7 alsows that EC/TC is
consequently different in the different aerosokdiaction with bigger values in the ultrafine §68.094) than in the coarse
ones (0.064). The domination of fine particles frim@lwood burning is a health concern for those whke wood for cooking,
since fine particles can penetrate deeper intduthgs and are often associated with many toxic aamgs (Englert, 2004;
Pope et al., 2009; Val et al., 2013).

5. Conclusion

This study characterized the emissions of manycssuspecific to Africa. EFs of EC, OC, TPM and sfiext VOCs were
determined for biofuel (tropical fuelwood, charcaald charcoal making), fossil fuels used in traffjasoline and diesel) and
trash burning. Ground field EF measurements werimeed for all studied sources as well as in costibn chambers for
Hevea fuelwood in order to obtain EFs per sizetioas.

During field measurements, several tests were pagd per sources studied here in order of to getrtbre representative
EFs for each source¥he mean EF of EC, OC and TPM are 0.98 + 0.46)5.%.4.55, 41.12 + 24.62 g/kg fuel for wood
burning and 0.65 + 0.30, 1.78 + 2.80, 12.75 + 90 fuel for charcoal burning, respectively. Nttat EF(OC) for wood
burning emit more particles than charcoal burniPayticle EFs for biofuel burning are comparablthtorange of those found
in the literature (measurements and values used/éntories in Africa). In the combustion chamberasurements, the EFs

of the particles for Hevea wood burning per sizsslshow that EC is mainly in the fine fractidihe significant difference
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between the combustion chamber and field measutsrsaggests that EFs and chemical compositiontayegty affected
by variables that differ according to field anddaditory procedures. Even if ground field values ragge representative of
primary emissions, combustion chamber allows téoper more measurements than in the field, allowingetter understand
the impact of wood combustion processes on aeromwmiposition and size class: these two types of aneasremain
complementaryEFs for fossil fuel burning in traffic are stronglgpendent on vehicle age. The older the vehitieshigher
EF values for carbonaceous particles are and anetsnes up to 100 times higher than the EF valaasad in the literature
generally for recent vehicl@hese older vehicles are the most used in Afrezamtries and can be characterized as typical
“African EFs”.In contrast, particles EFs for recent (under 10ye#l) vehicle models are slightly the same tolishbd EFs
values for gasoline and of the same order of madaifor dieselThe mean EF of EC, OC and TPM are 0.62 + 0.49) 1.
0.77, 7.0 + 2.80 g/kg fuel for road gasoline ar@B3t 1.96, 2.14 + 1.20, 34.70 + 20.13 g/kg fuelrimad diesel, respectively.
Finally, the EFs of more than 50 VOC have beenrdgte=d for the first time in West Africa and intaggd to the GEIA VOC
groups being available for the development of eimsBventoriesThese EFs showed that emission profiles are doednat
by aromatics (up to 80% for some traffic-relatedrses). The greatest emissions are observed fostnoke two-wheelers
which can be higher than three orders of magnitasepared to the EFs observed from LD and HD vehidibe presence of
terpenes in biofuel burning emissions was conshderas well as heavy alkanes (iVOCs), reaching 06 in diesel related
sourcesComparison to recent literature worldwide points e greatest levels of anthropogenic African BFfOC and
the relevance of in-situ measurements to derivistieaand representative emission factors. Suchsmeements should be
completed with experiences under controlled cooagi

This original database will be useful for improviagd updating African emission inventori@ghich will reduce emission
uncertainties and better assess impacts on clirmtguality and healthThe emissions obtained with these new EFs in this
study can also help to identify key source categoriThis could help policy makers implement newigiesd to mitigate

emissions from major emitting sources.
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Table 1: EFs of residential sources for this study and thosieom literature

Emission EF (g/kg fuel) MCE
Type Reference
sources EC ocC TPM OC/EC
Wood Iroko This work 0.52+0.39 6.50+1.98 16.50 + 2.58 12.8  0.92+0.02
gfgsking Hevea 1454061 1561+6.44 6574+30.00 107  0.7620.12
Mean 0.98 +0.46 11.05+£4.55 41.12 +24.62 11.2 0.7®20
Brocard et al., 1996 0.55 +0.30 5.0 +3.60 nd 9.1 0.93
open Akagi et al., 2011 0.83+0.45 2.89+1.23 4.55 +1.53 35
stove Akagi et al., 2011 0.74 £0.37 1.92+0.90 3.34+1.68 2.6
Liousse et al., 2014 0.90 2.70
Char_coal This work 0.65 +0.30 1.78 £2.80 12.75+9.03 2.7  0.83+0.06
gfgsklng Brocard, 1996 0.20 2.00 nd 10
Roden and Bond, 2006 0.20 1.50 nd 7.5
Liousse et al., 2014 0.75 2.30 nd 3
Charcoal This work 0.22 £0.16 3.93+1.01 40.12 £ 22.26 175  0.76%0.0
making Cachier et al., 1996 0.46 +0.10 4.40 +0.60 nd 9.6
Brocard, 1996 0.40 3.60 nd 9
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10

Table 2: Emission factors for gasoline and diesel laeles by age group and those in the literature, &m different measurement

methods.
EFs (g/kg fuel)
Fuel Age Study
EC oC TPM MCE
Gasoline  Recent LDGV ~ 0.001+0.001 0.042+0.04 2303 0.99+0.00  This work
Old LDGV 1.03+0.83 1.80+1.26 9.63+4.44  020.04
LDGV 0.62+0.49 1.10£0.77 7.00+2.80 0.94-0.99
0.15 0.73 nd 'é'é’l‘fse etal,
0.08-0.43 0.19-5.40 nd Bond et al., 2004
Diesel Recent LDDV 1.26+0.66  0.60 +0.25 9.13@84 0.99+0.00  This work
Old LDDV 474+32 297+171 5362+33.0 090.02
Recent HDDV 0.35+0.01 0.72+0.15 6.70 +0.58 6G:®.00
Old HDDV 343+17  371+23 47.14+288 090.02
LDDV 335+220 203+1.13 35.82+21.44
HDDV 220+1.05 250+1.43  31.0+15.80
ROAD (mean) 3.08+1.96 2.14+1.20 34.70+20.13 This work
ROAD (mean) 5.00 250 nd nd 'é'é’l‘fse etal,
ROAD (mean) 1.30-3.60 0.40-1.10 nd nd Bond et an42
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Table 3: EC and OC EFs for Two Wheeled (TW) vehicles afur study and those of the literature

5
Emission EFs (g/kg fuel)
Type OC/EC Reference
source EC oC TPM
TW two-strokes Recent 2.26+1.4 2571 +1.1 238.3+193 11.37 s Wark
vehicles
Oold 3.45 124.21 883 36
Mean 2.74 65.11 496 23.8
Tw four-strokes  Recent 0.11+0.01 0.45+0.13 5.37 +4.64 4.1 Wosk
vehicles
Oold 3.66 25.46 500 7
Mean 1.53 10.46 203 6.8
Road TW Mean 2.13+0.42 28.46+0.40 420.52 13.36 This work
Road TW 2.31 30.56 nd 13.23ssamoi and
Liousse, 2010
Road TW 0.71-1.40 11.25-22.50 nd 22.89 Bond et al.
2004
10
15

36



Table 4: EF for open solid trash burning of this stug and those literatures

10
o EF(g/kg trash)
Emission source Reference
EC oC TPM
Trash burning 280+3.33 6.44+4.60 87.9+32.9 This work
0.70 5.30 nd Christian et al., 2010
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Table 5: EF values of VOCs species for the studiedwes : Heavy Duty Diesel Vehicles (HDDV), Light Dut Diesel Vehicles
(LDDV), Light Duty Gasoline Vehicles (LDGV), Two-wheel@ 2-strokes vehicles (TW 2T), Two-wheeled 4-strokeshicles (TW
4T), Fuel wood (FW), Charcoal (CH), Charcoal Making(CHM) and Trash Burning (WB)

EF HDDV LDDV LDGV TW 2T TW 4T FW CH CHM WB
(g/kg fuel)

heptane 0.23+0.16 0.18+0.13 0.44+0.15 473371 13.7+6.10 0.04+0.04 0.55+0.40 2.93+2.70 9.34%11.6
octane 0.74+0.46 0.21+0.10 2.36+0.40 470423 8.09+4.00 2.38+2.30 0.87+0.50 2.25%#1.70 6.31+9.10
iso-octane 0.09+0.07 0.21+0.15 0.04+0.03 204+217 0.74+0.17 0.37+0.60 0.42+0.59 0.14+0.04 0.40%0.60
benzene 0.68+0.27 5.60+2.80 4.78+0.40 379+279 32.0£8.50 2.00+1.98 8.64+12.0 4.20+0.12 19.1+19.0
toluene 0.58+0.17 3.10+1.80 34.7+18.6 11344830 95.0+32.2 1.53%#1.52 3.60+4.30 4.64+2.00 35.5+45.6
m+p-xylene 0.70+0.26 1.06+0.27 63.4+1.07 13344810 56.3+21.0 1.43+1.42 2.17+2.04 2.63+1.70 5.50+8.60
o-xylene 0.32+0.15 0.56+0.22 30.1+3.43 793#536 25.0+9.33 0.16+0.47 0.51+0.50 0.73+0.22 0.37+0.43
ethylbenzene 0.25+0.11 0.82+0.37 15.6+3.15 8144590 40.6+16.1 0.24+2.07 1.74+2.07 0.80+0.25 27.8+34.3
135-TMB 0.33+0.21 0.52+0.14 10.8+0.56 484+386 9.17+4.00 0.07+0.02 0.02+0.02 0.35+0.14 2.01+2.88
124-TMB 1.2940.96 1.73+0.34 34.6+0.84 1122+729 30.5+139 0.06+0.08 0.11+0.08 0.94+0.32 1.75+2.12
123-TMB 0.50+0.40 0.71+0.14 5.84+0.36 309+195 6.62+3.12 0.65+12.7 7.74+127 1.58+0.55 0.57+0.77
isoprene 0.02+0.02 0.06+0.06 0.41+0.35 28.3+28.6 1.97+0.84 1.69+0.20 0.20+0.20 0.70+0.25 2.67%4.32
limonene 0.07+0.06 0.02+0.01 0.00+0.00 7.03+x10.0 0.08+0.07 1.91+1.87 0.20+0.20 0.30+0.28 68.3+77.3
a-pinene 0.04+0.02 0.00+£0.00 0.01+0.01 28.7+29.3 0.13£0.13 0.00+£1.50 0.83+1.40 0.04+0.01 0.21+0.37
b-pinene 0.06£0.05 0.01+0.00 0.05+0.03 17.4+22.0 0.15+0.01 0.03+1.72 0.99+1.72 0.05+0.04 1.02+1.20
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Table 6: EF for fuelwood burning of this study for ground field and combustion chambers measurements

10
EF (g/kg fuel) MCE
Measurements Methods
EC oC TPM
Ground Field Filter 1.216 13.11 55.22 0.76
Lannemezan Filter 0.078 1.13 6.658 0.94
Edinburgh HF1 filter 0.095 0.557 2.790 0.93
hF1 filter 0.049 0.356 2.194 0.95
HF1: AMS, SP2 0.444 0.742 nd 0.97
hF1l: AMS, SP2 0.352 0.674 nd 0.98
15
20
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Table 7: Relative contribution of EFs (EC) and EFs (O¢for wood burning per size classes to total size

Size-class EF (EC) EF (OC) EC/TC
PM10 86% 72% 0.064
PM2.5 81% 72% 0.062

PM1 82% 59% 0.078
PMO0.25 77% 51% 0.094
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