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Abstract: Road traffic emission inventories based on bottom-up methodology, are calculated for each
road segment from fuel consumption and traffic volume data obtained during field measurements
in Yopougon. High emissions of black carbon (BC) from vehicles are observed at major road
intersections, in areas surrounding industrial zones and on highways. Highest emission values
from road traffic are observed for carbon monoxide (CO) (14.8 t/d) and nitrogen oxides (NOx)
(7.9 t/d), usually considered as the major traffic pollution tracers. Furthermore, peak values of
CO emissions due to personal cars (PCs) are mainly linked to the old age of the vehicle fleet with
high emission factors. The highest emitting type of vehicle for BC on the highway is PC (70.2%),
followed by inter-communal taxis (TAs) (13.1%), heavy vehicles (HVs) (9.8%), minibuses (GBs) (6.4%)
and intra-communal taxis (WRs) (0.4%). While for organic carbon (OC) emissions on the main roads,
PCs represent 46.7%, followed by 20.3% for WRs, 14.9% for TAs, 11.4% for GB and 6.7% for HVs.
This work provides new key information on local pollutant emissions and may be useful to guide
mitigation strategies such as modernizing the vehicle fleet and reorganizing public transportation,
to reduce emissions and improve public health.

Keywords: vehicle emission; local fuel consumption; road traffic; road segment; traffic volume;
air pollution; Yopougon

1. Introduction

Air pollution is a major issue affecting West African cities which are rapidly growing
and contributes to health risks. This rapid population growth generates a high level of
demand for transport which induces an increase in traffic emissions and atmospheric
pollution through the high proportions of poorly-maintained engines, large numbers of
imported used-vehicles and poor fuel quality.

Generally, aerosol emissions in West Africa include dust aerosol from Sahel and Sa-
hara [1–4], sea salt from the Atlantic Ocean, biomass burning aerosols especially during
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the dry season [5–11] and anthropogenic aerosols emission [12–14]. While natural aerosols
and biomass burning aerosol emissions are important at the regional scale, anthropogenic
emissions are dominant at the urban scale. Liousse et al. [13] performed an inventory
of anthropogenic emissions in Africa and noted that traffic sources account for 20% of
black carbon (BC) emissions, domestic fires for 72%, industries for 8% and thermal power
stations for 0.1%. However, this regional inventory presents uncertainties due to the under-
estimation of fuel consumption and emission factor data used in Africa [12,13]. In addition,
during his PhD thesis work, Keita (2018) developed an improved regional inventory of
gases and particles for all the emitting sectors (traffic, domestic fires, thermal power plants,
industries, solid waste fires, flaring and other combustion sources), based on measurements
of African-specific emission factors and updated fuel consumption data [14,15]. The latter
confirms that developing countries in Africa (42 countries out of 54) are characterized
by high emissions in the domestic and traffic sectors [14]. Moreover, Liousse et al. [13]
suggested that emissions will increase between 2005 and 2030 if no regulation policy is
applied. Although emission inventories are available at the regional level, in West Africa
there is no emission information at urban scale.

As mentioned earlier, poor air quality is expected due to such intense anthropogenic
emissions in West Africa as shown by many air quality related studies at regional and
continental scales in urban areas. The Pollution in Cities of Africa (POLCA) project was
implemented between 2007 and 2010 with the purpose of characterizing urban pollu-
tion from traffic sources and domestic fires in Dakar (Senegal) and Bamako (Mali) [16].
POLCA revealed high rates of atmospheric pollutants in West African cities: for instance,
Doumbia et al. [8] found that black carbon (BC) concentrations in Bamako (19.2 µg/m3) and
Dakar (5.7–15.4 µg/m3) are higher than those of Paris (0.28–1.04 µg/m3) [17,18] and Beijing
(1.16–16.3 µg/m3) [19–21]. These high levels of BC concentrations partly due to traffic
emissions linked to the use of old vehicles without emission reduction technology, con-
stitute a serious threat to air quality and impact on the health of populations [8,12,22–26].
Furthermore, work package 2 (“Air Pollution and Health”) of the DACCIWA (Dynamics-
Aerosol-Chemistry-Cloud Interactions in West Africa) program as well as several studies
have underlined the high contribution of traffic emissions to air pollution in West Africa
through field campaigns of pollutant concentration measurements [22,24,27–31].

Air quality remains a great challenge in major African cities where monitoring of pol-
lution levels is still not fully implemented. While measurement networks are an important
tool for air quality management and monitoring, inventories may contribute to a better
understanding of the physico-chemical processes involved in acute pollution episodes as
well as their related climate and health impacts.

Furthermore, emission inventories are important inputs for air pollution dispersion
modelling in order to estimate exposure to congestion-related and health risks, and smoke
forecasting at various spatial and temporal scales in models [32–40]. Thus, the potential
of these models to predict real atmospheric pollution is directly related to the quality of
the emissions data used as an input to the model. Consequently, the first step to improve
air pollution models at the city scale is to build inventories of traffic emissions within the
urban centers with high spatial and temporal scales [26,41–45]. Although regional emission
inventories are developed, they are inadequate for such modelling study.

To address this challenge, Doumbia et al. [26] assessed the vehicles fleet and the fuel
consumption in Yopougon city (district of Abidjan in Côte d’Ivoire). As a follow-up to
this previous work, the objective of this study is to build a local emission inventory of
gases and particles from four-wheeled road vehicles in Yopougon based on local fuel
consumption and number of vehicles on the road segment presented in Doumbia et al. [26].
While most emissions inventories are based on information from global and regional
reports, the approach developed in this study is based on vehicle counting and local
information during field campaigns and appears more appropriate to feed attribution
studies of regional and local climate changes, impact studies on health and elaboration
of transportation adaptation and mitigation policies. A “bottom-up” methodology is
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implemented to determine traffic emissions in Yopougon. This method consists of using
the highest spatial resolution information of the input data for emission calculation and
aggregation at the needed spatial resolution [46]. It quantifies pollution based on the
distribution of pollutants from activities in a city and it is useful for the identification
of their potential emission sources in specific locations [47]. This methodology has been
applied by several studies on urban emission inventories [44,45,48–55] and on traffic
emissions [12]. This method is affected by the amount and the quality of information
available [54]. Uncertainties are related to the emission factors (EFs), to the data from the
activity sector considered and to the statistical tools [13,56–58]. In this study, the use of
improved fuel consumption data and traffic volume data contribute to reduce uncertainty
as suggested by Friedrich and Reis [58] and is more reliable to support the development of
effective urban air quality monitoring plans with better agreement with reality and more
detailed spatial descriptions of road transport [54].

The aim of this paper is to build local emissions for particles such as black carbon (BC)
and organic carbon (OC), and of gases such as carbon monoxide (CO), nitrogen oxides
(NOx), sulfurdioxide (SO2) and non-methane volatile organic component (NMVOC), focus-
ing on four-wheeled road vehicles. This paper is organized as follows: Section 2 presents
the methodology used to develop the traffic emission inventory and the results are shown
and discussed in Section 3. Section 4 presents the conclusion of this study.

2. Methodology and Data
2.1. Vehicle Emission

Air pollution is a major issue affecting West African cities which are rapidly growing
and contributes to health risks.

Traffic emission inventory based on bottom-up methodology [13] was used in this
study to perform an inventory of vehicle emissions at Yopougon city in Côte d’Ivoire. Emis-
sions are first calculated for each road segment per hour, depending on fuel consumption,
traffic volume and emission factors as shown in Equations (1) and (2).

Ep
s = ∑

t
At,s × EFp

t,s (1)

with
At,s = Ct,s × TVt,s × ρ f (2)

Ct,s =
Ct,day × tt,s

tt,p
(3)

tt,s = (
Ls

Vav,t,s
) (4)

where

• Ep
s (in g/h) is the emission of a pollutant (p) on a road segment (s),

• At,s (in kg) is the total fuel consumption of vehicle type or category (t) over a road
segment (s),

• EFp
t,f (in g/kg), the emission factor of a giving pollutant (p), vehicle type (t), using a

giving fuel (f ),
• Ct,s (in L/h.veh) is the fuel consumption (amount of fuel used) for a particular type of

vehicle (t) over a given road segment (s),
• TVt,s (veh/h) is the number of vehicles involved in circulation or traffic volume of

vehicle type (t) and per road segment (s), ρf (in kg/m3) is the fuel density at fuel (f ),
• Ct,day (L/d.veh) is the daily consumption for a particular type of vehicle during a

given traveling time determined from the field campaign [26],
• tt,p (in seconds) is the average travel time of vehicle type [26], tt,s (in seconds) is the

time of passage of the vehicle time on a given road segment,
• Ls (km) is the length of a given road segment,
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• Vav,t,s (in km/h) is the average running speed over a road segment.

While TV is considered by previous studies as the total number of vehicles in a
particular region or country from official global database [12,13,56,57], a distinction is made
here for each vehicle class and type of road segment from a field survey conducted from 22
to 24 February 2016 [26].

Traffic emissions in Yopougon are calculated as the product of emission factor (EF)
of each pollutant (Table 1), and the local data of fuel consumption of the vehicle types in
each road segment. Emission factors used in this study are initially the same as those used
in Liousse et al. [13]. Note that our results on BC and OC emissions have been compared
with those using EF values specific to Côte d’Ivoire and measured by Keita et al. [15].

Table 1. Emissions factor (EF) of traffic sources for gasoline and diesel vehicle of different aerosols and gases from literature.

EF (g/kg)

Fuel
BC OC CO NOx SO2 NMVOC

Diesel
5.00 [13]

3.35 ± 2.20 (a) [15]
2.20 ± 1.05 (b) [15]

2.50 [13]
2.03 ± 1.13 (a) [15]

2.5 ± 1.43 (b)
37.00 [13] 34.40 [13] 0.72 [13] 10.85 [13]

Gasoline 0.15 [13]
0.62 ± 0.49 (a) [15]

0.73 [13]
1.1 ± 0.77(a) [15] 300.00 [13] 19.50 [13] 2.36 [13] 34.00 [13]

(a) light duty vehicle (LDV) (b) heavy duty vehicle (HDV). black carbon (BC), organic carbon (OC), carbon monoxide (CO), nitrogen oxides
(NOx), sulfur dioxide (SO2) and non-methane volatile organic component (NMVOC).

Local data of fuel consumption of vehicles on each road segment include count-
ing traffic volume, measuring average speed, length of road segment, road type and
daily consumption of different vehicle types. The different road types (highway, boule-
vards, main road, secondary road and local road or backstreets) are presented in Doumbia
et al. [26] (Figure 1). Emission levels are estimated from Equations (1) to (4) for each road
segment within Yopougon city. Then, we assume that traffic emissions in Yopougon city
(Abidjan, Côte d’Ivoire) are the sum of the vehicle emissions of all road segments.

Figure 1. Different road types of the road network in Yopougon. Red line represents the highway, blue line is for the
backstreet, pink lines are the main roads, green and orange are the secondary roads and boulevards, respectively. Location of
counting point of vehicle fleet composition over several road types in Yopougon in Doumbia et al. [26].
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2.2. Study Area and Data

This study focuses on Yopougon city, located in the north-western part of Abidjan, the
capital city of Côte d’Ivoire. The road network of Yopougon consists of urban highways,
boulevards, main roads, secondary roads and backstreets (Figure 2). The fleet composition
was collected by traffic questionnaire surveys and vehicle counting. Data collection and
methodology of field measurements were widely discussed in Doumbia et al. [26]. Data of
traffic activity such as the quantity and the type of fuel (diesel or gasoline) and the speed
of each type of vehicles on all road segments collected during the field campaign were
used to calculate the present emission inventory. Estimated emissions of BC, OC, NOx, CO,
SO2 and NMVOC were obtained for all road segments of Yopougon using emission factors
(EF) of Keita et al. [15] and Liousse et al. [13] (Table 1). Density of the different fuel types
used in this study is 855 kg/m3 and 702 kg/m3 for diesel and gasoline, respectively [59].

Figure 2. Yopougon network with different road segments. Number of road segments of each road type are in brackets.

3. Results and Discussion
3.1. Vehicle Emission Inventory by Road Segment

Using the above-described methodology, a vehicle emission inventory has been devel-
oped for 6 pollutants, namely, black carbon (BC), organic carbon (OC), carbon monoxide
(CO), nitrogen oxides (NOx), sulfur dioxide (SO2) and non-methane volatile organic com-
ponent (NMVOC). Emissions of pollutants from the different sampled roads during the
field campaign measurements are presented in Table 2. The high emissions are obtained
on the highway (HW) and are in agreement with the high vehicle flows. This confirms
the fact that people who live, work or attend school near highways are subjected to an
increased incidence and severe health problems which might be related to traffic emission
of air pollutants [60]. Concerning the boulevards (BOs), BO1 has the highest emission
rate compared to the other six. However, the most important flow was at BO6. This high
emission on BO1 could be justified by the high fuel consumption on this road due to the
high frequency of heavy vehicles.
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Furthermore, CO is the most emitted pollutant, due to the importance of its emission
factor. In addition, BC and OC emissions calculated using the emission factors (EFs)
determined by Keita et al. [15] have lower values than those calculated with [13] EF values.
Note that EF values of Keita et al. [15] were measured for different types of vehicles than
those considered in our study.

Table 2. Emissions of the different pollutants (g/d) on the different sampled axes of the city of Yopougon for road vehicles
using emissions factors (EFs).

Road
Network

Road Name
EMISSIONS (g/d)

BC (a) BC (b) OC (a) OC (b) CO (a) NOX
(a) SO2

(a) NMVOC (a)

BO1 3ème pont-Zone
Indus 19,786.05 12,616.91 10,167.43 8803.34 267,924.66 143,635.83 3799.82 56,625.44

BO2 40-St Pierre 7938.98 5345.90 4064.55 3388.52 100,842.35 57,221.08 1472.54 21,970.10

MR1 Ant Annaneraie-
CHU 7575.22 5102.71 3899.14 3271.15 105,443.70 55,169.05 1477.22 22,002.43

HW Banco-1er Pont 129,461.06 84,700.96 5699.93 4879.39 1,853,499.61 946,023.02 25,648.34 381,820.80

BO3 Crf Zone-3ème
pont 14,942.33 9775.22 7703.57 6593.96 213,481.14 109,161.79 2956.81 44,019.00

MR2 Crf Zone-CHU 6010.40 4005.38 3075.53 2579.43 75,619.25 43,275.78 1109.14 16,551.22

BO4 Kenya-
Wakouboué 7441.67 4992.33 3803.32 3171.62 91,590.84 53,455.37 1357.34 20,263.24

MR3 Lubafrique-
Antenne_Maroc 5569.68 3746.97 2183.94 1827.80 74,161.54 40,355.11 1059.79 15,798.07

SR1
Mossikro-
Nouveau

Qrt
10,281.60 6928.76 5294.97 4443.78 144,353.07 74,955.64 2014.66 30,002.63

SR2 Petro
Ivoir-Texaco 12,806.92 8605.58 6563.13 5485.44 165,474.77 92,480.27 2397.35 35,756.84

MR4 Rd Pt Gesco-
Shell 10,569.28 6985.08 5540.50 4712.61 150,798.87 77,201.62 2089.86 31,113.27

MR5 Rd Pt
Gesco-Dabou 15,236.09 10,108.17 7843.94 6645.52 212,772.30 111,004.71 2976.56 44,331.67

BO5 Sable-Bel Air 9894.02 6642.94 5108.74 4311.11 144,829.73 72,495.77 1985.02 29,538.42
BO6 Siporex-Kenya 10,842.30 7278.26 5535.54 4608.36 130,885.61 77,724.76 1957.58 29,234.57

BO7 Wakouboué-
Sadiguiba 8420.77 5657.86 4422.34 3695.53 108,448.55 60,785.52 1573.53 23,470.87

BS Ruelle 365.86 248.90 72.48 60.82 5551.38 2692.82 74.93 1114.33
(a) EF of Liousse et al. [13] (b) EF of Keita et al. [15].

Then, the spatial distribution of emissions for the year 2016 of each road segment in
Yopougon was analyzed for the six pollutants.

Figure 3 shows spatial distribution of BC emissions of each road segment in Yopougon.
This spatial distribution allows identifying high emission zones within the study area.
The red line corresponds to areas of high emissions with values between 18.1 × 103 and
180 × 103 g/d on the highway. The blue line corresponds to inside roads, so-called “back-
streets”, and is associated with weak vehicle emission varying between 2.8 and 1000 g/d.
Vehicle emissions for boulevards, main roads and secondary roads are respectively shown
by orange, pink and green lines.
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Figure 3. Spatial distribution of pollutant emissions of BC for the year 2016 in Yopougon.

Furthermore, the area presenting the highest BC emission rate is located around
the industrial zone, the highway, the boulevards and the main road intersections. Emis-
sions from the total number of backstreets (BSs) in Yopougon (Figure 2) are the highest
compared to the total roads in the city. These high emissions in the BSs are linked to a
high presence of personal cars and intracommunal taxis, and by the fact that BSs represent
approximately 85% of the total road network in Yopougon. Moreover, BSs are mainly
used to access residential areas. Consequently, they are often crowded by vehicles with
very low speeds due to the presence of speed-humps, potholes, narrow streets and poor
road maintenance leading to more travelling time inducing higher fuel consumption and
consequently, higher emissions.

3.2. Road Traffic Emission Inventory in Yopougon

Figure 4 presents daily traffic emission inventories for BC, OC, CO, NOx, SO2 and
NMVOC pollutants in Yopougon. The total traffic emission is defined as the sum of
different vehicle emissions in each road segment. The two highest emitted gases are CO
(14.8 t/d) and NOx (7.9 t/d). The predominance of CO and NOx is coherent since they are
considered as major traffic pollution tracers [61–63].
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Figure 4. Total traffic emissions in Yopougon of BC, OC, CO, NOx, SO2 and NMVOC.

CO is known to be produced by incomplete combustion. In terms of traffic emissions,
CO can be found close to areas such as garages where engines are switched on or in open
areas such as parking areas due to additional emission caused by ignition start [64–66].
Sudden stopping as well as traffic jams may contribute to an increase in CO emission con-
centration. Furthermore, abundance of old vehicles in Yopougon may lead to incomplete
combustion contributing to increased CO emissions. In previous studies, high CO con-
centrations found in Ibadan (Nigeria) have been associated with high traffic rate in traffic
congestion conditions observed during morning and evening traffic peaks [67]. In addition,
as shown in Table 1, high CO emissions during high traffic flow is associated with high
diesel (37 g/kg) and gasoline (300 g/kg) emission factors. These results are in agreement
with previous works in urban areas which underlined that CO was the major pollutant
in the traffic sector and greatly contributes to vehicle emission levels due to high traffic
count [63,64,68].

High NOx emissions may also be explained by the presence of traffic congestion and
old vehicles with no catalytic converters. This may have an impact on human health
by contributing to increased respiratory and cardiovascular mortality rates [32,69,70].
Moreover, as shown in Table 1, diesel vehicles emit more NOx than gasoline vehicles due
to their higher emission factor (EF). Therefore, the Yopougon fleet composed of 74% diesel
vehicles, contributes to higher NOx emissions. Moreover, older ones are the diesel vehicles,
and have higher NOx emission factor and emissions [68–71]. This is the case in Yopougon
with more than 60% of vehicles older than 10 years [26].

Finally, NOx concentration measurement in several African cities showed an increasing
trend due to poor urban traffic management, illegal roadway blockages and old diesel
vehicles [26,30,72,73]. Agyemang-Bonsu et al. [74] have shown a similar trend with NOx
increase from 5.4 to 7.3 Gg in Kumasi (Ghana) between 2000 and 2005.

Figure 4 also shows that total NMVOC emissions are significant although they are
lower than those of CO and NOx. In addition, significant particulate emissions are rep-
resented by BC (1.09 t/d), twice as high as OC (0.56 t/d). BC is a relevant indicator of
particulate pollution in road traffic. These high emissions are related to diesel engines,
vehicle age and the absence of a particulate filter.

Finally, the lowest exhaust emission rates were recorded for SO2, which was 70 times
lower than CO (~0.21 t/d). These low SO2 emissions were found in the concentrations
measured in situ. Indeed, a recent study in Abidjan has shown that SO2 concentrations
measured using passive tubes remained constant between 2015 (1.4 ± 0.7 ppb) and 2016
(1.3 ± 0.6 ppb) [75]. Although the levels of SO2 concentrations in the atmosphere are
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stable and not yet alarming, SO2 pollution still exists in Côte d’Ivoire. This is due to the
sulfur content of the fuel produced and marketed, which is high and over 2000 ppm [76].
Therefore, we can reduce emissions with sulfur-free fuel in Côte d’Ivoire to avoid health
and environmental risks. For instance, in Ibadan (Nigeria), in situ measurements show that
no SO2 emissions are measured at the traffic source [67], reflecting the use of sulfur-free
gasoline. The next subsection will examine various emissions by vehicle type.

3.3. Contribution to Emissions per Vehicle Type

Traffic emissions in Yopougon result from various vehicle types. Figure 5 shows
emissions for personal cars (PCs), local public taxis called intra-communal sedan taxis
or “Wôrô wôrô” (WRs), inter-communal taxis (TAs), small buses or minicars known as
minibuses or “Gbaka” (GBs) and heavy vehicles (buses, trucks and long vehicles) (HVs).
It can be observed that PCs have a high contribution to the total emissions (e.g., 60% for
BC) for each studied pollutant.

Figure 5. Traffic emission contribution by different vehicle types in Yopougon.

This high contribution by PCs is linked to their large number (36% of vehicles are
PCs). Indeed, insecurity, poor organization and management of urban transport encourage
a large majority of people to buy personal cars. Low contributions are recorded for HV
(5% of vehicles are HVs), which is due to the fact that their vehicle flow or volume per day
is low, although the highest fuel consumption was recorded for HVs [26]. Figure 5 also
showed that WRs have a significant emission contribution after PCs. This might be related
to their driving patterns: in general, WRs were observed performing several speedups,
slowdowns, stops and starts, which result in increased levels of emissions [40]. Figure 5
also shows a predominance of CO emissions followed by NOx by personal cars (PCs) for all
types of vehicles. In addition, PCs are the only vehicle types that use gasoline as a fuel (26%
of personal car use gasoline as highlighted in Doumbia et al. [26]), thus contributing to high
CO emissions. Indeed, as previously mentioned, gasoline vehicles emit more than 80 times
the CO emitted by diesel engines (Table 1). The observed CO peak was also recorded by
previous works [72,73,77]. Gasoline combustion is known to produce more emission due to
evaporation process occurring in the engine. Furthermore, PC with air conditioner systems
may induce more fuel consumption, explaining the significant CO emissions [72,78].

Figure 5 also shows that BC emissions in Yopougon are twice as high as OC emissions
ranging between 1.15 and 0.59 t/d (PCs), 0.13 and 0.06 t/d (WRs), 0.16 and 0.08 t/d (TAs),
0.09 and 0.04 t/d (GBs) and 0.06 and 0.03 t/d (HVs). This was also observed in Katmandu
(India) in 2010 with 2.16 Gg and 0.78 Gg, respectively, measured for BC and OC [79]. It is
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due to the predominance of diesel vehicles, with more significant EF values for BC than for
OC. Indeed, in Doumbia et al. [26] we may observe the high rate of diesel vehicles (74%
of personal cars and 100% of other type of vehicles). This pattern is also in agreement
with studies by Franco et al. [80] and Sindhwani and Goyal [63] who highlighted that
diesel vehicles are found to be the major contributors, respectively, of BC emissions in
Bogota (Colombia), and BC and OC emissions in Delhi (India). It is interesting to recall
that the opposite situation of BC and OC relative abundance is observed in anthropogenic
emissions for sources such as domestic fires, industries, biomass burning and thermal
central [8,81–84]. Moreover, in our study, motorcycles were not considered, because in
the Yopougon (Abidjan, Côte d’Ivoire) area, these types of vehicles are rare (3% in 1998)
contrarily to other West African cities such as Ouagadougou in Burkina Faso (58% in 2006),
Cotonou in Benin (46% in 2001), Lomé in Togo (60% in 2000) and Bamako in Mali (56%
in 2006), where the most common mode of transport is the motorcycle taxi [85–89]. It is
important noting that in West Africa, higher emissions factors of OC than of BC have been
measured by Keita et al. [15] for two wheeled vehicles, whereas in Hanoi (Vietnam) and
Bangkok (Thailand), it was found that motorcycles induced more BC and CO emissions
than other vehicles [79].

3.4. Contribution to Emissions per Vehicle and Road Type

Table 3 displays the emission rates of the different pollutants per road class in
Yopougon: highway (HW), boulevard (BO), main road (MR), secondary road (SR) and
backstreet (BS). It shows that for each pollutant, a lower emission rate is produced by WR
on the HW. The highest contribution to BC emissions of vehicles on the highway is from
personal cars (70.2%), which is followed in decreasing order by TAs (13.1%), HVs (9.8%),
GBs (6.4%) and WRs (0.4%). While for BC on the main road, the PC (45.6%) is followed
in decreasing order by the WR (20.74%), the TA (15.21%), the GB (11.65%) and the HW
(6.79%). The same trend is observed for OC emissions. The emission rate of HVs is higher
than that of GBs and WRs on HWs for all pollutants. It emphasizes the involvement of HVs
in emissions on the HW compared to these two types of vehicles. However, HVs contribute
little to total emissions although fuel consumption by this type of vehicle is the highest.
This low contribution by HVs to total emissions could be related to their low level of use
on all other road classes [26]. In fact, HVs are used as a means of transport for goods and
building materials (sand) and people (passengers, workers and schoolchildren) inside and
outside the district. They travel at specific times according to their tasks. In addition, the
HW serves as a gateway to and from the industrial zone for the HVs. As for the high
pollutant emissions due to the WRs on the MRs and SRs, they can be explained by the high
traffic volume on these roads [26]. In fact, WRs use the highway (HW) at specific times to
overcome traffic jams on other roads in the district. In addition, passenger cars are present
at all times on all the roads in the district of Yopougon.
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Table 3. Contribution of vehicle types to the emissions (in %) of the different pollutants (BC, OC, CO, NOx, SO2 and
NMVOC) for each road type.

Highway
(HW)

Boulevard
(BO)

Main Road
(MR)

Secondary
Road (SR)

Backstreet
(BS)

BC

Personal car (PC) 70.21 54.84 45.6 52.83 75.48
IC Sedan Taxi (WR) 0.43 14.76 20.74 16.23 2.48

IC Taxi (TA) 13.16 11.04 15.21 13.29 18.25
Minibus (GB) 6.4 12.48 11.65 10.46 2.29

Heavy Vehicle (HV) 9.81 6.88 6.79 7.19 1.49

OC

Personal car (PC) 71.12 55.93 46.7 53.92 76.29
IC Sedan Taxi (WR) 0.42 14.41 20.33 15.85 2.4

IC Taxi (TA) 12.76 10.77 14.91 12.98 17.65
Minibus (GB) 6.2 12.18 11.41 10.22 2.21

Heavy Vehicle (HV) 9.5 6.72 6.66 7.02 1.44

CO

Personal car (PC) 84.93 74.38 66.71 72.81 88.04
IC Sedan Taxi (WR) 0.22 8.38 12.69 9.36 1.21

IC Taxi (TA) 6.66 6.26 9.31 7.66 8.9
Minibus (GB) 3.24 7.08 7.13 6.03 1.12

Heavy Vehicle (HV) 4.96 3.9 4.16 4.14 0.73

NOx

Personal car (PC) 72.02 57.02 47.8 55.02 77.08
IC Sedan Taxi (WR) 0.4 14.05 19.91 15.47 2.32

IC Taxi (TA) 12.36 10.5 14.6 12.67 17.06
Minibus (GB) 6.01 11.88 11.18 9.98 2.14

Heavy Vehicle (HV) 9.21 6.55 6.52 6.85 1.4

SO2

Personal car (PC) 78.61 65.44 56.65 63.58 82.76
IC Sedan Taxi (WR) 0.31 11.3 16.53 12.53 1.75

IC Taxi (TA) 9.45 8.45 12.12 10.26 12.83
Minibus (GB) 4.59 9.55 9.28 8.08 1.61

Heavy Vehicle (HV) 7.04 5.27 5.41 5.55 1.05

NMVOC

Personal car (PC) 78.34 65.07 56.26 63.21 82.53
IC Sedan Taxi (WR) 0.31 11.42 16.68 12.66 1.77

IC Taxi (TA) 9.57 8.54 12.23 10.37 13
Minibus (GB) 4.65 9.65 9.37 8.16 1.63

Heavy Vehicle (HV) 7.13 5.32 5.46 5.6 1.06

3.5. Spatial and Temporal Variation of Vehicle Emissions

Emission per hour is calculated for a better characterization of the spatial distribution
of emissions in Yopougon. Figures 6 and 7 display the spatial distribution of BC and NOx
emissions at different times of the day (1–2 a.m., 8–9 a.m., 12 a.m.–1 p.m. and 5–6 p.m.).
Red lines correspond to areas of high emissions with values between 1300 and 12,000 g/d
for BC and 40,000 and 86,000 g/d for NOx. Blue lines correspond to areas of low emissions
(0.32 to 20 g/d for BC and 2.35 to 100 g/d for NOx). This spatial distribution of emissions
displayed through these maps allows for the identification of the different areas with high
emissions associated with intense traffic activities. In addition, high emissions in the urban
area of Yopougon are also observed during the off-peak hours such as 1 to 2 a.m. (at night)
on the highway axis in orange. Significant emissions are also observed at peak hours such
as 5 to 6 p.m. (in the evening) due to the high rate of traffic at these times.
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Figure 6. Spatial distribution of pollutant emissions of BC at different hours.

Figure 7. Spatial distribution of pollutant emissions of NOx at different hours.
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Figure 8 illustrates the diurnal cycle of emission of NOx and shows that daily traffic
emission of NOx varies throughout the day with a high contribution from personal cars.
Two emission peaks are found in the morning (9 a.m.) and in the afternoon (5 p.m.) while
a decrease in emissions is observed at 1 p.m. for the different types of vehicles. These two
peaks of emission are associated with vehicle flux peaks, occurring in time periods when
most people go to work (morning peak) and go home again (evening peak) inducing
high traffic volume [26,90]. This study of the diurnal cycle of emissions is very important
because it allows examination of the pollution at each time, thus to set up strategies to
reduce the associated health risks. Emissions of NOx estimated at the level of individual
road segments and varying by time of day in the city of Montreal (Canada) are used as
input data of models [91].

Figure 8. Total vehicle emission of NOx for different vehicle types in Yopougon.

3.6. Comparison with Other Emission Inventories

Table 4 presents the comparison of emissions from this work (Yopougon in 2016) with
those from inventories of Liousse et al. [13] and Keita et al. [14]. These two inventories are
on a regional scale, whereas in this study emission inventories are on a local scale. It is
therefore appropriate to bring the regional studies to the local scale to obtain emissions
in the study area (Yopougon). A “downscaling” method was performed for this purpose.
The latter consists of extracting information from a larger scale to adapt to a smaller scale.
For comparison, EFs of Liousse et al. [13] and new EFs of Keita et al. [15], measured as part
of the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA) pro-
gram and specific to our study area were used to estimate emissions (Table 4). Results show
that BC emission values given by this study using the EFs of Keita et al. [15] and Liousse
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et al. [13] are 6–9 times higher than BC emissions of Liousse et al. [13], respectively. BC emis-
sions of Keita et al. [14] (0.29 t/d) established for the year 2015 using EFs of Keita et al. [15],
are twice as low as those of this study (0.71 t/d). These differences may be explained, on the
one hand, by the uncertainty related to the fuel consumption data from the regional and
national databases used in these two inventories; fuel consumption data which are crucial
parameters in traffic emission estimation in the West African region [13,91]. Furthermore,
it should be recalled that this inventory is based on local data of fuel consumption collected
during field measurements. On the other hand, Keita et al. [15] showed that the EF values
measured for gasoline are higher than those used in Liousse et al. [13] (4 times higher for
BC and twice as high for OC), while they are slightly lower for diesel. This means that the
use of Liousse et al. [13] EFs underestimates BC and OC emissions for on-road gasoline
engines while they are of the same order of magnitude for on-road diesel engines.

Table 4. Emission factors (EFs) from previous studies used to calculate traffic emission in
Yopougon (t/d).

Emission Factor Emission Years BC OC Inventory

Liousse et al. [13] 2005 0.12 0.50 Liousse et al. [13]
Keita et al. [15] 2015 0.29 0.93 Keita et al. [14]

Liousse et al. [13] 2016 1.09 0.56 This study
Keita et al. [15] 2016 0.73 0.47 This study

Regarding OC, Table 4 shows slightly similar traffic emissions for this study and
Liousse et al. [13] both using Liousse et al. [13] as the EF (0.56 t/d and 0.50 t/d, respectively).
However, a difference exists when comparing OC emissions between this study and Keita
et al. [14], using both EFs of [15]. Indeed, Keita et al.’s [14] values are about twice as high
as those of our study (0.93 t/d and 0.48 t/d, respectively). It can be also noted that Keita
et al.’s [14] values are twice as high as those of [12].

Briefly, local BC and OC emissions from traffic sources in this study are a factor of
two larger and smaller, respectively, compared to Keita et al. [14] using the same emission
factors. These differences can be explained by different factors such as considerable change
in anthropogenic activities, EFs and spatial resolution. Regarding changes in anthropogenic
activities, for example, high urbanization rates from 2005 to 2015 may be noted which lead
to the highest number of vehicles and emissions. Secondly, the EFs of Keita et al. [15] took
into account the different types of vehicles as well as age. EF is strongly dependent on
vehicle age. The older the vehicles, the EF values for carbonaceous particles are higher [15].
It is worth noting that the EFs of Liousse et al. [13] are higher than those of Keita et al. [15]
for diesel (for BC) and gasoline (for OC) explaining the higher emissions of this study
found with EFs of Liousse et al. [13] compared to Keita et al. [14]. Finally, spatial resolution
may also impact emission estimates by the use of fine resolutions. Spatial resolution of
Liousse et al.’s [13] inventory was 25 km whilst 12.5 km for Keita et al. [14] and local for
this study. Tan et al. [42] have shown that the emission inventory is improved by using
finer resolution grids.

4. Conclusions

This study investigates emissions of six pollutants of major interest for air quality
and their impacts such as black carbon (BC), organic carbon (OC), carbon monoxide (CO),
nitrogen oxides (NOx), sulfur dioxide (SO2) and non-methane volatile organic component
(NMVOC) from traffic in urban areas in Yopougon (Abidjan, Côte d’Ivoire). This study is
based on a bottom-up methodology using local data of fuel consumption, as well as the
use of the EFs of Liousse et al. [13] and the new realistic EFs for particulate matter (BC and
OC) of Keita et al. [15] obtained during the DACCIWA campaign.

It was observed that the personal car (PC) vehicle type yielded the highest contribution
to total emission in terms of proportion due to their number in Yopougon. Contribution
to BC and OC emissions on the highway is significant for personal cars (PCs) followed
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by inter-communal taxis (TAs), heavy vehicles (HVs), minibuses (“Gbaka” or GBs) and
intra-communal taxis (“Wôrô wôrô” or WRs). On the main roads, important contributions
are observed for PCs, followed by WRs, for TAs, for GBs and for HVs. This is a first attempt
to calculate emissions at a local scale including a comparison with regional estimates
(interpolated emissions for Yopougon from downscaling approach, distributed with the
population density). In addition, local emissions of BC and OC from traffic sources in
this study are a factor of two larger and smaller, respectively, than the regional emissions
using the same emission factors. Differences between these two emissions are due to fuel
consumption data. For this study, we considered local data of fuel consumption per vehicle
and fuel types, obtained from a field investigation—a local approximation. While regional
emissions inventories are estimated using the International Energy Agency (IEA) fuel
consumption database, available at broader country scale and fuel type.

As a perspective, the inventory resulting from our study is a significant novel con-
tribution to the body of science since it will allow modeling of air quality and health in
Yopougon. This work focused on the traffic in a locality of Abidjan where other sources
of anthropogenic emissions may be observed. Thus, it needs to be completed through
the integration of the other sources such as industrial, residential, landfill and charcoal
making emissions.
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