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ARTICLE INFO ABSTRACT

Keywords: The road transportation sector is one of the largest contributors to fossil fuel consumption, while the energy
Greenhouse gases sector being the greatest consumer overall. Urban growth increases transport and mobility demands to meet
Urbanization

human needs. Few studies exist on greenhouse gas emission factors in developing countries. This study assessed
and modeled greenhouse gas emissions factors with fossil fuel implications in road transport including urban
mobility in Burkina Faso. The methodology entails the development of a bottom-up model to estimate fuel de-
mand and emission factors under the IPCC 2006 guideline. It assesses greenhouse gases by establishing the
specific emission factors using Ouagadougou City as a site of emission data processing. The analysis has included
satellite NOy emission data. The city suffers from significant gas emissions and air pollutants resulting from the
high vehicle fleet growth and fuel consumption. Indeed, the transport sector consumes 89 % of fossil fuels sold in
Burkina Faso. There is an average carbon dioxide (CO2) emission factor of 3.7623 kg/1 and 3.270 kg/1 for diesel
and gasoline vehicles, respectively. Thus, in 2019, gasoline and diesel accounted for 71 % and 21 % of total fuel
consumption respectively, and produced a total amount of 1034 513.84 tons of CO2 (1034.5 GgCO2). In the
business-as-usual condition, an average annual CO; production of 213.71 thousand tons is simulated from 2019
to 2040. A total emission of 4 486 559.34 tons (4486.64 GgCO2) by 2040 is expected with a share of 62 % for
gasoline and 38 % for diesel. With an average emission of 1.89 mol/m2, the satellite tropospheric nitrogen
dioxide concentration is mostly affecting the Central Business Division (CBD) of Ouagadougou City. It corre-
sponds to 56 ug.m-3 which is beyond the WHO standard of annual average exposure. Thus, these findings alert
the need for urgent environmental regulations and climate change mitigation actions for sustainable mobility.

Vehicle carbon

Environmental impact of transport
Sustainable urban mobility
Burkina Faso

1. Introduction
Synopsis: Minimal research exists on gas emission factors in Af-
rica, this study reports GHG emission factors of road traffic with Over a century, greenhouse gases such as carbon (CO3), methane
the implication of fuel consumption. (CH4), concentration has increased exponentially in the atmosphere
(Dubresson & Jaglin, 2010; Steinberger et al., 2009), which is inherent
to human activities. The human need for energy has led man to burn
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substantial amounts of fossil fuel, and the population increase, correlate
with high consumption of fossil fuel, wood, and charcoal, particularly in
urban areas. The global population living in urban areas reached 50 % at
the beginning of the 21st century and is expected to reach 60 % by 2030
(UNPA, 2014), with developing countries having the highest rates of
urbanization (Freire et al., 2014). This has contributed to increase urban
transportation and mobility demands. The transportation sector is the
greatest active contributor to fossil fuel consumption in cities and gen-
erates the largest share of greenhouse gas emissions (Sims R. et al.,
2014). Over 90 % of the fuel used for transportation is petroleum-based
(Wang & Zhang, 2012) contributing significantly to environmental
pollution through greenhouse gas emissions. The Executive Director of
the United Nations Centre for Human Settlements (Kirk, 1988) states
that cities are responsible for 75 % of global energy consumption and 80
% of greenhouse gas emissions (Dodman, 2009). In 2004, the transport
sector accounted for 26 % of world energy use, of which 95 % of the
energy was obtained from burning fossil fuel in internal combustion
engines (U.S. Energy Information Administration | International Energy
Outlook 2016, 2016). Unless there is a major shift from current patterns
of energy use, projections foresee continued annual growth of 2 % in
world transportation energy use, with carbon emissions expected to
increase by 80 % by 2030 (Dodman, 2009).

In developing countries, transportation energy demand is increasing
rapidly at a range of 3 to 5 % per year and, estimated to grow from 31 %
in 2002 to 43 % of world transport energy use by 2025 (Barker et al.,
2007). Since road transportation is one of the contributors in energy
consumption, vehicles are the largest emitters of GHGs in most road
transport (Albuquerque et al., 2020). The main greenhouse gases
emitted are carbon dioxide (CO3), methane (CHy4), Nitrous dioxide
(NO3), and a small amount of hydrofluorocarbon (HFC) released from
the use of mobile air conditioners and refrigerated transport
(Chavez-Baeza & Sheinbaum-Pardo, 2014). Anthropogenic volatile
organic compounds (VOCs), carbon monoxide (CO), and nitrogen oxides
(NOx), important elements gases to tropospheric ozone (03) and sec-
ondary organic aerosol formation, are principally emitted from vehicles
in urban areas (Chavez-Baeza & Sheinbaum-Pardo, 2014). As part of a
global determination to identify greenhouse gas emissions and set tar-
gets for emissions decrease, the UNFCCC requires all member states to
regularly submit their National Greenhouses inventory report and IPCC
provides a detailed methodological framework to achieve it. An emis-
sion factor (EF) which is a coefficient that quantify the gases emission
per unit activity is necessary to perform GHG assessment in the sector
like road transportation (Giuliano et al., 2015). This.is important for
environmental regulation in road transportation sector where the
emissions tend to increase due to structural changes related to gross
domestic product (GDP) per capita increase as countries became richer.
Thus, the development path of infrastructure and settlements taken by
developing countries and economies in transition will have a significant
impact on the future share of transport related emissions of GHG (Sims
R. et al., 2014). This situation demonstrate a significant environmental
effects of road transportation in cities where the movement of people,
goods are fundamental component of modern society (Rodrigue, 2024)

Burkina Faso is a landlocked country where the road transportation
sector plays a significant role in the economy including urban devel-
opment characterized by an exponential cities growth passing from 15.4
% in 1996 to 31.4 % in 2019 (INSD, 2022; UN-HABITAT, 2019). In this
context of economic and urban dynamics, the country submitted its
second national communication in 2015 to UNFCC using default emis-
sion factors. It is therefore important to assess and determine the specific
EF for the country to reflect the reality in GHG assessment. The specific
EF is highly recommended by UNFCC for better implementation of the
national Measurement Reporting and Verification (MRV) tool to gather
accurate information from country’s NDC report (Singh et al., 2016;
UNFCC, 2014). This is really critical for the developing world particu-
larly in transportation sector since the fuel does not have a standard
quality for all countries (Fu et al., 2022). The specific EF per country, is
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fundamental to measure and identify specific GHG emissions sources for
an activity related to energy consumption and enables companies to
quantify their environmental impact particularly in transportation
sector (DCycle, 2024). The cost-effectiveness of the EF in GGH assess-
ment makes it appropriate for road transport and urban mobility studies
which needs details and larger scale estimations to guide decision
making in targets emissions reduction, and transport infrastructure
planning. This help making urbanization process environmentally
friendly with sustainable urban mobility. Thus, this study has developed
emission factors and reliable fleet availability data to provide a more
reliable historical trend of GHG emission in road transport and its
contribution to air pollution. It assessed and model GHG emissions
relating to the road transportation sector and urban mobility in Burkina
Faso using the IPCC 2006 guideline (Jim Penman et al., 2006). It has also
assessed urban NO; of the capital city, from satellite because of its
harmful impact on human health, since the country urban growth is led
by Ouagadougou which represents 46.4 % of the urban population
(UN-HABITAT, 2019). From 2010 to 2015 it was estimated that 1.85
million (95 % uncertainty interval [UI] 0.93-2.80 million) new pediatric
asthma cases were attributable to NO5 globally in 2019, two-thirds of
which occurred in urban areas, particularly in developing world
(Anenberg et al., 2022). Furthermore, NOy emission causes naturally
impaired visibility and contributes to acid rain. All this together consists
of guiding policymakers to make cities livable, and climate-resilient that
balance development with environment health and quality of life in
Burkina Faso.

2. Literature review

Economy development is greatly dependent on transportation sector,
which support the global modernization in freight movement, and urban
mobility (Cascetta & Henke, 2023; Ma et al., 2020). This sector highly
contributes to the societal and economic inclusiveness in any geographic
area in the world. However, the high dependency of on fossil fuels (e.g.
gasoline, diesel) underscore the transport sector environmental degra-
dation through emissions (Proost & Van Dender, 2012a). In the context
of climate change mitigation arrangements, sustainable transport
development is a critical component for the achievement of Paris
agreement actions plan (International Transport Forum, 2018; IPCC,
2023a).

It has established in 2019 IPCC report, that transport sector con-
tributes 23 % to the global energy related CO2 emission, 8.7 GtCO2-eq
emitted (IPCC, 2023b, 2023a). and most of countries specifically,
developing countries still using the tier 1 of IPCC 2006 guideline which
using defaults emissions factors leading to use gap on the accuracy given
that the fuel in the developing countries don’t have the same standard
meaning the same emission factor. Therefore, climate mitigation target
actions from transportation sector, will require substantial trans-
formative change with leaving no one behind for inclusive sustainable
development achievement by using the specifics emissions factors. For
that purpose, UNFCCC recommended countries to move from IPCC tier 1
method which using default emission to IPCC Tier 3 method that pro-
mote specific emission factor on GHG measurement (UNFCC, 2014).
Unfortunately, some countries such Burkina Faso don’t have that stan-
dard explaining therefore, the need of this study. The low-carbon
emissions target, to reduce greenhouse gases (GHG) emissions towards
achieving the Paris agreement goal of 1.5 °C in transport sector is a
critical action for parties (Arioli et al., 2020).Thus, a regular GHG
emissions assessment from transport energy related consumption by all
countries should be a critical indicator in sustainable transport system
development, particularly in urban area. This should be made with a
specific emission factor (EF).

With the UNFCC recommendation for GHG emission inventory by
country, much efforts are made by many countries to develop a specific
EF with academic and public institutions, and researchers. Thus, the
United States Environmental agency has established an EF, in transport
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sector with a regular update on CO5, CHy, and N,O, in fossil fuels ve-
hicles in USA (U.S. EPA, 2021). In Europe the Smart Freight Centre
based in Netherland provides an extensive list of GHG emission factors
associated with different fossil fuels used in the road transport, which
assists companies to effectively implement GHG inventory in freight
sector (Smart Freight Centre, 2021). Furthermore, to implement indirect
top-down GHG estimation in road transport, Mukherjee et al., investi-
gated in the use of deep learning approach to estimate emissions with
satellite imagery in the United States, which can be considered as a
scalable near real time GHG estimation (Mukherjee et al., 2021).
Transport carbon estimation from road network with open data
approach including origin-destination flows were possible with the use
of machine learning, which therefore proves the effectiveness of carbon
emissions inventory for sustainable mobility management (Zeng et al.,
2024). Furthermore, to promote profitable, sustainable and competitive
business in India, the country has established a specific road transport
EF prevalent to each energy related vehicle type in 2015 (Indian GHG
Program, 2015). These innovative researches contribute advancing GHG
emissions investigation in road transport. However, as fossil fuel used in
transport sector depends on many factors including, fuel quality, engines
combustion, continuous efforts are requiring in further investigation for
effective policy implementation (Ghorbani et al., 2024). Efforts should
be made with developing countries, particularly in Africa were many
countries still using default EF related to their GHG inventory for the
NDC report to UNFCC. Although IPCC provides Guidance methods for
estimating GHG emissions, countries are encouraged to adopt the "bot-
tom-up" approach with specific EF, particularly in transport sector with
local data. This is preferred over IPCC defaults, because fossil fuel
composition and calorific values depends on many factors (Arioli et al.,
2020; Eggleston et al., 2006; IPCC, 2023b; Masui et al., 2021).

3. Method
3.1. Study area

This study was carried out in Ouagadougou city in Burkina Faso, a
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landlocked country located in the heart of West Africa between 9°20'
and 15°05' North latitude and 5°20' West and 2°03'in East longitude
(Fig. 1). It covers an area of 274 000 km? with an estimated population
of 20 487 979 people and an annual growth rate about 2.93 % (INSD,
2019). It has 45 cities according to the national urban definition (INSD,
2022) and ranked 119 positions out of the 196 countries).

The capital city Ouagadougou is the leading rapidly grown city
which accounted for 45.5 % of the national urban population and 40 %
of the vehicle fleet in 2019 (INSD, 2019). The urban sprawl leads to an
annual increase in the use of motorized vehicles of 4.3 % dominated by
two wheelers (Bamas, 2003). Only 11 % of the city population uses
public transport. In this city, road transport is the main mode of trans-
portation accounting for 84,3 % of freight in 2018 (MTUMSR, 2019).
The national road network is made up of 6728 km (about 4180.59 mi).
In 2018, about 93 % of the volume of hydrocarbons was imported by
road transport in this country (MTUMSR, 2019).

3.2. Sampling

In this study, Ouagadougou city Cars and the Motorbike fleet of 2019
have been used. A sample of 1,231,226 vehicles, which represents 40 %
of the national vehicle population (3 068 308) was used. The data are
from the general directorate of Land and Maritime Transport (MTUMSR,
2019). It is a cumulative data from 2005 to 2019. The sample size was
determined using the Morgan formula for its simplicity (Abdul et al.,
2021; Uakarn et al., 2021) and, the vehicle fleet are categorized per fuel
type.

X 2NP (1 - P)

S=@N -1) + x2P(1- P)

@

S, the sample size; X2, the table value of chi-square for 1° of freedom at
the desired confidence level (3.841); N, the population size. P, the
population proportion (assumed to be 0.50 since this would provide the
maximum sample size); d = the degree of accuracy expressed as a pro-
portion (0.05). For a population greater than or equal to 1000,000, the
sample considered remains constant and equal to 384. The sample
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distribution detail has taken into account he proportional shared of the
vehicle powered engine (diesel or gasoline) population (Table S1). The
summary is therefore split by vehicle and fuel type according to the
population detail, which revealed the dominance of two wheelers and
gasoline vehicles (Table 1).

3.3. Emission factor estimation

The emission factor is a coefficient that quantifies the emissions or
removals per unit activity with combined information on the extent to
which human activity occurs (EEA, 2023). In the transport sector, a mass
of carbon dioxide emitted per unit of fuel consumed is considered an
emission factor, which depends on fuel type, vehicle activity, technol-
ogy, and emission reduction regulations at regional and country levels
(EEA, 2023; Keita et al., 2021). However, in Burkina Faso as well as in
many African countries, information on specific emission factors is not
available for each fuel/activity (Gitarskiy, 2019; Jim Penman et al.,
2006; Paustian & Van Amstel, 2006). Therefore, the estimation is based
on country-specific information on process conditions, and fuel qualities
(Gitarskiy, 2019). Thus, several operations were performed to obtain the
actual amounts of gas emission factor using the Testo 350-XL gas
analyzer (Testo North America, 2019). The vehicle combustion data was
collected from the Motor Vehicle Control Center (CCVA) by real-time
measurements with a time step of a second over two minutes
maximum corresponding to the average time during which the emission
values are stable for data recording. The data obtained in ppm units from
the measurement are normalized concerning the excess air during the
process as shown below:

CO2 (ppm)= CO2 (%) *10,000 Step1
CO, (Normalized air excess) = CO2 (ppm)*20.9/(20.9-05(%)); Step2
CO (mg/m3) = COz(Normalized) * Density of COq; Step3
CO4(g/kWh) = COx(mg/m3) * Sp/(1000*LCV); Step4
CO4(g/kg) = COz(mg/m3) * Sp/1000 Step5

Where: LCV= Lower Calorific Value; Sp= Smoke Power

Notes: Fuel density of 850 kg/m® for diesel, and 750 kg/m® for
gasoline is used.

To control the data uncertainties, the Testo 350-XL gas analyzer is
first calibrated using the censors’ instruction manual. The engine
exhaust emissions measurement is made based on the Senegalese stan-
dard NS 05-060 (https://faolex.fao.org/docs/pdf/sen54266.pdf) in the
absence of a national standard on vehicle’s emission control procedures
in Burkina Faso. In addition, the benches for the vehicle’s emission
control procedures of the European standards (European Union, 2019)
are used to know the technology of the vehicles surveyed using the
manufacturing year. Therefore, the measurement accuracy was +2ppm
error, either 0.3 % of the volume with an average response time of <30 s.

3.4. Vehicle activity data, fossil fuel demand, carbon dioxide emission

In the transport sector, energy consumption depends on factors such
as travel distance, fuel efficiency, or economy. The more a vehicle
traveled, the higher the fuel consumption. Thus, the travel distance
constitutes an activity data. In this study, the annual travel distance is
the activity data, and were collected together with fuel efficiency or
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economy at the Motor Vehicle Control Center (CCVA) with the owners of
the surveyed vehicles on which the measurements were carried out
during the vehicle control. Then, the vehicle importation and, its
registration document in the country were exploited. The travel distance
from the vehicle visit card delivered by CCVA at its previous visit and,
the total mileage information from the vehicle dashboard during the
measurement is collected. Then, the calculation of the average annual
distance is made between two visits as follows:

Dy = Y (di—do), @

jit

where D is the annual travel distance in km, dO is the initial distance
from the first visit, and d1 is the distance traveled at the second visit, t is
the year; i is the vehicle type, j is the fuel type.

The fuel efficiency or fuel economy data information was obtained
from the compliance documents and from all the sample sizes of the
vehicles that were measured during the survey. Thus, the fuel demand
and consumption have been estimated using the Long-Range Energy
Alternatives Planning (LEAP) model (Huang et al., 2011), is applied to
estimate and project the future energy demand using the vehicle pop-
ulation growth rate (Table S2) method in the context of
business-as-usual condition up to 2040 (Kenworthy-Groen, 2012), Egs.
(3) and (4):

E, = ) Vijtrdijtfeijt 3)

jit

where: E is the energy demand, V is the vehicle population; d is the
average annual distance traveled in km, fe is the fleet’s average on-road
fuel economy. t is the calendar year; i is the vehicle type, j is the fuel
type.

Ni =Ny +ki.tv (C))

Where: N, is vehicle type i population size at time t; Nj, = initial vehicle
type i population size, k; is the growth rate of i vehicle population, and tv
is time intervals.

The energy demand used the vehicle growth rate considering the
context of business as usual since the country did implement any policies
in road transportation and urban mobility. The growth rate calculation
used the vehicle fleet data of previous year (Eq S1). The vehicle fleet
projection (Table S3) used the recent growth, 2018 to 2019 (Eq S2).

Carbon dioxide (CO2) emission

For the carbon dioxide assessment purpose, an equation adapted
from Chavez-Baeza and Sheinbaum-Pardo (2014) was used

COy = > Vit + dijt « feijt « EFjt )

jit

where: CO3 is the CO4 emissions, V is the vehicle population. d (km) is
the fleet average annual vehicle distance traveled, fe is the fleet average
on-road, EF is the emission factor (g/Km), i is vehicle type, j is fuel type,
and t is the year.

Table 1

Vehicle sample categories and per fuel type in 2019 in the central region.
Type Population P/Gasoline P/Diesel S/Gasoline S/Diesel Sample Share
Private Cars 147,823 113,712 34,111 36 11 47 12.24 %
Vans 54,374 3806 50,568 1 16 17 4.43 %
Trucks 26,803 0 26,803 8 8 2.08 %
Bus (Public) 16,636 665 15,971 0 5 5 1.30 %
Tractors/Trailor 64,190 0 64,190 0 20 20 521 %
Motorbikes 921,400 921,400 0 287 0 287 74.74 %
Total 1,231,226 1,039,583 191,643 324 60 384 100 %
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3.5. Nitrogen dioxide (NO) emissions estimation

The capital city’s tropospheric NO, concentration has been used to
assess atmospheric air pollution. Nitrogen oxides (NO2 and NO) are
important trace gases in the Earth’s atmosphere, present in both the
troposphere and the stratosphere (Cheng et al., 2023; NASA, 2018).
They enter the atmosphere because of anthropogenic activities, notably
fossil fuel combustion and biomass burning (Bucsela et al., 2013), in the
presence of sunlight, a photochemical cycle involving ozone (O3) con-
verts NO into NO5 and vice versa in a few minutes. Thus, NO, concen-
trations in cities are due to urban transportation and mobility. Launched
in October 2017, this satellite is used to monitor atmospheric air
pollution, and provides two types of data, Near Real-Time (NRTI) and
Offline (OFFL) (Bucsela et al., 2013; Yin et al., 2022). The offline
high-resolution (1113.2 m) imagery of NO5 concentrations with cloud
radiance fractions of <10 % is used. The data was retrieved from the
Google Earth Engine dataset (https://developers.google.com/earth
-engine/datasets/catalog/COPERNICUS_S5P_OFFL_L3_NO2). Thus,
data from January 1, 2019, to December 31, 2022, has been extracted to
assess NO, emission over the city of Ouagadougou. The estimation is
based on the OMI model of tropospheric Air Mass Factor (AMF) calcu-
lation (Perliski & Solomon, 1993). We used the NO profiles simulated
by the Global Modeling Initiative (GMI) chemistry transport model with
a horizontal resolution of 1° x 1.25°. We considered the total vertical
column of NO2, which is the ratio of the slant column density of NO, and
the total air mass factor. The formula used to calculate the tropospheric
NO, is as follows (Perliski & Solomon, 1993; Rotman et al., 2001):

SCDtrop — SCDstrat

VDo = = A MF

©

where SCDyo, = Slant tropospheric column density, SCDsyq =Slant
stratospheric column density, and AMF,..,=Tropospheric Air Mass emission
factor.

SCD,y,p

AMF ,, = o Doy’

()

Separation of stratospheric and tropospheric columns is achieved by
the local analysis of the stratospheric field over unpolluted areas.

4. Results

4.1. Fossil fuel consumption by the transport sector in 2019 and demand
scenario to 2040

The annual average travel distance per vehicle and the average fuel
efficiency or economy, the main factors that contribute to fuel con-
sumption, are presented below (Table 2).

It shows that gasoline vehicles are more fuel efficiency and travelling
more distance per fuel used than diesel vehicles. With one liter, a gas-
oline vehicle could travel an average distance of 11.38 km, while a diesel
vehicle can reach an average distance of 10.25 km for private cars. The
country road transportation is mainly based on gasoline and diesel-

Table 2
Parameters of the fossil fuel consumption estimation.

Vehicle Type Average annual Average Fuel efficiency (Km/

Distance liter)
Private Cars Gasoline ~ 4387.67 11.38
Private Cars Diesel 6219.9 10.25
Vans Gasoline 12,392.08 12.5
Vans Diesel 16,563.15 9.7
Trucks Diesel 22,014.58 6.29
Bus (Public) Diesel 13,599.68 5.22
Tractors/Trailer 21,605.06 4.8

Diesel

Motorbikes Gasoline 5223.25 37.87
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powered vehicles. The consumption has increased from 441.3 million
liters in 2010 to 1286.2 million liters in 2019 for the whole economic
sector. The consumption is made up of 42 % gasoline and 58 % for
diesel. Thus, in 2019, the transport sector consumed a huge amount of
1153.24 million liters accounting for 89.66 % of the whole general
consumption in the country. The share consumption per fuel type and
vehicle category shows a disparity. Gasoline is the most consumed with
a shared of 71 % (Fig. 2)

The fuel consumption depends on the fleet availability, and vehicle
distance traveled which highlights urban mobility dominated by indi-
vidual means of transportation with 84 % using shared transport. Each
person uses at least one mode of transport, either a motorcycle, private
car, or bus transport respectively 48 %, 34 %, and 2 % (Fig. 2, B). The
remaining fleet of vehicles (16 %), provides transportation for goods in
urban freight mobility. The existing diesel vehicles are dominated by
Vans, Trucks, and Bus. Vans are for urban logistic mobility while Trucks
and Trailor are for freight transportation within cities.

The projected diesel fuel demand scenario from 2019 to 2040 in-
dicates a huge quantity of fossil fuel that will be consumed in the coming
years. The share consumption by 2040 in total diesel fuel is 517. 69
million liters with 66 % for Trailor and 16 % for tractors, and Bus for 3
%. This difference can be explained by the increase in travel distance,
the vehicle fuel efficiency/economy, the average rate of the vehicle type
fleet annual growth, and, the low-level public transport development.
Bus has a low annual growth rate (2 %), then, shall consume less fuel
with a shared need of 3 % (Fig. 3).

Thus, there is an average need for diesel fuel of 24.65 million liters
each year for diesel vehicle type during the scenario period. The need
dominated by Trailor and Truck vehicles is due to urban freight and
logistics.

By 2040, gasoline fuel of 729.456 million liters will be consumed by
motorbikes, private cars, and vans. Thus, 69 % of gasoline will be
consumed by private cars, while 30 % is for motorbike, (Fig. 4). That
difference is due to travel distance despite the high number of motor-
bikes, fuel economy, and, the strong growth of private vehicles
compared to motorcycles. A total amount of 1247.141 million liters of
fossil fuels will be consumed in 2040 with an annual need of 59.387
million liters/year. The needed share by the fuel type in 2040 is 41 % for
diesel and 59 % for gasoline vehicles. This difference in fuel-shared
consumption is explained by the vehicle’s travel distance, and vehicle
number. The increase in average annual distance by gasoline vehicles is
due to urban mobility and transportation which is dominated by indi-
vidual shared modes of mobility.

With business as usual, the private car and motorbike will still be the
main mode of mobility with 93 % in 2040. This huge consumption of
fossil fuels is the main source of greenhouse gas emissions.

4.2. Gases emission per vehicle and fuel type in 2019 and its scenario
from to 2040

The vehicle’s emission factors depend on the fuel type and the
combustion during a period. The assessment revealed that private ve-
hicles and vans using gasoline have higher emission factors of CO5 and
CO compared to those using diesel for the same type of vehicle, while the
NOx emission factor is higher for private vehicles and trucks using diesel
(Table 3).

The emission factor is used together with the activity data to estimate
the amount of the gases emitted. The assessment indicates that COs is
the main gas from transport. In 2019, there was a total of 1 034 513.84
tons of CO3 (1034.5 GgCOy), with a shared emission of 36 % for Gasoline
and 64 % for diesel. In the business-as-usual condition, an average
annual CO; production of 213.71 thousand is simulated from 2019 to
2040. A total emission of 4 486 559.34 tons (4486.64 GgCO2) by 2040 is
expected with a share of 62 % for gasoline and 38 % for diesel. The
reversal of CO, emissions by energy type is due to the strong growth of
gasoline vehicles with >53 % of CO5 emissions for private vehicles (28
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Fig. 2. Share of fuel type consumed by the transport sector in 2019: A) fuel type, and B) per vehicle category.
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Fig. 3. Diesel demand scenario from 2019 to 2040 by road transport and urban mobility.

%) and Motorbikes (25 %) (Fig. 5).

In the absence of strong politique of public transport development,
this situation can contribute to exacerbating the negative externalities of
urban mobility such as pollution, traffic accidents, and urban sprawl.

4.3. Nitrogen dioxide emissions estimation

The tropospheric Nitrogen dioxide emission is particularly important
in cities due to urban transportation and mobility. The monthly average
emission analyzed from the satellite daily data indicates the variation
over time from 2019 to 2022. The highest monthly emissions are from
April to June and from November to January (Fig. 6).

It therefore shows the seasonal variation of the emission. Indeed, the
period from April to June and from November to January corresponds to
the dry season. Thus, the prominent level of emission occurs during the
dry hottest months between April and June and during the cold months
between November and January. During these periods, the ground layer
of the atmosphere (troposphere) of Ouagadougou city is loaded with
dust. This could therefore influence NO; co-emitted in conjunction with
other harmful pollutants such as diesel PM, VOC (volatile organic
compounds) air toxics, heavy metal, etc. The year 2021 has the highest

NO; emissions rate with a peak emission in May (1.89e-05 mol/m?)
while 2020 has the lowest rate of emission with the lowest emission in
February (1.00e-5 mol/m?). The variation of the emission is seasonal. It
can be explained by the characteristics of each season or the level of
emissions. The high NO;, level occurs during the warm summer months.
The high solar radiation in summer can speed up the chemical reactions.
The spatial distribution of the average annual tropospheric NOy pollu-
tion in Ouagadougou city varies like the temporal distribution (Fig. 6).
The highest concentration is around the city’s central business center
(CBD) where the Airport is located and other economic activities. So,
trip origin and/or destinations such as the airport, the city’s markets,
leisure centers, and social and educational centers, are the main factors
contributing to urban mobility, which then leads to NO, emissions. In
addition to this urban mobility generation centers, urban freight
movement, or urban logistics contribute to the gas emission. Based on
the atomic mass of NO5 and its chemical formula, the emission value (56
ug.m %) over the city of Ouagadougou (Fig. 7) is higher than the rec-
ommended World Health Organization (WHO) annual exposure stan-
dard of 40 pg.m~3.

Thus, within the four years (2019 to 2022), the average national NO,
emission level (Fig. 7a), shows that the city of Ouagadougou is the main
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Fig. 4. Gasoline demand scenario from 2019 to 2040 by road transport and urban mobility.

Table 3
Emission factor per vehicle, type of gases, and fuel.
Vehicle’s EF CO4 EF CO EF NOx Fuel Fuel
type (kg/liter) (kg/liter) (kg/liter) density type
(kg/liter)
Bus 3.7135 0.012 0.029 0.85 Diesel
Trailer 3.8441 0.021 0.05 0.85
Vans 3.8172 0.08249 0.002 0.85
Tractor/ 3.8135 0.024 0.022 0.85
Truck
Private 3.623 0.0421 0.022 0.85
Vehicle
Average 3.7623 0.0363 0.025 0.85
Motorbike 3.25 0.00245 0.0028 0.75 Gasoline
Vans 3.27 0.029 0.0111 0.75
Private 3.3 0.021 0.0009 0.75
Vehicle
Average 3.27 0.0175 0.0049 0.75

center of atmospheric Air pollution. The average NO; emissions in 2019
and 2020 (Figs. 7b and 7c) have lower NO5 concentrations than the
average emissions in 2021 and, 2022 (Figs. 7d and 7e).
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5. Discussion

5.1. Do the results of gas (CO2) emissions factors in road transport align
with GHG inventory guidelines?

The GHG inventory depends on principles of geographic area, time
series, sectors, and gas categories (Eggleston et al., 2006; Paustian & Van
Amstel, 2006). CO5 emissions from road transport are attributed to
where vehicle fuel consumption is recorded most. Therefore, the focus of
this study was to establish gas (CO3) emissions factors in road transport
using a detailed technology-based method known as the bottom-up
approach (tiers 2 and 3) by IPCC guidelines (Paustian & Van Amstel,
2006). The Tier 2 methods apply to country-specific emission factors
that need to be developed, using country-specific information on process
conditions, fuel qualities, and abatement technologies (Eggleston et al.,
2006; Gitarskiy, 2019). The result of the emission factor revealed an
average emission of 3.7623 kg/1 for diesel vehicles and 3.27 kg/1 for the
gasoline vehicle. Thus, compared to the average emission factor calcu-
lated by the United States Environmental Agency (EPA) using IPCC
guidelines to set the national emission standards (Eggleston et al., 2006;
EPA, 2023; Federal Register, 2010), that recorded 8887 g of CO2/gallon
of gasoline (= 2.221 kg/1) and, 10,180 g of CO2/gallon of diesel (=~ 2545
kg/1). Comparatively, the difference with this research findings can be
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Fig. 5. CO, emission scenario by vehicle and fuel type from 2019 to 2040.
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Fig. 7. Spatial and temporal dynamic of NOx emission over the city of Ouagadougou with OMI satellite data from 2019 to 2022.

explained by the age of the vehicle fleet. The average age of the vehicle
fleet in Burkina Faso was 17 years old in 2020 according to the General
Directorate of Studies and Sectoral Statistics (DGESS) of the Ministry of
Transport, Urban Mobility and Road Safety (MTUMSR, 2019). About 19
% of the vehicle’s fleet are between 15 and 20 years and 25 % are above
30 years (Figure S1). Therefore, the vehicle can become less fuel effi-
cient and gas emissions with age, since modern cars are designed
aerodynamically with engine specs to suit fuel efficiency. Furthermore,

the fuel efficiency and gas emission economy vary with the intensity of
daily vehicle use, cumulative mileage, the ambient temperature (Greene
et al., 2017) including the way of the vehicle’s maintenance. Thus, the
computation of gas emissions is aligned with the IPCC GHG inventory
guideline (Eggleston et al., 2006; Jim Penman et al., 2006) for the
establishment of the specific emission factor, which is highly recom-
mended by UNFCC in each country’s national MRV tool to reflect the
really of the country economy and the NDC reports (Singh et al., 2016;
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UNFCC, 2014). In general, it revealed that emission factors from diesel
engines are significantly higher than gasoline powered vehicles, which
means that diesel vehicles have a lower CO2 emissions economy than
their gasoline counterparts (Sullivan et al., 2004). Using the specific
emission factor, the amount of 103 4513.84 tons of CO2 (1034.5 GgCO3)
was calculated in 2019, which revealed the significant contribution of
road transport and urban mobility to gas emissions in Burkina Faso. The
measurement uncertainties during the data recording were +2 %, which
were taken into account in data processing. Based on the approach of
on-site measurements on urban air pollution, previous research revealed
a high rate of city’s air pollution, where vehicle traffic flows which
therefore confirmed the high contribution of urban mobility to air
pollution in the city of Ouagadougou (Nana et al., 2012; Yaguibou et al.,
2018). Those studies were focused on urban air pollution and, did not
include estimation of gas emission factors, but aligned with the findings
on urban air pollutions.

5.2. Urban mobility and fossil fuel demand: does urbanization impact fuel
consumption and air pollution?

The study revealed the high dependence of road transportation and
urban mobility on fossil fuel consumption, about 89 % of the imported
fuel sold in Burkina Faso in term of gasoline and diesel. The finding in
fossil fuel consumption can be compared to the Burkina Faso 2015 Na-
tional Determined Contribution (NDC) report, which highlighted that
74.00 to 83.00 % of hydrocarbon imports are consumed by the transport
sector (Burkina Faso, 2022). The quality of the fuel, the power of the
engine, and the quality of the traffic road are the main factors influ-
encing CO2 emission and air pollution in the country’s major cities
(Burkina Faso, 2022; Nana et al., 2012). Previous studies reported
comparable results of high energy demand by the transport sector. In
2008, a sustainable passenger road transport scenario to reduce fuel
consumption, air pollutants, and GHG (greenhouse gas) emissions in the
Mexico City Metropolitan Area (Chavez-Baeza & Sheinbaum-Pardo,
2014) demonstrated the high dependence of the transport sector on
fuel consumption. Thus, the vehicle’s fleet, the fleet growth rate, and the
country’s urban transport policy influence the amount of fuel consumed
and, gases emissions. In addition to the aforementioned factors, urban-
ization, and its related features such as urban form of settlement and
population density have been increasingly acknowledged as contribu-
tors to travel demand and transport energy consumption in recent years
(Rodrigue et al., 2016). Thus, the future scenarios of the energy demand
use the vehicle’s fleet growth rate since this reflect the country’s eco-
nomic (GDP) and the population dynamics. The energy demands and
consumption in road transport and urban mobility depends on the urban
form and the city’s growth (Kaza, 2020; Proost & Van Dender, 2012b)

Global energy consumption for transport reached 28 % of total end-
use energy in 2010 (Heubaum & Biermann, 2015), of which around 40
% was used in urban transport. Rapid urbanization causes a huge de-
mand for motorized vehicles and increases the motor vehicle fleet due to
people’s relocating and needs for personal transportation (Padam &
Singh, 2011). For example, Burkina Faso is facing an ever-increasing
fleet of motor vehicles in the cities, due to its rapidly urban growth
resulting in the city expansion and sprawling. The two main cities of the
country, Ouagadougou and Bobo Dioulasso represent almost 62 % of the
national urban population(INSD, 2022; UN-HABITAT, 2019). This sit-
uation highly contributing the vehicle fleet growth leading to traffic
congestion and air pollution in urban area. The intensification of fossil
fuel demand and consumption is due to rapid urbanization and the
growth of the country’s GDP (Bakirtas & Akpolat, 2018; Kaza, 2020).
Higher per capita income is typically associated with an increased de-
mand for passenger transport, and urban regions are expected to account
for 81 % of global GDP, up from 60 % in 2015 by 2050 (Girod et al.,
2013). In Oman City, about 76 % of registered vehicles as of 2014 were
private cars with approximately one private car per household (Amoatey
& Sulaiman, 2017). The growth of automobile production (4.3 %) is
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faster than the growth of the human population (2 % per annum)
(Amoatey & Sulaiman, 2017) during 2000 and 2009. This confirms the
influences of urban development on vehicle’s fleet growth. Due to the
extremely limited public transportation system, traffic congestion and
emissions from vehicles are high during working days because most
individuals use private vehicles as the only means of transportation.
Comparably, in Ouagadougou city, 84 % of shared mobility in 2019 is
composed of private vehicles which are dominated by motorbikes, and
private cars, and are projected to dominate with 93 % by 2040 in a
business-as-usual scenario. This is the reason for the huge consumption
of fossil fuels and consequently contributes to atmospheric pollution and
climate change impact enforcement. Furthermore, traffic congestion has
economic, social, and health impacts in urban areas (Chavez-Baeza &
Sheinbaum-Pardo, 2014; Leila & Noureddine, 2014). The situation is
expected to worsen in the coming years due to the rapid growth of the
urban population in Burkina Faso.

The major source of cities’ air pollution is urbanization due to
rapidly growth population, and industries development (Duan et al.,
2024). The air pollution related to nitrogen and nitrogen oxide found as
a compound in fossil fuel are the result of fossil fuels combustion process
in the wurban mobility(Kaza, 2020; Mesjasz-Lech, 2016). The
Satellite-based estimation of surface NO, concentrations over
east-central China with a comparison of POMINO and OMNO2d data has
shown that cities of this region are polluted from satellite, and ground
measurements respectively (He et al., 2016; Qin et al., 2020). Despite
the absence of ground-level measurement in Ouagadougou city, the
satellite assessment confirmed the NOy concentration over the Central
Business Division (CBD) with an average emission of 1.89 mol/m?. It
corresponds to 56 pg.m~> which is beyond the World Health Organi-
zation’s annual standard of exposure or exhibition (10 pg.m-3) (WHO,
2021). The same findings have been highlighted by a study carried out in
Ouagadougou city in 2009 with an average emission of 52.2 ug.m-3 of
NO; (Nana et al., 2012). Since the pollution of NO; in the city is due to
road traffic or fuel fossil fuel consumption, it is therefore urgent to
develop sustainable urban mobility to reduce the risk of exposure to air
pollution and urban climate mitigation.

5.3. Emission factor and GHG assessment implication for effective
sustainable road transport and urban mobility in Burkina FASO

Using emissions factors to assess GHG in road transportation sector
provides a specific characteristics and comprehension of urbanization
and the urban transport systems. Since the GHG assessment relies on
vehicle’s activity data including fuel consumption, and travel distance,
the emission factor allows estimate it with application to different
spatial and temporal scale of the city (Sanchez-Balseca et al., 2023). This
makes emission factor a flexible method that facilitates road trans-
portation and urban mobility environmental impact studies in detail and
at larger scale. Highly recommended by UNFCC for each country’s na-
tional MRV tool improvement, emission factor is suitable for environ-
mental regulation framework and provide policymakers an historical
data to guide policies in road transportation sector like targets in
emissions reduction, and urban planning and cities transportation
infrastructure development. Thus, developing a sustainable road trans-
port, strategies to lower GHG emissions is required to make cities
environmentally friendly and livable that balance economy growth and
quality of life. In light of this study outcomes, it is crucial for road
transportation and urban mobility planners to adopt strategies imple-
mentation of sustainable mobility. We suggest implementing sustainable
urban mobility inspired by Mexico City, sustainable passenger road
transport scenarios that have been implemented to reduce air pollutant
emissions such as (CO, NOx, NMVOC (non-methane volatile organic
compounds), and PM; ) and GHGs while promoting better mobility and
quality of life (Chavez-Baeza & Sheinbaum-Pardo, 2014). The mitiga-
tion scenario should consider increasing fuel efficiencies and intro-
ducing innovative technologies for car emission controls and the



LA.R. Kiribou et al.

development of “BRT” to facilitate a modal shift from private car trips to
a Bus Rapid Transport system as implemented in developed countries.
Recognizing this positive impact of urban mobility GHG reduction,
Burkina Faso has to take an urgent action for sustainable urbanization
and mobility development that balance economic growth with quality of
life in cites. These environmentally friendly action through the promo-
tion of sustainable urban transport and mobility, could contribute
achieving SDG 11, which in synergy with other SDG, could contribute to
the achievement of many SDGs in urban area for climate resilience in
Burkina Faso (Kiribou et al., 2024). Moreover, this road transportation
and urban mobility specific emission factor gives a great opportunity for
policymakers to implement new policies including technological ad-
vancements such as the adoption of electric vehicles, improvement of
public transportation, or the limitation of the ages of imported vehicles.
It is also important to encourage the scrapping of old vehicles in order to
renew the fleet. This can be done by establishing an allowance for the
scrapping of old vehicles to encourage the renewal of the fleet and
setting the new vehicle lifecycle (duration) at the moment of releasing
on circulation. These integrated actions could make successful the
implementation of the National Strategy for Urban Mobility for
2022-2026, which consist of reducing the environmental and carbon
footprint of urban mobility.

Beside the importance of this study for sustainable mobility imple-
mentation in Burkina Faso, one of the limits is inherent ot uncertainties
in satellite data of NOx vehicular assessment. The NO, estimate is based
on satellite data which has radiance measured in the 400-450 nm visible
wavelength region and used to create a total slant column between de-
tector (700 nm) and ground. It then separates the stratospheric
component from the tropospheric component using a model or clean
tropical measurement (Qin et al., 2020). The use of information from
radiance transfer models and chemical transport models to calculate an
air mass factor to convert a slant tropospheric column to a vertical
column can be a big source of uncertainty (Yin et al., 2021). Operational
tropospheric vertical column measurements have a low bias in urban
and highly polluted regions due to an air mass factor bias. This can be
solved using a hybrid approach of regional or global models and vertical
observational when available (Meng et al., 2010; Yin et al., 2022). It has
been shown in Pandora and OMI, NO, with regional AMF, but it needs
more observations of free tropospheric NO, concentrations over land
and time (Yin et al., 2021). Then, the data retrieval in a wet season over
the Ouagadougou city, where we noticed lower levels of NO; observed,
can be due to the cloud effect (Qin et al., 2020), even though 10 % of free
cloud algorithm is applied to remove clouds effects. Despite this limit,
satellite assessment-based estimation has highlighted NO5 emission over
cities at the global level (Amritha et al., 2024; Dong et al., 2023).

6. Conclusion

This study has highlighted the necessity of a new urban mobility
policy to reach sustainable urban transport in the cities of Burkina Faso.
Given the immensity of the motorized vehicle fleet dominated by indi-
vidual modes of mobility (84 %) in 2019, road transport and urban
mobility contribute significantly to air pollution and GHG emissions.
This implies that the road transport and urban mobility legislation have
not seriously taken enough account of the environmental regulation and
protection in Burkina Faso. In general, the emission factors from diesel
engines are significantly higher than a gasoline engine, which means
diesel vehicles have a lower CO emissions economy than their gasoline
counterparts. This has resulted in a total of 103 4513.84 tons of CO5
(1034.5 GgCOy) emitted in 2019 with a high contribution from diesel
vehicles. In the business-as-usual condition, the amount of 4 486 559.34
tons (4486.64 GgCO2) of CO2 will be emitted by 2040.

In light of all these findings including the satellite NO2 pollution, a
regular study on urban environmental pollution in the transport sector
would update activity data and the emission factor. Thus, the estab-
lishment of this specific emission factor can improve the country’s
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nationally determined contribution (NDC) report to UNFCC and could
facilitate the investigation of improving urban planning with sustainable
mobility and transportation implementation in African countries. It will
therefore be necessary to conduct the cost projection study to mitigate
the road transportation sector in this context of urban climate change
resilience. This study can form the basis for the development of policies
geared towards reducing and capping GHG emissions associated with
road transportation and urban mobility. It also justifies the need for
policy to regulate the age of imported vehicles and active development
of public transport systems. This could lead to the development of sus-
tainable transport by satisfying people’s needs while taking care of the
urban environment and urban climate adaptation.
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