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15 Abstract.
A number of campaigns have been carried out tdksitathe emission factors of pollutants from faembustion in West
Africa, as part of work package 2 (‘Air Pollutioma Health’) of the DACCIWA (Dynamics-Aerosol-CheitnisCloud
Interactions in West Africa) FP7 program. Emisssmurces considered here include wood and charewmairly, charcoal
making, open waste burning, and vehicles includingks, cars, buses and two-wheeled vehicles. Eonigactors of total
20 particulate matter, black carbon, primary orgamicbon and non-methane volatile organic compound4\8IC) have been
established. In addition, emission factor measurgsnerere performed in combustion chambers in ot@eeproduce field
burning conditions for tropical hardwood, and obtparticulate emission factors by size (PM0.25, PRIY2.5 and PM10).
Aerosol samples were collected on quartz filtes amalysed using gravimetric and thermal methotls.@mission factors of
50 NMVOC species were determined using systemdfiine sampling. Emission factors from wood bumifor black
25 carbon, organic carbon and total particulate maveme 0.8 + 0.4 g/kg of dry matter (dm), 9.29 +283d¢8kg dm and 34.54 +
20.6 g/kg dm, respectively. From traffic sourcés, highest emission factors for all particulatecggewere emitted from two
wheeled vehicles with two-stroke engines (2.74 dle for black carbon, 65.11 g/kg fuel for organirbon and 496 g/kg
fuel for total particulate matter). The emissiofidNdIVOCs were lower than those of particles for sdlurces aside from
traffic. The largest NMVOC emissions were obserf@dtwo-stroke two-wheeled vehicles, which weretaghree times
30 higher than emissions from light-duty and heavyydighicles. Isoprene and monoterpenes, which arallysaassociated with
biogenic emissions, were present in almost all rapibgenic source categories and could be as signifias aromatic
emissions in wood burning (1 g/kg dm). Black carbas primarily emitted in the ultrafine fractionijtiv77% of the total
mass being emitted as particles smaller than On25Tjhis study observed higher particle and NMVOGssion factors than
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those in the current literature. This study undesithe important role of in-situ measurementsdrivihg realistic and

representative emission 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: naturalrees with Sahelian and Saharan dust emissionsinemlith anthropogenic
sources including biomass burning, traffic, indystesidential cooking, power plant emissions atiteis. Up to now, dust
and biomass burning were considered to be predainarad many studies have been conducted on theseeso However,
due to urbanization and population density increaisénas been seen that anthropogenic emissiokedito urban activities
could be as important as the “well-known” sourcekiticorena et al., 2010). Second, up to now, éxgected emission
increase has not been accompanied by any regudatibnothing is done sooner, the climate and heaftpacts could be
significant by 2030 (Liousse et al., 2014).

In West Africa, domestic fires (for cooking) andffic have been identified as the main anthropagsources of carbonaceous
particle emissions (Liousse et al., 2014; Malavetlal., 2011; Liousse et al., 2010; Marticorenalgt2010). Andreae and
Merlet, (2001) have already shown that domestésfirsed for cooking are an important source ofamyroarbon worldwide.
Globally, more than three billion people use sdliels such as charcoal, agricultural residues amabwwhich are known to
be the main source of energy in households (Anendved Bayer, 2013), where more than 90% of thiseoption occurred
in developing countries (Wang et al., 2013). Ini¢dr traffic emissions are characterized by an@f#et (more than 80 %
are second-hand vehicles) (Kablan, 2010). Moshe$é vehicles are more than 20 years old (Ministrjransport, 2012)
and are as such highly polluting due to inefficieabustion (Boughedaoui et al., 2009). Robert.e{2007) and Peltier et
al., (2011) have shown that traffic vehicle emiadiactors depend on the type of engine, its maartee, its age and the fuel
it uses, as well as environmental conditions. Imsacountries in the region, it is also importanéte the importance of two-
wheeled vehicles (two- stroke or four-stroke engjnesing a mixture of oil and gasoline derived fremuggling (Assamoi
and Liousse, 2010).

In addition, there are sources that emit very lytels of pollutants such as solid waste burningictv have not been well
studied. In most African countries, solid wastdexilon systems are insufficient, leading some petpchoose to remove
waste using open burning (Wiedinmyer et al., 20nany African countries, open burning occurputlic landfills due to
the lack of a modern incinerator.

One approach to quantifying air pollution and imggaand to formulating emission reduction strategieto use atmospheric
modelling tools which require emission inventodsssource data (Bond et al., 2004; Junker and &&u08; Granier et al.,
2011; Smith et al., 2011; Klimont et al., 2013).iEsion inventories are built based on activity aptlutant emission factor

(EF) data. However, none of the above-mentionedcssiare well documented.
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The existing emission inventories are often glaal involve many uncertainties, particularly iniéér (Assamoi, 2010). The
emission inventory uncertainties result on one hdman uncertainties in the activity and emissiactbér data themselves
(Liousse et al., 2014; Bond et al., 2013; ZhangBaad, 2009; Zhao et al., 2011), and on the othed li@m spatial keys used
to geographically distribute pollutant emissionkefiefore, the use of local activity data and erois$actors derived from
local measurements on Africa-specific sources nedy to reduce uncertainties in emission inventories

In the past, several studies have focused on b®masing emission factors in Africa. Andreae aneflet (2001) and Akagi
et al. (2011) have conducted studies to compilewdilable biomass burning EFs for a number of gasend particulate
species. EF measurements for traffic vehicles micAf however, are very rare and sometimes norteaxisvhich means that
even in the existing African Regional Inventoryetature EFs must be used (Liousse et al., 201ghlyfng such values to
developing country values is a large source of Hatsies.

Moreover, different methods for measuring EFs mase glifferent results. These differences are relatethe sampling
method: for example, in the traffic sector, we a@te measurements at the exhaust pipe with portaeblépment,
measurements using on-board tools in vehicles, mea®nts in road tunnels, measurements using resgoteing and
measurements in the laboratory (e.g combustion beantest bench) (Franco et al., 2013). Each afetlexisting methods of
EF measurement has its strengths and weaknessese tiferences are also due to the different faituanalysis methods
(that is the case for carbonaceous particleserimg of pollutants, it is necessary to focus obh@aaceous aerosols (organic
carbon and black carbon) since carbonaceous aerasothe main constituents of the particle phasmmbustion activity
emissions. It is also interesting to study non-raeéhvolatile organic compounds (NMVOC). The emisdgarctors of these
components is not well-known despite their expedtgohct on air quality and climate for Particulatter (PM) and on
ozone and secondary organic aerosols (SOA) formdioNMVOC (Matsui et al., 2009; Yokelson et &009; Sharma et
al., 2015).

Our study is included in the frame of the DACCIWByfamics-Aerosol-Chemistry-Cloud Interactions in &V/éfrica)
programme (Knippertz et al., 2015) within work pagk 2 (WP2), which focuses on air pollution andltheempacts.
DACCIWA WP2 has many tasks including one on emisgiwentories. In this framework, several campaimgnseasure EF
were performed.

This work aims to provide a database of EFs faaltparticulate matter (TPM) mass, black carbon (B€)mary organic
carbon (OC) and combustion gases (NMVOC) for puiusources specific to Africa. The focus was omdstic fires using
wood and charcoal mostly for cooking, charcoal mgkind solid waste disposal by open fires. Emissielated 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 1, this paper describes the main studieidan emissions sources and the methodology tsethiculate EFs.
Section 2 deals with the results of field EF measwnts including a comparison with literature valul this section,
combustion chamber EF results are also added.
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2 Methodology and materials

Two types of measurements were carried out inrdmad of DACCIWA WP2 for emission factor measurenmegeriments:
field measurements for all studied sources and estitn chamber measurements for fuelwood. All ERsneements were
carried out in the plume, at 1-1.5 m from the costimn source.

2.1 Emission factors

Emission factors are defined as the amount of tailuemitted per kilogram of burned fuel. EFs aggedmined using the
carbon balance method (Ferek et al., 1998, Radks.,e1988, Ward et al., 1982). The amount of carbmitted to the
atmosphere during combustion and that containezh@h fuel allow an estimation of the amount of fueint. The EFs are
determined from concentration measurements in liragand in ambient air outside the emission s@uféesvious 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 reabtnto estimate the
emitted amount of carbon from CO and £&ncentrations by neglecting hydrocarbons andgbest implying a minor
overestimation of EF values (Pant and Harrison3261hll et al., 2012; Chen et al., 2007; Guptal e2801; Yokelson et al.,
2007; Shen et al., 2010; Roden et al., 2006).

AL

e 3
EF(x) =T*fC*MCE*1O (Eql)

where EF (x) is the emission factor of the polttitain g / kg fuel burntA[X] =[X] smoke— [X]backgroundiS the mixing ratio of x
in fresh smoke plume and background air, respdgtiitas noted that ambient concentrations of TR, OC and NMVOC
before combustion are assumed to be zero); MMhiestolar mass of x (gmél and 12 is the molar mass of carbon (g:mol
1; MCE is the modified combustion efficiency andsfthe mass fraction of carbon in the fuel.

The modified combustion efficiency (MCE) is definast

_ a[co2]
MCE = Alcoz]+a[co] (Eq2)

The MCE depends on the relative importance ofwerhain phases of combustion: the flaming and devagig phases. The
flaming phase is characterized by very high tentpeeacombustion and oxygenation, and the smoldepimase by low
temperature and oxygenation (Ward and Radke, 1998)n laboratory tests on biomass burning, sevau#thors have
demonstrated that MCE is around 0.99 for pure flan§iChen et al., 2007; Yokelson et al., 1996), eauiks between 0.65-
0.85 for smoldering (Akagi et al., 2011). In thimidy, an average MCE was determined for each stusiirce from

measurements.
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2.2 Description of field measurements

Three field campaigns of emission factor measurésneare performed as part of DACCIWA WP2. The firsMarch 2015
in Abidjan, the second in July 2015 in both Abidgmd Cotonou, and the third in July 2016, also bidfan.During these
campaigns, several sources were studied. (1) Opléhwaste burning fires: Eight EF measurementsewearried out at
5 “Akouédo” landfill, the largest (153 ha) and théicl landfill site in the east of Abidjan Disttidn eight measurement points
chosen to represent the combustion of waste dtyeidiy, wet, old or fresh waste). These measurésnerre carried out in
the ambient atmosphere within a combustion plurnatéxr about 1-1.5 m above the source. (2) Chaeswhivood burning
fire: Eight samplings were carried out for charcbatning EFs, including six in Abidjan and two imtGnou. For wood
burning EFs, four measurements were carried otbidjan using two different species of tropical it&n hardwood, Hevea
10 (hevea brasiliesis) and Iroko (Milicia Excelsa)spectively. These two wood species of tropical Wwaxatl have different
characteristics and are mainly used in urban doea®oking, heating and services (bakeries, pgiatts, etc.). During these
measurements, wood and charcoal were burned itypes of stoves traditionally used in the West &gri region for cooking,
made of metal and of baked earth. These measursrimaitide different phases of combustion (pyroly#isming and
smoldering). (3) Charcoal making fire (CHM): Eigasts were carried out on traditional charcoal mgkirnaces, 3 of these
15 8tests were located in the outskirts of Abidjad &rests in a rural area at 2 km far from the leaggophysical station (Lamto
is 260 km far from Abidjan). The CHM kiln was prepd by charcoal producers who use all types oflalviei dense wood.
The kiln was covered with a layer of leaves andyai of earth of about 10 cm thick. The draugh¢deel for the propagation
of the pyrolysis, comes from an air circulationviee¢n the base of the kiln and a row of holes made orizontal plane,
which are closed when the charcoal producers opersv row below the previous one. The smoke wapleahat the holes
20 made in the CHM kiln. (4) Combustion of fossil faeh the traffic sector: EF measurements were exhrout on several
vehicles in Abidjan and Cotonou: cars, buses, suniopeds, gasoline and diesel vehicles. Both nedgf 10 years) and old
vehicles (over 10 years) have been studied. Fdr 8ge of vehicle, at least two tests were perfatnsémulating several

engine speeds. During these tests, the samplegsakene in the plume, 1-1.5 m from the exhaust pipe.

25 2.3 Field measurement and sampling equipment

According to equation (Eql), it is necessary tongifiathe amounts of COand CO emitted to the atmosphere to determine
the amount of carbon emitted during the combusiiath calculate the MCE. The QTRAK-7575, developed 8} was used
to measure Cgand CO gas concentrations. This allows the measntof real time atmospheric @énd CO concentrations.
The CO concentration is determined using an elelstmical sensor with a sensitivity of 0 to 500 ppith + 3% accuracy.

30 The CQ concentration is measured using a non-dispersifrared detector with a sensitivity of 0 to 5000npmvith an
accuracy of + 3. The difference between,@ad CO in the fresh smoke plume and the backgrairrallowed the amount of

carbon emitted into the atmosphere during each sagrp be obtained. NMVOCs were actively samplsihg sorbent tubes
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containing multisorbent materials (Perkin-Elfhand TERA-Environnement), previously conditionedfloyving purified air
through them at a rate of 100 mL mjrfor 5 hours at 320 °C using an adsorbent theraggnerator. Duplicate near-sources
measurements were performed for 15 minutes usimgraual pump (Accuro 2000, Draeger) with a contcbflew of 100
mL.min. The particle collection line consisted of a pumith a flow rate of 9.5 litres per minute (Ipm) feampling all
particle sizes, a volumetric counter for quantifysampled air volume and a filter holder on whicjuartz filter was mounted.
Before sampling, the filters were cleaned by hegfiim 48 hours at 340° C. After sampling they wegpt at a temperature of

5° C to avoid any contamination of the samples.

2.4 Combustion chamber measurements

Combustion chamber sampling took place in a chamlygre plumes from emission sources were conveyberefore,
concentrations were diluted compared to the measmts carried out on ground field at the sourchs.t€sts were conducted
in two combustion chambers with different configioms. The combustion chamber of Lannemezan (Gu#ibal., 2013)
(Laboratoire d'Aérologie, UMR 5560, Toulouse, Frend the combustion chamber at the Universigdifiburgh’s School
of Engineering were used. In Lannemezan, the darkah chamber (10m x 4m x 4m) allowed measurenséobncentrations
at low temperatures, in a homogeneous atmosphegeewio photochemistry occurred. The fuels were duliiin a stove
connected to the combustion chamber by a chimrieynlhigh and 15 cm diameter (Figure 1). Two QTRAMse used to
measure C@and CO concentrations, temperature and associtie humidity in the room. The chamber remaickeded
during all phases of combustion, monitored fromadjacent room to the combustion chamber. After tgeniation of the
plume within the chamber, five filter sampling lineorresponding respectively to the cut-off heall® R5, PM1, PM2.5,
PM10 and TPM were used to collected aerosols fee8 minutes on average. For each of the five litles,pumps were
coupled to flow regulators to allow aerosol selattby particle size classes. Between two experispghe chamber was
opened (ventilated) to allow all sensors to retartheir background values. Four tests were canigdvith Hevea wood and
charcoal from Céte d’lvoire.

Combustion experiments were also conducted usiagFt-Global Fire Propagation Apparatus (FPA) at Buinburgh
University School of Engineering facility. The FR#lows the burning of small samples of fuel undemntoolled conditions
(Brohez et al., 2006). The sample holder was plame@ mass balance that provides sample mass ievoldiring the
experiment. The samples were surrounded by fouaried lamps, irradiating uniformly at 30 kWrflow heat) or 50 kW
(high heat), and subjected to an air flow entefilogn below at rates of 50 Ipm (low flow) or 200 Ipfmigh flow). This
configuration is shown in Figure 2, adapted fronsldt et al., (2017).

The fuel used in Edinburgh was Hevea wood from @&t@ire. The plume was collected in a hood beéntering the exhaust
tube. Air samples were collected simultaneousliynat points: (A) in the exhaust tube, where CO ai@ @ere measured
directly and a further sample was diluted in puiteogen by a factor of 100 for the online measuretraf BC and OC
concentrations. An Aerosol Mass Spectrometer (AM&$ used to measure the concentration of organisals and other

non-refractory species and a Single Particle Sduitd™eter (SP2) to measure refractory black carf®@) mass

6
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concentration. The CQCO and @ concentrations in the plume were recorded atqufrecy of 1 Hz at the exhaust tube by

the FPA.

(B) At the exit of the exhaust pipe for filter saing (offline measurement). A QTRAK analyser wagdigo continuously

measure CO and GQ@oncentrations. Two aerodynamic sampling lines ZBvand TPM) were used with pumps, counter,
5 cut-off heads and filter holder with 47 mm quaitiefs.

Eight combustion tests were carried out during ¢éixiseriment. Two of these were made with infrasedgs set at 30 kW

and incoming airflow of 200 Ipm (low heat and hisw: hFl), 3 tests at 50 kWihand 200 Ipm (high heat and high flow:

HFI) and 3 other tests at 50 kWmand 50 Ipm (high heat and low flow: Hfl).

3 Sample analysis

10 Two types of sampling were performed during ourrefasurement experiments: collection of particle¥\Wratman quartz
filters and Speciated NMVOCs (Alkanes, Alkene, @aryd and Aromatic Compounds) on absorbent tubestder to capture
a large spectrum of VOCs two types of sorbent tubee used: Tenax TA 60-80 meshes (250 mg, 2,6-dighephenylene
oxide), and multi-sorbent cartridges composed abGgack C (200 mg) and Carbopack B (200 mg) 60-88mfgraphitized
carbon black). The analysis of Tenax tubes waspmdd at the.aboratoire de Météorologie Physique (LaMP), using a gas
15 chromatograph - mass spectrometer system (GC/M$pimass Clarus 600, Perkin EImer) connected tatomaatic thermal
desorption unit (Turbomatrix ATD). Each cartridgesvdesorbed at 270 °C for 15 min at a flow ratel®@fmL/min,
reconcentrated on a second trap, at -10°C contpifémax TA. After the cryofocussing, the trap wasidly heated to 300°C
(40°/s) and the target compounds were flushed thto GC. The separating column used was a capilREyYSMS
(60mx0.25mmx0.2mm, 5% phenyl — 95% PDMS, Perkin EImer) and the &8perature profile was ramped from 35°C for
20 5 min, heating at 8°C mifito 250°C and hold for 2 min. The mass spectromess operated in a Total lon Current (TIC)
from 35 to 350 m/z amu, and all chromatography ipatars were optimized to enable the separatio @oinpounds from
C5-C10 NMVOC:s. Calibration was performed by analgzconditioned cartridges doped with known masdesach
compound, presented in standard low-ppb level ghgisns (purchased from the National Physical lrabary, UK). The
cartridges were then analyzed with the aforemeatiomethod and calibration curves were obtaineceémh compound.
25 Carbopack cartridges were analyze&&BE Department (IMT Lille Douai) with an analytical system ATD-GC-FID, already
described in (Detournay et al., 2011; Ait-Helabét 2014). This method allowed the separation idedtification of more
than 50 compounds, from C5-C16 NMVOCs, includinghoayls, ketones, terpenes and intermediate VOC$CL6).
Gravimetric analysis of quartz filters (providind®M, PM10, PM2.5, etc,) was performed by compartmg difference in
weight of the filters before and after exposure.ighig was performed using a SARTORIUS Microbalandga 1.95 pg
30 sensitivity. After the gravimetric analysis, thédsatory two-step thermal method from Cachier t(2B89) was applied for
the separation and the analysis of black and ocgaambon aerosol contents (BC and OC, respectividlyie that the detection

stage was adapted since in our instrument (G4 IC3Rberosol carbon content is quantified fromy®@ a non-dispersive
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infrared (NDIR) detector, instead of coulometry.eTtelevance of the use of thermal method was wvalidhy comparing
results of 10 samples analysed by the thermo-dptiethod (IMPROVE method, Chow et al., 1993, 200/ performed a
linear regression analysis of all values obtained foth methods for TC, BC and OC. The analysighef regression
coefficients (given here in terms of)Rshow that suitable correlations were found amtivegthermal and thermo-optical
methods for TC, BC and OC values. The thermal nitthiees 94% of OC and 90% of the BC measured wighthermo-
optical method. Examples of regression plots avergin Supporting Information Figure S1 for therthal methods against
the thermo-optical method. After this comparatitiedy of analyses by these two methods, the themedihod was used for
the subsequent analyses. Two similar aliquots efstime filter were then separately analysed. Omngopowas directly
analysed for its total carbon content (TC). Theeohortion was firstly submitted to a pre-combusttep (2 h at 340°C under
pure oxygen) in order to eliminate OC, and thenlyseal for its BC content. Organic carbon (OC) cariions were

calculated as the difference between TC and BC.

4 Results and Discussions
4.1 Ground field measurements

Field measurements allowed mean values EFs fateetal sources using charcoal (CH) and fuel woahing (FW) to be
obtained; for charcoal making (CHM); for open walstening fires (WB) and for vehicle traffic (camudy truck, light duty
vehicles, two-wheeled two-stroke and four-strokbisles) by energy source (Diesel and Gasoline)andge group (new
and old). As aforementioned, the studied spece€8a, CQ, carbonaceous particles in particular (BC, OCE@Y speciated
NMVOCs compounds (C5-C16 alkanes, C5-C11 carbo@sketones C6-C9 aromatics and 13 species ofrteg)and total
aerosol mass (TPM). Speciated NMVOC:s list is showFable 7. At least three tests were performecémh studied sources
to reflect the reproducibility of results. Mean E&lues are obtained by the arithmetic method fehemurces or geometric
method for each sector.

4.1.1 Combustion characteristics of the studied sotes
The mean MCE value for all ground-studied sourcesshown in Figure 3.

It can be seen th&ossil fuel (FF) sources (DL, MO) have MCEs in thage between 0.9-1, aside from two wheeled two
stroke engines (TW 2T), which had an MCE of 0.65.ekpected, TW 2T with a mixture of gasoline ard miesents an
incomplete combustion with more abundant smoldepiragiucts. MCE of biofuels are found between 0.6 @9, with the

highest values for Iroko wood, which burns with méieming than other biofuel tested in this study.
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Table 1 summarizes Modified Combustion Efficien®QE) and ACO/ACO; values for all sources studied. As already
recalled, theACO/ACQ; ratio is a combustion quality indicator: the smathgs ratio, the better the combustion. Thesesati
ranged between 0.006 and 0.32, showing the impmatahthe range of pyrolysis in the carbonizatiomcess and the various
smoldering conditions depending on the mentionguements.

5 Note that charcoal making (CHM)CO/ACO; (value)ratios are higher than those of wood burning (20903 versus 0.17 +
0.04), as wood burning generally occurs more irflmaing phase. AlIs;ACO/ACO;ratio is higher in CHM than in charcoal
burning (0.219 + 0.098). Diesel (DL) and motor damo(MO) had the smalletCO/ACO;ratio for all studied sources; this
shown that fossil fuel combustion occurs genernaldre in the flaming phase. Also, the comparisowbeh CHM MCE and
ACOJ/ACO?2 value for this study and published values stimt/these values are very close. Indeed, our gitegents MCE

10 values of 0.76 whereas Bertschi et al., (2003)auacet al., (1994) and Smith et al., (1999) respelst obtained 0.78, 0.81
and 0.77. In terms dfCO/ACO; ratio, 0.32 is here obtained whereas Cachier. ef1#196), Bertschi et al., (2003), Lacaux et
al., (1994) and Smith et al., (1999) respectivelg B.26, 0.28, 0.24 and 0.30.
Finally, note that composition of combustion aet@salso impacted by the combustion charactesstitdeed, as shown by
Figure 4, the more th&aCO/ACGO; ratio increases, the more the BC/TC ratio deceeaBeis reveals that combustion under

15 smoldering conditions such as TW, CHM and wood aastibn (pink and red points, respectively) prodtelatively more
important organic carbon concentrations than moneptete combustions such as diesel, gasoline and®i#ibustion (green,
blue and brown points). This is in agreement witkvjpus works (Andreae and Merlet, 2001). Suchatemns have also an
impact on EFs values, which are now presented sdawsource.

4.1.2 EF of residential sources

20 The EF for fuelwood sources were calculated follmielationship (1), and using fc = 46% (Brocardlet1996) and MCE
of 0.76 £ 0.11 and 0.92 + 0.02 for Hevea and Irakmds respectively (Fig 3). Results of EF(OC) valgiven in table 1 are
13.11 + 5.41 and 5.46 + 1.66 g/kg dry matter (don)Hevea and Iroko wood respectively, while for BXE, were found to be
1.22 + 0.52 and 0.43 £ 0.33 g/kg dm respectivelgvéh wood emitted more carbonaceous particles ltioéo wood.
Assuming that these woods are the primary wood soekces in the tropical African region, calculatocsuggest that on

25 average, each wood type contributes 50% to theéwm@ad burned. Following this assumption, a valti8.82 + 0.39 g/kg dm
for BC and 9.29 + 3.82 g/kg dm for OC are represive of the EFs typical for these areas. Suchesasre in agreement with
those obtained by Radke et al., (1991), for OCtande of Brocard et al., (1996) for BC (see tableCir measured EFs are
generally higher than values found in literaturee3e differences may be explained by the wide tyaoewood used in the
different studies as well as the different measer@methods. Such a difference is enhanced whegisgitheACO/ACO;

30 ratio. However, our values are in agreement witthtse of McDonald et al., (2000); Oros and Simp§2D01), who burned
same kind of woods (hardwood), using same methggoleH EFs were obtained by averaging EFs of sévests. fc of
71.5% (Brocard et al., 1996) and MCE of 0.83 + Ow#§e used for such calculations. Table 2 prestaetsnean EF for

charcoal burning with literature data.
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It may be seen here, our results for charcoal hgr&iFs are comparable to the range of data giveitebgture.
The carbon balance method cannot be used directgltulate charcoal making (CHM) EF (Bertschilet2003), as during
CHM, part of the carbon which is emitted by woodrbng is found in charcoal, ash and in the pyradigus liquid. Then, less
than 50% is emitted into the atmosphere. As shomemipusly, Lacaux et al., 1994, Cachier et al.,6,99mith et al., 1999
5 and Bertschi et al., 2003 estimate the fractioarbon emitted as atmospheric gases to be 35%, 3%%, and 45 %
respectively. Moreover, Cachier et al., (1996)meate that during CHM if 35% of the carbon contenvood is emitted into
the atmosphere, 89% is emitted as CO and di@ng the smoldering phase. Since the CHM comitidescribed in Cachier
et al., (1996) are similar to those of this stupyré smoldering because of an average MCE of 7&aré 3) (Akagi et al.,
2011)), we consider 35% of the carbon content afdvio be emitted into the atmosphere and 89% sfcduibon to be emitted
10 as CO and C&for CHM. Thus, in order to obtain an EF in g/kg,dire EF in g/kg of carbon was multiplied by 0.3 &.89
respectively. As shown in table 1, CHM EFs of #tisdy are comparable to those of Brocard, 1996Caudhier et al., (1996)
for OC and are a factor 2 lower for BC. This diéfiece could be explained by a wide variety of wosddufor CHM (e.g.

wood type or wood moisture) but also by the conibnstonditions in furnaces.

4.1.3 EFs for road traffic sources

15 EFs for road traffic sources were calculated follayrelationship (1). The fraction of carbon cont in diesel (IPCC, 2006;
Kirchstetter et al., 1999) and in gasoline (IPCAQ& Ban-Weiss et al., 2010) was assumed to beiB5%der to obtain an
EF in g/kg of fuel burned. Table 3 summarizes BC, &d TPM EFs from our measurements and literdiyrage group
(recent and old), energy or fuel type (gasoline diedel) and measurement methods. Results showdhateasured EF(BC)
(0.0012+0.0006) for recent light-duty gasoline i (LDGV) are within the range of literature v@dy while for aged
20 vehicles they are 100 times higher. This high faftipold vehicles can be explained by the fact titerature EFs are mostly
measured in developed countries where vehicle @misegulations exist (catalytic converter and eigmarticulate filters,
e.g. standard EURO 6). In Africa, these types glilation are rare. Measured EF(BC) are higher #&(OC) for diesel,
which is coherent with Fig.4 and is in agreemenhvdant and Harrison, (2013); Chiang et al., (20agy Grieshop et al.,
(2006). Whereas, measured EF(BC) are lower tha®EF(or gasoline as previously shown by some studieeh as Pant
25 and Harrison, (2013); Ntziachristos et al., (2007@ble 3 also shows that diesel vehicles emit npargicles (TPM) than
gasoline.
It is important to note that, as mentioned eartteg, differences observed between our values dretan be also due to the
method by which EFs were established. For exangs, (BC) obtained from roadside measurement mettiodsiding all
type of vehicle) are globally higher than EFs frdimect exhaust pipe measurements, which is theadetpplied in this study.
30 To calculate the mean EFs for light-duty and heduwiy vehicles (Table 3), we assume that the pahicieis constituted by
60% of old vehicles and 40% of recent vehicles.nlimean EFs (g/kg fuel), of BC, OC and TPM for lighity diesel vehicles
(LDDV) including private cars and taxi are respeely 3.35 + 2.20, 2.03 + 1.13 and 35.82 + 21.4CeyTare higher than EFs
for heavy-duty diesel vehicles (HDDV) including ¢kuand bus, respectively of the order of 2.20 £12050 + 1.43 and 31.00

10
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+ 15.80. Regarding gasoline vehicles, EF measurtswesre carried out for LDGV, which constitute thejority of the fleet
using gasoline. Mean BC, OC and TPM EFs are 029 g/kg fuel, 1.10 £0.77 g/kg fuel and 7.0 #Pgdg fuel respectively
for gasoline which are lower than those of heaviydliesel vehicle (HDDV) as shown by Robert et €007). Table 4
summarizes the mean EFs results measured durmgttidy for road vehicles by fuel type (gasoling diesel) compared to
5 those from previous studies. Calculations were dbasethe vehicle proportion given by Direction Gexte des Transports
Terrestres (DGTT) of Céte d'lvoire. In additionttte previous assumption (60% of total vehicles wenesidered old and
40% new models), it was assumed that 77% of tataicles are light duty vehicles and 23% heavy detyicles. Finally we
compared OC/BC ratio of this study to that of COFERIitziachristos et al., 2009) for LDGV, LDDV andd®V. LDDV
OC/BC ratio for our study (47-63 %) (Table 4 ) anethe COPERT OC/BC ratio range 40-70 % typical Earrol —

10 Conventional norm while HDDV OC/BC ratio (205%) apgite similar to those COPERT EURO 4 HDDV rati®@36): this
shows that most African HDDV and LDDV are relativelonsistent with EURO4 and EUROL standards, resede. For
LDGV, OC/BC ratio is relatively close to COPERT L@Gorm EURO2 — EURO4 ratio range (250 — 300%). \&eechalso
compared our mean EFs values for road traffic @iasd gasoline) with EFs value used in the mastmeAfrican emission
inventory (Liousse et al., 2014). Our EF valueshigher than their values for gasoline (4 timeshkigfor BC and 2 time

15 higher for OC).Our EFs values are slightly lower d@sel.

EFs of two-wheeled (TW) vehicles were classifiedoading to age (old and new), and engine type. istinguished the two-
stroke engines using a mixture of gasoline androih the four-stroke engines. For recent TW twalgtrengines, BC and
OC EFs are 2.26 + 1.40 g/kg and 26.0 + 1.10 g/kpeetively, while, 0.11 + 0.01g/kg and 0.45 + Ogliy are found for new
TW four-stroke engines (Table 5). The same diffeeeis observed between old TW four-strokes andwtdstrokes, with

20 the exception of EFs (BC). This implies that TW {stooke engines emitted much more OC particles BOGIf 36) than TW
four-stroke engines (OC/BC of 7). Such values fothtBC and OC observations from two-stroke engassbe explained
by incomplete combustion due to gasoline-oil migtuused in these engines. This has already beklighigd by Volckens
et al.,(2008) for particulate emissions when stogyivo-strokes engines. In addition, the old/netioraf BC(EF) for TW- 2
strokes is around 1.5. While the same ratio for EX}(is around 5, which is 3 times greater than th&C(EF). Similarly,

25 for TW-4 strokes, the old/new ratio of EF(OC) ifaator of 2 greater than the ratio of EF(BC). Téladws that OC emissions
are more enhanced (doubled or tripled) in oldervahicles compared with those of BC.

The global mean EF of TW vehicles was calculatéidiong Assamoi and Liousse, (2010) using the aggtions that 40%
are two-stroke and 60% four-stroke engines, and4# are new and 60% old vehicles. In that contbet mean EF values
(Table 5) are in agreement with values found byafss and Liousse, (2010).

30 Itisinteresting to note that EFs of carbonacqaarticles for two-stroke motorcycles in Africa dnigher than those in Europe
(see Table 5). These higher EFs may be explaingtebfact that African TW two-stroke vehicles aften older and second
hand (used) vehicles imported from Europe. In daoidithe fuel quality used in Africa is bad (UNER®16). Indeed, Assamoi
and Liousse, (2010) showed that a large part offubeused by two-wheeled vehicles in West Afrisaadulterated and
smuggled and therefore of poor quality comparefumpean standards. The OC/BC ratio for differepeeiments has been

11
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evaluated and summarized in Table 5. This ratigesdvetween 4.1-7 for TW four-stroke and betweed-B6 for TW two-

stroke, due to the bad combustion in TW two-strekgine. Such values are in agreement with OC/BG gaten by Bond et
al., (2004) and Guillaume and Liousse, (2009) fav Two-stroke. Note that, the OC/BC ratio given b RERT TW are
ranged between 2.5 — 9 (corresponding to Euroddiventional norms) (Ntziachristos et al., 2009)chhis much lower than
our values and rather comparable with TW four strekgine.

4.1.4 EFs for open solid waste burning

EFs of pollutants for open solid waste burning weadeulated using Equation 1 adapted for this sadrcthat case, Modified
Combustion Efficiency (MCE) was replaced by carloxidation factor (COF) defined as the ratio betwdsn amount of

burned carbon and the amount of carbon initialgspnt in the sample. Carbon content of househaodtevwd 46% was used
(Lundin et al., 2013 ; Wiedinmyer et al., 2014)wit COF of 58% (Fiedler et al., 2010). The averdagEd for open solid
waste burning are presented in Table 6 with assstistandard deviation. During our measurementserak phases of
combustion were observed: a flaming phase was wbdeturing dry waste combustion, and a smolderhmagse during wet
waste combustion in landfills. These various fypets and the waste composition explain the relgtingh value of the

associated standard deviation. EF (g/kg-solid Wast®8C, OC and TPM, are 2.80 + 3.30, 6.44 + 4.66 87.90 + 32.90,

respectively. As expected, waste burning emits n@ethan BC. In addition, the relative high valdeT®M suggests that
the existence of other kinds of particulate magach as ions or metals) is also emitted duringevasrning. When comparing
values found during this study to those of Chrisgaal., (2010) which deals with carbonaceousgestEFs, it is noted that
EF(OC) are of the same order of magnitude, whigeBR(BC) of our work is higher than that of Chastiet al., (2010) with
a factor 4 of difference. This high EF(BC) foundtire present work may be explained by differencethé solid waste
composition from Céte d'lvoire and Mexico, where theasurements of Christian et al., (2010) weneechout. Moreover,

it can be also explained by the fact that more iftgmvas observed during our measurements.

4.1.5 NMVOCs EF

Fifteen common NMVOC species{&@ Cyo) were identified and quantified from sorbent tubeasurements and are reported
in Table 7. Globally, the dominant NMVOC speciestted during our EF measurements include toluemgy-xylene, 1,2,4-
trimethylbenzene (124-TMB), ethylbenzenexylene, 1,3,5-trimethylbenzene (135-TMB) and haptaMost of these
compounds are important species in terms of atnesgpteactivity, generally involved in photochemysprocessing and in
the formation of secondary pollutants like ozonan@s and Seinfeld, 2006). Aromatic compounds lts@ high secondary
organic aerosol potentials (Derwent et al., 20%0)contribute to the formation of these particM#hile they are usually
associated to biogenic emissions (Kesselmeier aad§ 1999), isoprene and terpenes (limonefginene and-pinene)
were also observed in the EFs of almost all anthgepic sources. Table 7 presents EF values of speties for all the
studied sources. It is important to note that stathdleviation values are high, reflecting the raofyencertainties linked to

the two set of analysis (see methodology sectind)adso to the different sources associated tefhission sector analysed.

12
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As it may be seen, road traffic NMVOC EFs are thasnimportant, especially for two-wheeled two-sg@ngine (TW 2T).
The EFs for TW are up to three orders of magnigyréater than those observed for diesel vehicles/ghduty diesel vehicles:
HDDV; light duty diesel vehicles: LDDV) and lightuty gasoline vehicles (LDGV). They are dominatedatkanes and
aromatic compounds (Tsai et al., 2003). Likewise highlight the presence of isoprene and terperigs@ns in TW sources,
5 whose contribution cannot be neglected. In termangine differences, 4-stroke engine emissionsitnadr EFs than those
observed for 2-stroke engines. This result is ireagent with other works (Tsai et al., 2000, Momtet al., 2010), which
analysed the concentration of individual VOC in thipipe exhaust showing the differences betwestréke and 4-stroke
engine emissions.
Gasoline vehicle NMVOC EFs are higher than dies#licles and dominated by aromatics compounds, divgduxylenes
10 (45%), trimethylbenzenes (25%) and toluene (15%} Main differences associated with both fuel eiomsprofiles were
related to the higher relative contribution of beme (37% for LDDV) and alkanes (18% for HDDV) faesel vehicles.
Charcoal making (CHM), wood (FW) and charcoal bognfCH) emissions were characterized by the aburgt@sence of
alkanes, benzene, and xylenes. Particularly inddse of FW, important EF of terpenes (15%) and resmp (13%)
contributions were observed. The most abundant NK&\¢Pecies observed for open waste burning (WB) vegpenes (38%)
15 followed by toluene, trimethylbenzenes, benzenealkahes respectively. The sum afCio NMVOC for this study show a
similar EF range in comparison with the sum of meethane organic compounds found in the literatQieritian et al.,
2010). The variability in the WB emission factorgasured are important (up to 100%), and furthetyaisashould be
performed in order to find the cause of this higgndard deviation.

20 Individual NMVOC species were aggregated into spegroups as proposed by the GEIA initiative atduced in the last
EDGAR VOC inventory (Huang et al., 2017) (Tables S2 and S3). In this way, a larger VOC database aeasidered,
including 13 species of terpenes, intermediated ¥Q\¢OCs from C11-Cl@-alkanes), ketones and carbonyls compounds
for a reduced number of sources (Table S3). The differences obtained from this exhaustive spexiatere related to the
contribution of alkanes (VOC6 50%, being the iVQfis most important fraction) and aldehydes (VOUZ2p) for HDDV

25 sources. The contribution of heavy alkanes fromsaigvas also observed in other studies (Ait-Helal @ 2014; Dunmore et
al., 2015). In the same way aldehydes presentedsiderable contribution in CH and CHM emissiond smpenes were also
significant (14%) in wood burning emissions (FW).

The determined EF for gasoline (LDGV) and diesédliV 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

30 evaluate the magnitude of the West African anthgepic emissions of VOCs. Numbers are reported bitet&4 of the
supplement material. Regardless of the motorizatlmEFs in West Africa are higher than the mesent ones reported in
California in the Cadelcott tunnel by Gentner et @013). The differences span two orders of ntagei The EFs for wood
burning are also higher by between a factor of@ afactor of 100 than those reported in the litemfor different types of

hardwood used in woodstoves and fireplaces (Fi§lr& he presence of isoprene and monoterpenes ineWiBsions is
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consistent with the literature and is as signifi@the presence of aromatics. This comparisdmigtgs the strong emissions

of anthropogenic VOCs and the usefulness of infsgasurements in West Africa region to derive stialemission factors.

4.2 Combustion chamber measurements for fuelwood lming

5 Combustion chamber EFs were calculated using ttinaalance method in Eql. In order to comparsetivalues to AMS

and SP2 measurements, the following equation wed: us

EF = ([Cx]smoke—[Cx]backgroung)*Qchamber*f (Eq3),

Mpurned

In Eg3, EF (x) is the emission factor of the palhitx in g/kg fuel burnt; [Cx}oke@nd [CXbackground the concentration of x in
the fresh smoke plume and the background air, cfispé/, Qnamver the air flow entering the chamber, t, the sangptime
10 and mumes the mass of burnt fuel.
Table 8 summarizes EFs of BC, OC and TPM carrigdrothe combustion chambers. As it may be seeid f£F values
obtained with the same methodology “filter sampliage a factor of 16 and 11 higher than those ofrieanezan combustion
chamber for BC and OC respectively, and a factdtéand 28 higher than those of Edinburgh combustfmmber. This
important difference between field and combustibarober results may be linked to the high dilutibplames occurring in
15 combustion chambers. Indeed, field EF measurenadiots plume dispersion to be avoided. In terms wdgities, ground
field values are representative of primary emissiovhich have to be computed in emission invensalgorithms. However,
it may be underlined that, combustion chamber nreasents are very complementary to ground field mveasent. First, it
allows more measurements to be performed than emithund. Second, it allows a better understandirtipe impact of
combustion processes on aerosol composition apcckss (e.g. PM2.5, PM1).
20

4.2.1 EF comparison between field and combustion amber measurements for wood burning

As noticed earlier, ground field EFs are highenthannemezan combustion chamber EFs. Quantitavehgy be seen that
a dilution factor of around 8 exists between figtdl combustion chamber measurements. Indeed COil®measurements
(= 0.32) are 8 times higher than that of Lannemezah@4), and C®is roughly the same. The same factor is obtained f
25 the EReid/EFLannemezadatio for BC and total mass. Moreover, both BCTGtal Carbon) ratios are very similar. That means
that FW combustion at Lannemezan qualitatively rogifield FW combustion well. This is not so cleattvthe Edinburgh
results. Indeed, Edinburgh EF results show theretis more flaming during the first two tests tldaming the field tests due
to higher BC/TC ratioX 13) rather than 8.9 (in the field). Finally, wevhacompared EFs (BC and OC) obtained at Edinburgh
combustion chamber with two sampling methods: usliegfilter and the AMS. The differences are momrenpunced with
30 BC/TC ratio obtained with AMS-SP2 of the order a83®which shows a strong flaming condition. In tbahtext, EF(BC)
obtained from AMS-SP2 measurements are 100 tinggeehithan those obtained from filter methodology.

14
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4.2.2 Wood burning EFs per size-class

Relative contributions of different size classes!{®, PM2.5, PM1, and PMO0.25) to total size of B& &C EFs are shown
in Table 9. As it may be seen, such a contribugdess variable for BC EFs from fine particles (5t 81%) to ultrafine
particles (PM0.25: 77%) than for OC EFs which vafiem 72% to 51% for PM2.5 and PMO0.25, respedivEhis means
that BC EFs particularly predominate in the ulinafsize fraction. This results is in line with theported by previous works
on fuel wood burning (Guofeng et al., 2012; Dam@glst al., 2011; Purvis et al., 2000). The sameltewas found by Lu et
al., (2012) with BC and OC emissions from a diesgjine. Table 9 also shows that BC/TC is consetjudifferent in the
different aerosol size fraction with bigger valireshe ultrafine sizes (0.094) than in the coanseso(0.064). The domination
of fine particles from fuelwood burning is a heatthncern for those who use wood for cooking, sifiwe particles can
penetrate deeper into the lungs and are often iassdavith many toxic compounds (Englert, 2004; @epal., 2009; Val et
al., 2013).

5. Conclusion

This study characterized the emissions of manycesuspecific to Africa. EFs of BC, OC, TPM and sfied NMVOCs were
determined for biofuel (tropical fuelwood, charcaall charcoal making), fossil fuels used in traffiasoline and diesel) and
solid waste burning. Ground field EF measuremeitewwerformed for all studied sources as well @mmbustion chambers
for fuelwood in order to obtain EFs per size frant.

During field measurements, several tests were padd in order to gain the more representative Efiseostudied sources.
The mean EF of BC, OC and TPM are 0.83 + 0.39, 9.282, 34.54 + 20.6 g/kg dry matter (dm) for wdndning and 0.65
+0.30, 1.80 £ 2.80, 12.75 + 9.0 g/kg dm for chatdmurning, respectively. In general, EFs for béfourning are comparable
to the range of those found the literature, woohimg emitting more particle than charcoal burning.

EFs for fossil fuel burning in traffic are strongigpendent on vehicle age and maintenance. Mo @y more poorly
maintained vehicles produced higher EF values aare wp to 100 time higher than literature EF valliégse older vehicles
are the most used in African countries and canhaeacterized as typical “African EFs”. In contraésEs for new vehicle
models are comparable to published EFs valuesnidsn EF of BC, OC and TPM are 0.62 + 0.49, 1.107¥,07.0 £ 2.80
g/kg fuel for road gasoline and 3.10 + 1.96, 2.1420, 34.70 + 20.1 g/kg fuel for road diesel, extjvely.

Moreover, the EFs of more than 50 NMVOC have besterdhined for the studied sources for the firsetim West Africa.
These EFs showed that emission profiles are doatdrat aromatics (up to 80% for some traffic-relagedrces). The greatest
emissions are observed for two-stroke two-wheeldiish can be higher than three orders of magnitaepared to the EFs
observed from LD and HD vehicles. The presencemienes in biofuel burning emissions was consider@bwell as heavy
alkanes (iVOCs), reaching up to 50% in diesel eslatources. Comparison to recent literature woddwioints out the
greatest levels of anthropogenic African EF for N®WW and the relevance of in-situ measurements tvealegalistic and

representative emission factors.
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In the combustion chamber measurements, EFs wégenuieed by size class showing that BC is mainlshimfine fraction.
The significant difference between the combustitincber and field measurements suggests that EFsclzamical
composition are strongly affected by variables thiefer according to field and laboratory procedurEven if ground field
values are more representative of primary emissicormbustion chamber allows to perform more measents than in the

5 field, allowing to better understand the impactofbustion processes on aerosol composition aedckss. Nevertheless,
these two types of measures remain complement&i/dita obtained in this work are specific andesgntative of African
combustion sources. This unique database will eéulifor improving and updating African emissiorvémtories allowing
better assessments of climatic, air quality andtihéapacts. This study may also help decision make set up new politics
on energy sources and particularly traffic, donwestioking as well as waste burning sources.
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Table 1: Modified Combustion Efficiency (MCE) andACO/ACO: ratio for all the studied sources

Emission source MCE ACO/ACO,

Diesel 0.94-0.99 0.01-0.06

Gasoline 0.94-0.99 0.01-0.06

TW 0.65-0.89 0.11-0.65

Wood 0.92-0.76 0.09-0.17

Waste burning 1.00+0.00 0.09+0.04

Charcoal 0.83+0.06 0.23%0.09

CHarcoal Making 0.76+0.05 0.32+0.10
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Table 2: EFs of residential sources for this study ahthose from literature
Emission EF (g/kg dm)
Type Reference
sources BC oC TPM OC/BC
Wood Iroko This work 0.43+0.33 546+1.66 13.86+2.17 12.8
Hevea 1.22+052 13.11+541 55.22+2520 10.7
Mean 0.83+0.39 9.29+3.82 34.54 +20.67 11.23
Radke et al., 1991 2.52 8.41 nd 3.3
4.21 14.04 nd 3.3
fireplace McDonald et al., 2000 0.40 3.49 5.95 8.8
woodstove 0.31 2.86 4.02 9.2
Brocard et al., 1996 0.55+0.3 5.0+3.6 nd 9.1
various Oros et al., 2001b 0.145-1.85 2.05-25.48 nd 9-43
Charcoal This work 0.65 +0.30 1.78 +2.80 12.75 £9.03 2.7
Brocard, 1996 0.2 2 nd 10
Liousse et al., 2014 0.75 2.3 nd 3
Roden and Bond, 2006 0.2 15 nd 7.5
Charcoal making This work 0.20+0.14 3.50+0.90 35.71+19.81 17.5
Cachier et al., 1996 0.46 £0.1 44+0.6 nd 9.56
Brocard, 1996 0.4 3.6 nd 9
5
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5 Table 3: Emission factors for gasoline and diesel h&les by age group and those in the literature, &m different measurement

methods.

EFs (g/kg-fuel)

Fuel Age Study Method
BC ocC TPM
Gasoline New car 0.001 +0.001 0.042 +0.04 3.023+ This work Measurement around tailpipe
Old Car 1.03+£0.83 1.80+1.26 9.63+4.44
LDGV 0.62 +0.49 1.10+£0.77 7.00 +2.80
0.002 nd nd \2’\88:‘[%9 etal., Measurement in tailpipe
Ban-Weiss et .
0.026 nd nd al., 2008 Roadside measurement
0.152 nd nd Liggio etal., Roadside measurement
2012
0.002 — 0.01 nd ng Forestieri et Chasis dynamometer
al., 2013 measurements
Diesel Recent car 1.26 + 0.66 0.60 £ 0.25 9.13 84.0This work Measurement around tailpipe
Old Car 4.74 +3.2 297+1.71 53.62 + 33.0
Recent bus 0.35+0.01 0.72 £0.15 6.70 £ 0.58
Old bus 343+1.7 3.71+23 47.14 £ 28.8
LDDV 3.35+2.20 2.03+1.13 35.82+21.4
HDDV 2.20+1.05 2.50+1.43 31.0 £15.80
Ban-weiss et .
0.920 nd nd al., 2008 Roadside measurement
0.5116 nd nd ;gleo etal., Chasing measurement
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5 Table 4: Average Particles EFs for Diesel and Gasoknof Road Traffic
EF (g/kg-fuel) OC/BC (%)
Emission source Reference
BC ocC TPM
GASOLINE ROAD 0.62 +0.49 1.10 £0.77 7.0£2.8 177 isThork
0.15 0.73 nd 486  Liousse et al., 2014
DIESEL ROAD (mean) 31+19 214+12 347020 69  This work
5 2.5 nd 50 Liousse et al., 2014
Two Wheels ROAD 213+042 2846 £0.4 420.52 1336  This work
2.31 30.56 Assamoi and

nd 1323 Liousse, 2010
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Table 5: BC and OC EFs for Two Wheeled vehicles of ostudy and those of the literature

Emission EFs (g/kg-fuel)
Type OC/BC Reference
source BC ocC TPM
Two-Wheeledwo- Recent 226+14 2571+1.1 238.3+193 11.37 s Wilrk
strokes vehicles
old 3.45 124.21 883 36
Mean 2.74 65.11 496 23.8
Two-Wheeledfour- Recent 0.11+£0.01 0.45+0.13 5.37 £4.64 4.1
strokes vehicles
Old 3.66 25.46 500
Mean 1.53 10.46 203 6.8
Europearnwo- 0.71 16.25 nd 22.89 Bondetal.,
Wheeled vehicles 2004
Europearwo- 0.28 7.36 nd 26.28 Guillaume and
Wheeledtwo- Liousse, 2009
strokes vehicles
5
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Table 6: EF for open solid waste burning of this stug and those literatures
EF(g/kg dm)
Emission source Reference
BC oC TPM
Waste burning 28+33 6.4+46 87.9+32.9 Thiswork
0.7 5.3 nd Christian et al., 2010
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Table 7: EF values of VOCs species for the studiedwues : 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-strokehicles (TW
4T), Fuel wood (FW), Charcoal (CH), Charcoal Making(CHM) and Waste Burning (WB)
EF
HDDV LDDV LDGV TW 2T TW 4T FW CH CHM WB
(g/kgdm)
heptane 0.23+0.16 0.18+0.13 0.44+0.15 473+371 13.746.10 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%0.40 470+423 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 10.840.56 484+386 9.17+4.00 0.07+0.02 0.02+0.02 0.35+0.14 2.01+2.88
124-TMB 1.29+0.96 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+10.0 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 8 : EF for fuelwood burning of this study for gound field and combustion chambers measurements
EF (g/kg dm)
Measurements Methods BC/TC
BC ocC ocC/BC TPM

Ground Field Filter 1.216 13.11 10.78 55.22 0.085

Lannemezan Filter 0.078 1.13 1449 6.658 0.064

Edinbugh HF1 filter 0.095 0.557 5.86  2.790 0.146

hF1 filter 0.049 0.356 7.26 2194 0.121

HF1: AMS, SP2 0.444 0.742 1.67 nd 0.374

hF1: AMS, SP2 0.352 0.674 191 nd 0.343
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Table 9: Relative contribution of EF (BC) and EF (OC)per size classes to total size
15
Size-class EF (BC) EF (OC) BC/TC

PM10 86% 2% 0.064

PM2.5 81% 72% 0.062

PM1 82% 59% 0.078

PMO0.25 7% 51% 0.094
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