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1. Introduction

Copyright © 2023 Tesfamichael Chala Eticha and Yonas Minalu Emagnu. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

This paper assesses the transport system of Addis Ababa, Ethiopia, taking factors such as the number of vehicles, roadway width,
speed of vehicles, longitudinal grade, and proportion of both fuel and electrical vehicles by dividing vehicles into seven classes,
namely, car, minibus, small bus, coach, small truck, heavy truck, and truck trailer, to determine CO, emission, CO emission
fuel consumption, and electric consumption in addition to the percent to replace ICE vehicles. After selecting eight
representative road sections in Addis Ababa city, input data was collected from both primary and secondary sources.
Simulation of urban mobility (SUMO) is used to model the existing road transport system and two other scenarios, cases being
20% and 40% replacement of internal combustion engine vehicles by electric vehicles. Among the vehicle types studied under
this paper, the SUMO results show that coaches are with the highest CO, emission, releasing an average amount of 28.442
grams of CO, every time step, while cars are with the lowest CO, emission value of 6.542 grams. Minibuses are the top CO
emitters, releasing an average of 0.420 grams of CO every time step, and truck trailers emit the smallest CO emission, 0.025
grams. Regarding electric consumption, the truck trailer is the vehicle type with the highest electric consumption, with a value
of 2.282kwh (watthour) consumption every time step, and cars are the least electricity-consuming vehicles, with a value of
0.151 kwh. The fourth point is fuel consumption; besides the high CO, emission, coaches’ consumption of fuel is leading by
8.946 grams, and cars use 2.087 grams of fuel every time step. Totally, public transport vehicles are responsible for higher
emissions and huge fuel consumption. Therefore, if our transport system encourages the penetration of electric vehicles into
the road transport system, a healthy and energy-efficient environment is reserved. Again, from a financial and environmental
standpoint, the replacement of 40% of ICE vehicles by EVs enhances us with reduced costs and a green environment.

sol particles (fine and ultrafine particles), both of which are
damaging to the human respiratory system. In 2015, vehicle

Ethiopia has experienced substantial urbanization in recent
decades because of the increased migration of rural people
to cities in search of the best economic opportunities. Rapid
urbanization and increased automobile use suggest increased
economic actions in the area. However, it has exacerbated
concerns related to transportation such as air pollution, traf-
fic accidents, and congestion as well as having a detrimental
impact on the overall liveability of cities. Furthermore, in the
presence of sunlight during the daytime, emissions such as
CO,, NOx, HC, CO, and particulate matter undergo a chem-
ical transition resulting in ground-level ozone (O,) and aero-

exhaust emissions were responsible for around 380,000 pre-
mature deaths worldwide [1].

Ethiopia’s capital, Addis Ababa, is aiming to build a
resilient, green, and safe city for its citizens. The city is main-
streaming climate change and air quality policy into the
city’s urban planning as part of this effort. These main-
streaming techniques will assist Ethiopia in consistently
meeting the national air quality standards and achieving its
national goal of decreasing GHG emissions to 64% below
baseline levels by 2030 [2]. Therefore, supporting the use
of a green and active mode of transportation will aid in the
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development of continual urban communities with higher
levels of public health.

A transportation system is a method of moving people
or goods from one location to another. Inputs, processes,
outputs, and feedback are all part of transportation systems.
[3]. An electric vehicle (EV) on the other hand is a vehicle
powered by either one or more electric motors. EVs can be
powered by a collector system, extravehicular electricity, or
a battery (often charged by solar panels, or by converting
fuel to energy using fuel cells or a generator). EVs, combined
with other emerging automotive technologies like linked
vehicles, autonomous driving, and shared mobility, repre-
sent a future mobility vision called linked, shared, autono-
mous, and electric (CASE) mobility [4].

Besides the emission, another reason to discourage the
use of old-modelled ICE vehicles is the significant increase
in the price of fuel oil. To counteract the rise in the cost of
fuel, our government has been doing different tasks. Accord-
ing to the Ministry of Finance of Ethiopia, electric vehicles
are exempted from VAT, excise, and surtaxes. According
to a statement shared by the ministry, the import tax for
electric vehicles has been reduced. The ministry’s new regu-
lation reduces the tax rate on completely imported electric
vehicles to 15%, while only 5% on semiassembled vehicles.
The ministry’s decision is expected to encourage investment
in electric car assembly and import. It is also expected that it
will benefit the final consumers by allowing them to have
affordable vehicles.

According to [5], not less than 80% of vehicles exported
to poor nations, including greater than 50% of those trans-
ported to Africa, fail to meet minimum requirements of
safety and environmental health. Between the years 2015
and 2018, around 14 million cars, whose standards are below
the least required, were supplied to developing countries
from Europe, Japan, and the United States. Moreover, half
of these were allocated to Africa. According to the survey,
the continent’s air pollution is worsening due to the age
and condition of automobiles. Surprisingly, many of the cars
were with removed valuable vehicle elements, such as
airbags and antilock brake systems, adding to a spike in
traffic accidents.

According to the Ministry of Transport’s most recent
report, the total number of vehicles registered by the author-
ity at both the federal and regional levels has surpassed 1.2
million [6]. According to the data, a total of 1,200,110 auto-
mobiles have been registered nationwide through the fiscal
year ending July 7, 2020, with around 630,440 vehicles regis-
tered in Addis Ababa.

The alarming and concerning issue of the twenty-first
century on our planet is the continued use of fossil fuels,
which produce CO, and other GHG emissions and contrib-
ute to global warming. Climate scientists are pushing for the
world community to change the outdated CO, emission
rules and replace them with improved ones that could
reduce their content in the atmosphere. Transitioning the
highest amount of the world’s energy demands from these
nonrenewable sources to renewable sources is a potential
option for lowering CO, emissions [7]. Thus, in terms of
reduction in emission and improvement of air quality, it
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looks apparent that switching the transportation sector to
an EV-dependent strategy is profitable, for electric vehicles
have zero emission to the environment compared to com-
bustion vehicles.

Furthermore, fuel stocks are depleting daily, and gasoline
prices are rising far faster than power prices around the
world. When it comes to our own country, fuel subsidies
in Ethiopia have been cut by 75%, according to the Trade
Ministry. This therefore resulted in a higher cost of fuel
and a burden on users. The country’s government has then
wasted over 24.05 billion birr (more than $608.5 M) on fuel
cost subsidies in the last two years. The subsidy for gasoline
price stabilization has escalated by more than 1.5 billion birr
in December 2020, according to the ministry. As a result, the
elimination of subsidies is executed for better achieve-
ment [8].

According to the most recent Global Burden of Disease
study, air pollution is the second leading cause of disability
and death in Ethiopia. Poor quality of air is expected to con-
tribute to 21% of nonaccidental deaths in 2017, accounting
for 2,700 deaths in the city. Without action to reduce air
pollution, this figure is expected to rise to 6,200 by 2025,
accounting for 32% of all deaths [2].

The current transportation system therefore relies on
these internal combustion engine vehicles, whose models
are outdated, whose energy consumption is higher, having
higher operational and maintenance costs, and making
increased emissions to the atmosphere. In response to these
problems, this research has set the objectives of evaluating
the switching of the current transportation system from con-
ventional gasoline vehicles to an electric vehicle-dependent
strategy to reduce the abovementioned drawbacks.

2. Literature Review

Patil et al. [9] conducted a comparison of the total ownership
cost of electric and motorized two-wheelers from an Indian
viewpoint. They listed four components under the total own-
ership cost (TOC): (1) acquisition costs (AC), (2) operating
costs (OC), (3) maintenance costs (MC), and (4) resale value
(RV). Then, they established certain assumptions about
categorizing electric and motorized two-wheelers into two
categories: category A—low-performance two-wheelers, and
category B—high-performance two-wheelers. For a period of
ten years beginning in 2021, the factors considered for com-
parison are average daily distance travelled (ADDT), efficiency
of battery charging (€), inflation rate (IR), unit rate of electric-
ity (URE), unit rate of gasoline (URG), frequency of battery
replacement (f), depreciation (D), and method of purchase.
The superior energy efficiency of electric two-wheelers and
the cheap price of a unit of electricity compared to a litre of
gasoline were credited to the model, projecting electric two-
wheelers to be a more cost-effective form of transportation
than motorized two-wheelers.

Kebede and Gebresenbet [10] mapped out the benefits of
a night delivery system and identified the existing limits of
traffic congestion and exhaust emission from freight vehicles
within Addis Ababa city. They classified vehicle count based
on loading capacity, trip time, and travel length between the
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origin (freight gates) and destination places in the city cen-
tre, and direct tailpipe emission measurement of CO and
CO, emissions from freight vehicles based on their age
group as a key input. It was finally determined that air pol-
lution is assumed to be high due to the prevalence of old
vehicles and substandard road infrastructure.

They mentioned in their work measuring the energy
impact of plug-in hybrid electric vehicles that an accurate
assessment of the impact of PHEVs (plug-in hybrid electric
vehicles) on petroleum and electricity consumption is a vital
step towards successful policy [11]. The paper examines the
origin and relevance of the estimation of fuel and electricity
use through graphical illustration, mathematical derivation,
and empirical study.

They provided the whole approach of a transportation
system in their research study: a sustainable transport sys-
tem employing renewable energy and efficient electric auto-
mobiles [12]. The paper described a novel approach for
optimizing the efficiency of induction motor drives, reported
on practical evaluations of an electric vehicle drive under
controlled laboratory conditions, and related the application
of renewable sources of electrical energy to the transportation
sector. The findings indicate that a sustainable transportation
system based on efficient electric vehicles and renewable
energy sources is achievable.

The study “Impact of road grade on vehicle speed-
acceleration distribution, emissions, and dispersion modelling
on freeways” [13] investigates the influence of incorporating
grade and the grade-SAJD (speed-acceleration joint distribu-
tion) correlation on modelling of emissions given explicit
descriptions of the impact of grade on the operations of road-
ways. A case study of a 9.5-mile motorway corridor was con-
ducted to explore the potential implications of the modelling
of PM2.5 dispersion near roads. To compare, emissions are
calculated for three different scenarios: one that considers
grade and the correlated changes in operating conditions
(observed conditions), one that ignores grade but uses
observed operating conditions, and one that considers grade
but ignores changes in operating conditions caused by grade.

Traffic congestion worsens air pollution by prolonging
commute times, but ecologically efficient modes of transpor-
tation can reduce it. According to the UN, the population of
cities grew from 751 million in 1950 to 4.2 billion in 2018.
This is related to rapid urbanization and a rise in the global
population. The number of cities has increased, as have their
inhabitants. The growth in city size and environmental con-
tamination appear to be causally associated. Furthermore, as
urban population density increases, so do pollutant emis-
sions and air pollution. As a city grows, so does the number
of motor vehicles. Traffic-related pollutants have increased
considerably in their contribution to air pollution, and they
are now a significant source of pollution [14].

The possibility of using ethanol as an alternative trans-
portation fuel, global ethanol production, possible sources,
and ethanol production technologies are all discussed in this
study [15]. Furthermore, the physicochemical parameters of
ethanol and gasoline are evaluated to assess their influence
on combustion efficiency and NOx exhaust emissions.
Ethanol production and use as an alternative fuel in spark

ignition (SI) engines have been extensively studied, and it
has been demonstrated that gasoline/ethanol blends, like
other oxygenated fuels, can significantly reduce CO and
HC exhaust emissions in SI engines when compared to neat
gasoline. However, there are significant anomalies in
accounting for NOx emissions, and a basic understanding
of this subject remains acceptable. As a result, there are
few review studies on the effect of cold-start transient, com-
pression ratio, and engine load on NOx emissions in SI
engines driven by ethanol/gasoline mixes; this review article
seeks to address that need. The research on NOx exhaust
emissions related to the usage of ethanol/gasoline fuel mixes
in last-generation SI engines under real operating conditions
is fully evaluated and critically analysed in this review paper.
And this paper has examined NOx emissions associated with
the usage of ethanol/gasoline blends in SI engines, offering a
thorough literature analysis on the status of ethanol combus-
tion in SI engines to explain the observed contradictions.
Thus, the key achievements of this work are as follows:

(i) Because gasoline/ethanol blends have a higher latent
heat of vaporization and a lower heating value than
commercial gasoline, NOx emissions from SI
engines fall as ethanol concentration increases in
ethanol/gasoline blends

(ii) It can also be argued that because ethanol has a
lower carbon number than gasoline, NOx emissions
in blended fuels drop as the ethanol percentage
increases

(iii) NOx emissions should rise as compression ratios
rise, especially at high engine loads due to greater
combustion temperatures

(iv) In rich-mixture operating conditions, ethanol’s
quicker flame speed than gasoline plays a crucial
role in accomplishing more complete combustion.
At the same time, increasing engine loads results
in an increase in NOx emissions

The primary goal of this analytical-experimental study
was to propose hybrid-electric propulsion for motorcycle
applications to reduce engine-out emissions in urban set-
tings (see [16] and/or [17]). Because exhaust emissions and
fuel consumption are highly sensitive to changes in vehicle
instantaneous speed and acceleration, fresh experimental
results were employed to identify the kinematic factors that
generate increased HC and CO emissions. To meet this goal,
an analytical-experimental investigation was conducted
using roller-test bench measurements to detect CO and
HC emissive levels in the exhaust emissions of a motorbike
equipped with a four-stroke SI engine and a three-way cata-
lyst. The study then offered a minimally intrusive alternative
based on an electric motor directly installed on the wheel
hub, which can help the thermal engine during transient
phases, i.e., during acceleration phases, to lessen the environ-
mental effect of the tested motorcycle. A procedure based on
both observed exhaust emissions and the kinematic parame-
ters of the driving dynamics obtained during experimental



tests was used to determine power requirements and the
grade of electrical assistance in various driving scenarios.
Finally, an environmental analysis was carried out to com-
pare the tested thermal motorcycle with a similar one that
has the same technical characteristics as the tested vehicle
and is equipped with an electric motor directly installed on
the wheel hub (the configuration proposed in this study).
Because the environmental analysis was carried out under
the same driving conditions, it was possible to estimate the
percentage of CO and HC emissions that could be avoided
by using a hybrid motorbike instead of a traditional thermal
motorcycle. The share of saved CO and HC emissions on the
distance travelled of 44.8 km (equivalent to the autonomy of
the battery) was then computed using the experimental
values of CO and HC emissions measured on the conven-
tional motorcycle. The major findings of this environmental
analysis were then shown as percentage reductions in emis-
sions, and CO is reduced by 40.9% while HC by 25.5%.

3. Materials and Methods

3.1. Study Area. The Ministry of Transport, in its latest
report in 2020, revealed that Addis Ababa has more than
630,440 vehicles; likely, this figure is more than half of the
total vehicles owned and driven on the roads of the city, and
it is by far greater than vehicles in the rest of the states. There-
fore, the research study area is selected as Addis Ababa.

Regarding the selection of corridors for study, representa-
tive road sections are selected considering several engineering
factors such as traffic congestion, longitudinal grade of road,
and speed. Subcity divisions have also been taken into account
in shortlisting representative corridors.

3.1.1. Traffic Congestion. By lengthening commute times,
traffic congestion makes air pollution worse. Thus, traffic
congestion is expected to be among the factors that contrib-
ute to the increased road traffic emissions. The data we have
found from the Addis Ababa City Administration Traffic
Management Agency lists the highly congested areas in the
city as Jackross, Ayertena, African Union/Sarbet, Salite
Mihret to Megenagna, Meskel Square, Saris, Torhayloch,
Atlas, Lebu, and Sholla.

3.1.2. Road Grade. Road grade is a critical variable that
affects the engine load, as when the vehicle is moving uphill,
the gravitational load acts against the vehicle and increases
engine load, fuel consumption, and emissions. Therefore,
road grade is the other factor contributing to increased
traffic-related emissions. The areas with severe slopes in
the city are selected by the process.

Addis Ababa city road network data was taken from the
Addis Ababa Plan and Development Commission, and
12.5-resolution digital elevation model (DEM) data was
downloaded from the Alaska Satellite Facility. Using ArcGIS
software, the data files from the two sources were processed
to filter road sections with a relatively steeper slope within
the city. Therefore, major roads in the city are identified by
their elevation as per Figure 1.
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Based on longitudinal grade, traffic congestion, subcity
classification, and other factors, the routes selected for study
are listed in Table 1.

The shortlisted eight study areas representing eight of
the eleven subcities in Addis Ababa are shown in Figures 2
and 3, divided into two sections.

3.2. Analysis with the Simulation of Urban Mobility (SUMO).
A simulation is modelled for both internal combustion
engines and electric vehicles to observe their performance
with respect to environmental aspects, i.e., emission of
greenhouse gases and energy consumption.

Steps for simulation [18]:

Step 1. Search and download OpenStreetMap.

Step 2. Convert the map into the SUMO network [19].

Step 3. Including elevation data to the network.

Step 4. Modifying the network.

Step 5. Traffic assignment zone (TAZ) definition.

Step 6. Trips generation.

(i) All vehicles are internal combustion engine (ICE)
vehicles

(i) 20% of ICE vehicles replaced by EVs
(iii) 40% of ICE vehicles replaced by EVs

Step 7. Route assignment.
(i) Vehicle type definition

(a) For ICE vehicles

(b) For electric vehicles

(i) Maximum acceleration/deceleration
(iil) Maximum speed [20]

Step 8. Set up the SUMO configuration file and run.
Step 9. SUMO output (emission and energy consumption).

3.3. Evaluation of the Transport System. Different scenarios
are being evaluated by replacing the ICE vehicles with EV's
based on the considered parameters. Finally, an optimum
strategy is selected.

Case I

(a) If all the vehicles driven in the city are internal
combustion engine, the amount of pollutant (green-
house gas) emitted

(b) If all the vehicles driven in the study section are
internal combustion engine, the amount of energy
consumption, i.e., fuel

Case 11

(a) If 20% of ICE vehicles are banned and replaced with
EVs, the amount of pollutant (GHG) emitted
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FI1GURE 1: Road network map of Addis Ababa city integrated with DEM data.
TaBLE 1: List of study areas.
No. Corridor name Subcity
1 Zenebewerk to Total Kolfe Keranio
2 Legehar to Meskel Square Kirkos
3 Shola to Megenagna Yeka/Bole
4 Afincho ber to Yekatit 12 square Arada
5 Mariif Int’l School to Ferensay Gurara Biret Dildiy Yeka
6 Semien Hotel to Sheger Park Gulele
7 Gelan Condominium - Hyundai Motors — Sefera Nifas Silk-Lafto
8 Kality Maseltegna to Saris Abo Akaki Kality

(b) If 20% of ICE vehicles are banned and replaced with
EVs, the amount of energy consumption, i.e., fuel
and electricity

Case III

(a) If 40% of ICE vehicles are banned and replaced with
EVs, the amount of pollutant (GHG) emitted

(b) If 40% of ICE vehicles are banned and replaced with
EVs, the amount of energy consumption, i.e., fuel
and electricity

4. Results and Discussion

4.1. Results [21]. As shown in Figure 4, the carbon dioxide
emission results from the SUMO analysis are shown. The
amount of average carbon dioxide emitted into the atmo-
sphere is expressed for all seven vehicle types studied under
this paper. Coaches are the vehicle types with the highest
CO, emission value of 28.44 grams, while cars have the low-
est CO, emission value of 6.5 grams at every time step.
Three of the truck types do have a closer CO, emission value
close to one another ranging from 19.88 grams to 22.12
grams. The rest two types of vehicle minibus and small bus
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FIGURE 3: Study areas III.

have a CO, emission value of 7.04 grams and 22.25 grams,
respectively.

The other type of greenhouse gas emitted from vehicles
into the atmosphere is CO. As shown in Figure 5, unlike
the CO, emissions, the lighter vehicles are responsible for
increased CO emissions, and minibuses release the highest
amount, 420 grams every time step, while cars follow by
149.9 grams. The buses and all the trucks emit a smaller
amount of CO ranging from 25.19 grams to 31.3 grams.

It can be inferred from Figure 6 above that coaches are
among the vehicle types consuming the highest amount of
fuel. Next to coaches, the other public transportation

vehicles which are small buses have increased fuel consump-
tion. Like the above cases, the truck types again have a closer
value of fuel consumption of 6959.22 mg, 6597.99 mg, and
6253.8 mg for small trucks, heavy trucks, and truck trailers.
The lighter vehicles, minibuses and cars, do not use much fuel
relative to the others, as the numbers show. They consume
2086.91 mg and 2230.9 mg, respectively, every time step.

By replacing the ICE vehicles with EVs by 20% and 40%
for cases II and III, respectively, the electricity consumed by
those vehicles had been analysed. As per Figure 7, truck
trailers consume the highest electric amount, while cars con-
sume the least electric amount. Minibuses again consume
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FIGURE 6: Fuel consumption by vehicle types.

less, 177.55 wh, and small buses consume around 511.95 wh
every time step. Heavy trucks and coaches’ electric con-
sumption is 1875.75wh and 1970.54 wh, respectively. The
other vehicle type, a small bus, takes 746.19 wh of energy.

4.2. The Effect of Grade, Proportion of Vehicle Type, Speed,
and Number of Lanes on Greenhouse Gas Emissions and
Energy Consumption. The effect of all the independent vari-
ables on carbon emissions and energy consumption is
shown in the tables for all cases I to III. The correlation
values are also calculated and explained.

The effect of grade, proportion of vehicle type, speed,
and number of lanes on carbon dioxide emission, carbon
monoxide emission, and energy consumption under case I
are shown in Table 2.

The correlation values between the independent vari-
ables and each other and with the dependent variables are
shown by a square matrix summarised in Table 3.

As inferred from the tables, the number of vehicles rang-
ing from an hourly volume of 679 vehicles being the smallest
to 3568 vehicles being the highest tends to have a strong pos-
itive correlation with all the CO, emission, CO emission,
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and fuel consumption, in which the correlation values are
0.83, 0.6, and 0.83, respectively. Therefore, as the number
of vehicles in general increases, the dependent values are
expected to increase as well.

The longitudinal grade is the other independent variable,
having an average slope range of 1.7% for the Legehar-
Stadium Road section to 7% for the Sefera-Gelan road section.
For the eight road sections studied under this paper, the corre-
lation values of 0.013, -0.043, and 0.01 for greenhouse gas
emission and fuel consumption imply that grade has a nearly
zero relation. Thus, future works need to study the effect of
grade by considering the higher number of corridors.

Speed, among the explanatory variables, ranges from
30 km/hr for heavy vehicles in congested areas to 50 km/hr
for areas of lighter traffic and ring roads. When we see the
correlation values for speed, they are 0.77, 0.92, and 0.76
for CO, emissions, CO emissions, and fuel consumption,
respectively. Thus, we conclude that speed has a strong pos-
itive relationship with all the dependent variables, especially
for carbon monoxide emission.

Even if the total number of vehicles is noticed to have an
effect on the dependent variables, examining the impact of
the proportion of each vehicle type on greenhouse gas emis-
sion, and energy consumption is necessary.

The effect of grade, proportion of vehicle type, speed,
and number of lanes on carbon dioxide emission, carbon
monoxide emission, and energy consumption under case II
are shown in Table 4.

The correlation values between the independent vari-
ables and each other and with the dependent variables are
shown by a square matrix summarised in Table 5.

The number of vehicles is not changed in this case II, but
rather has been replaced by 20% electric vehicles, and only
the proportion of vehicle type is manipulated, thus it keeps
having a strong positive correlation with all the carbon diox-
ide emission, carbon monoxide emission, fuel consumption,
and electric consumption as it had in case I in which the cor-
relation values are 0.83, 0.6, 0.83, and 0.86, respectively.
Therefore, it can be noted that as the number of vehicles
in general increases, the dependent values for case II are
expected to rise as well.

The longitudinal grade as well is kept the same as for
case I since the road infrastructure is itself and the correla-
tion values are not changed from 0.013, -0.043, and 0.01
for greenhouse gas emissions and fuel consumption, but
since we have a 20% electric vehicle proportion, we have a
0.115 correlation value between electric consumption and
longitudinal grade which is again a weak relation.

Speed, among the explanatory variables, was ranging
from 30km/hr to 50 km/hr for case I, and it is still consid-
ered the same for the newly inserted 20% electric vehicles.
Due to the 20% replacement, the correlation values for speed
have shown a 0.01 increment for the first three relations,
from 0.77 to 0.78, from 0.92 to 0.93, and from 0.77 to 0.78
for CO, emissions, CO emissions, and fuel consumption,
respectively, leading to a conclusion of a strong positive rela-
tionship between them. The newly achieved correlation is
between speed and electricity consumption, which is 0.53,
it can be noted that they have a fair positive relation but
not as strong as the first three dependent variables.

The main explanatory variable that was being manipu-
lated from the situation in case I is the proportion of each
vehicle. Besides the impact of the total vehicles, the impact
by altering the proportion of each vehicle type on green-
house gas emission and energy consumption is shown.

The effect of grade, proportion of vehicle type, speed,
and number of lanes on carbon dioxide emission, carbon
monoxide emission, and energy consumption under case
III are shown in Table 6.

The correlation values between the independent vari-
ables and each other and with the dependent variables are
shown by a square matrix summarised in Table 7.

The table above shows the combined case III carbon
dioxide emissions, carbon monoxide emissions, fuel con-
sumption, and electricity consumption results due to their
respective characteristics, ie., independent variables. As
inferred from the tables, the number of vehicles has a strong
effect on the amount of electricity consumed. The electric
consumption value can be predicted from the number of
vehicles together with other independent variables.

The number of vehicles unlike the above cases has been
40% replaced by electric vehicles; thus, it keeps having a
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strong positive correlation with all the carbon dioxide emis-
sion, carbon monoxide emission, fuel consumption, and
electric consumption as it had for case II in which the corre-
lation values are 0.83, 0.6, 0.83, and 0.86, respectively. As the
number of vehicles in general increases, the dependent vari-
able values for case III rise as well.

The longitudinal grade as well is kept the same as for cases
I and II since the road infrastructure is itself, and the correla-
tion values are decreased from 0.013 to 0.008, from -0.043 to
-0.046, and from 0.01 to 0.0058 from case II to case III for
greenhouse gas emissions and fuel consumption, but since
we have increased electric vehicle replacement, the 0.115 cor-
relation value between electric consumption and longitudinal
grade is changed to 0.1006 which is a much weaker relation.

Speed, due to the 40% replacement, the correlation values
for speed are changed from 0.78 to 0.76, from 0.93 to 0.919,
and from 0.78 to 0.76 for CO, emissions, CO emissions, and fuel
consumption, respectively, which has a slight reduction but still
leads to the conclusion of a strong positive relationship between
them. The other correlation left is between speed and electricity
consumption, which was 0.53 for case II and increased very
slightly to 0.54 for case III, a fair positive but a little reduced rela-
tion compared to the first three dependent variables.

The main explanatory variable that was being manipu-
lated from the situation in cases I and II is the proportion
of each vehicle. Besides the effect of the total number of vehi-
cles, the impact of altering the proportion of each vehicle
type on greenhouse gas emission and energy consumption
is also shown. The total fuel vehicles which are 60% are
divided into seven classes, and there is a 40% electric vehicle.

4.3. Sensitivity Analysis. Sensitivity was determined by
observing variations in output. One-factor-at-a-time (OFAT)
is employed in this study to do sensitivity analysis because of
practical reasons. This looks like a logical strategy because
any change in output will be explicitly attributed to the one
variable modified. Furthermore, by modifying one variable at
a time while maintaining the other variables at their core or
baseline levels, this improves the comparability of the results
(all “effects” are computed with reference to the same central
point in space) and reduces the likelihood of computer pro-
gram crashes, which are more common when multiple input
factors are altered at the same time. In the event of a model
failure under OFAT analysis, the modeler quickly understands
which input factor is to blame [22].

4.3.1. Speed. The required changes in speed are specified by
adding and subtracting 10km/h and 20km/h speeds from
the baseline or recorded speed so that their effect is analysed
on carbon emissions and energy consumption.

As can be seen from Figure 8, as the value of speed
increases, the amount of carbon dioxide emitted increases
directly for all the vehicle types. From 30km/h to 60 km/h,
the slope is steep, and emission increases at a faster rate;
however, above 60 km/h, the rate is significantly decreased.

As inferred from Figure 9, vehicle types of car and mini-
bus carbon monoxide emissions are high as speed is increas-
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CO2 emission
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FIGure 8: CO, emission varying the speed.

ing; however, the other vehicle types, small bus, coach, small
truck, heavy truck, and truck-trailer, are susceptible to a
small increment of carbon monoxide emissions because of
variation in speed.

As Figure 10 indicates, as the value of speed increases
from 30km/h to 70km/h, the consumption of fuel is likely
to increase. However, the increment rate is higher for the
range of 30km/h to 60km/h, while the rate is decreased
for a speed above 60 km/h.

When we see the effect of speed increment on electricity
consumption, Figure 11 shows that for the speed ranges up
to 55km/h, all the vehicle types are nearly consuming higher
electricity. However, coaches and truck trailers tend to use less
electricity beyond 60 km/h, while heavy trucks’ electricity con-
sumption keeps using the same increased amount for speeds
greater than 60km/h. In cars, minibuses, small buses, and
small trucks, electricity consumption rises at a smaller rate
by increasing the speed.

4.4. Summary of Results of Evaluation of Each Case

4.4.1. Case 1
(i) CO, emitted to the atmosphere

16 = 16,286 kg (day)
5,850.5 ton (year)

Total amount of CO, in 10 years = 10*5,850.5 = 58,505 ton.

Total amount of CO, released to the atmosphere =

(1)

(ii) CO emitted to the atmosphere

406.7 kg (day)
146.1 ton (year)’

Total amount of CO in 10 years = 10*146.1 = 1,461 ton.

Total amount of CO released to the atmosphere =

(2)
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CO emission
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FIGURE 9: CO emission varying the speed.

Fuel consumption
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FIGURE 10: Fuel consumption varying the speed.

(iii) Cost of fuel + electricity

5,779,620.12 ETB (day)

Total cost of energy (fuel + electricity) = 3118 ETB (year)
: y

Total cost of energy in 10 years = 102.11 = 21.1BETB

(3)

(iv) Car ownership cost

As per the survey conducted in different car markets
around the city, the average market price for the different
vehicle types is summarised in Table 8.

Modelling and Simulation in Engineering

Electricity consumption
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F1GURE 11: Electricity consumption varying the speed.

TaBLE 8: Fuel vehicle ownership cost case I.

V type Qty Estimated price Total price
Car 9711 1,800,000.00 17,479,800,000.00
Minibus 6793 2,500,000.00 16,982,500,000.00
Small bus 467 4,500,000.00 2,101,500,000.00
Coach 683 7,500,000.00 5,122,500,000.00
Small truck 1141 5,000,000.00 5,705,000,000.00
Heavy truck 581 7,000,000.00 4,067,000,000.00
TT 244 10,000,000.00 2,440,000,000.00
53,898,300,000.00

(v) Maintenance and service cost

An average cost of 4,000ETB (for automobiles)-
10,000 ETB (for truck trailers) is incurred per service; vehicles
are assumed to be serviced every 4 times a year (every three
months), as summarised in Table 9.

(vi) Fuel station cost (2 fuel stations are assumed for
each 8 study areas)

Fuel station cost = 2*8%19,839,844.82 = 317,437,517.12 ETB.

(4)

Charging station cost — null.
TOTAL: 58,505.1 ton CO,; 1461.1 ton CO; total cost =
75,709,543,517.12 ETB.

4.4.2. Case 11

(i) CO, emitted to the atmosphere
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TaBLE 9: Fuel vehicles service and maintenance cost case I.
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TaBLE 10: Fuel vehicle ownership cost case II.

V type Qty  Serv & maint. cost/year Total price V type Qty Estimated price Total price
Car 9711 16,000.00 155,376,000.00 Car 7,769 1,800,000.00 13,984,200,000.00
Minibus 6793 20,000.00 135,860,000.00 Minibus 5,434 2,500,000.00 13,585,000,000.00
Small bus 467 28,000.00 13,076,000.00 Small bus 374 4,500,000.00 1,683,000,000.00
Coach 683 36,000.00 24,588,000.00 Coach 546 7,500,000.00 4,095,000,000.00
Small truck 1141 30,000.00 34,230,000.00 Small truck 913 5,000,000.00 4,565,000,000.00
Heavy truck 581 36,000.00 20,916,000.00 Heavy truck 465 7,000,000.00 3,255,000,000.00
TT 244 40,000.00 9,760,000.00 TT 195 10,000,000.00 1,950,000,000.00
393,806,000.00 43,117,200,000.00

13,083.8 kg (day)
4,700.16 ton (year)’

Total amount of CO, in 10 years = 10*4700.16 = 47,001.6 ton.

Total amount of CO, released to the atmosphere =

(5)

(ii) CO emitted to the atmosphere

337 kg (day)

Total amount of CO released to the atmosphere= ——=~—"*
121.06 ton (year)

Total amount of CO in 10 years = 10*121.06 = 1210.6 ton.

(6)

(iii) Cost of fuel + electricity

4,684,200.84 ETB (day)
1.71BETB (year)

Total cost of energy in 10 years = 10"1.71 = 17.1B ETB.

Cost of energy (fuel + electricity) =

(7)

(iv) Car ownership cost

Fuel vehicles.

In case II, the number of fuel vehicles in case I is reduced
by 20% and replaced by electric vehicles. The total expense
to be invested to own ICE vehicles is therefore summarised
in Table 10.

To acquire the total expense for vehicle ownership under
case II, the cost to own 20% of electric vehicles needs to be
calculated. Thus, Table 11 shows the price for each electric
vehicle and the subtotal.

(v) Maintenance and service cost

TaBLE 11: Electric vehicles ownership cost case II.

V type Qty Estimated price Total price
Car 1,942 2,300,000.00 4,466,600,000.00
Minibus 1,359 3,000,000.00 4,077,000,000.00
Small bus 93 5,500,000.00 511,500,000.00
Coach 137 9,000,000.00 1,233,000,000.00
Small truck 228 6,000,000.00 1,368,000,000.00
Heavy truck 116 9,000,000.00 1,044,000,000.00
TT 49 12,000,000.00 588,000,000.00

13,288,100,000.00

TaBLE 12: Fuel vehicles service and maintenance cost case II.

V type Quantity Ser & main/yr Total price
Car 7,769 16,000.00 124,304,000.00
Minibus 5,434 20,000.00 108,680,000.00
Small bus 374 28,000.00 10,472,000.00
Coach 546 36,000.00 19,656,000.00
Small truck 913 30,000.00 27,390,000.00
Heavy truck 465 36,000.00 16,740,000.00
TT 195 40,000.00 7,800,000.00
315,042,000.00

Since the number of fuel vehicles has decreased by 20%
in case II, the cost for service and maintenance again is sup-
posed to decrease by the same amount. Hence, Table 12
clearly shows the costs to be incurred for maintenance.

(vi) Fuel station cost (2 fuel and 1 charging station are
assumed for each 8 areas)

Fuel station cost = 2*8%19,839,844.82
=317,437,517.12 ETB,

Charging station cost = 1*8%9,429,638.32
=75,437,106.56 ETB,
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TOTAL =47,001.6 ton — CO, ; 1210.6 ton
— CO ; total cost (8)
=74,213,216,623.68 ETB.

4.4.3. Case 111

(i) CO, emitted to the atmosphere

9,698.4 kg (day)
3484.02 ton (year)”

Total amount of CO, in 10 years = 10*3484.02 = 34,840.2 ton.

Total amount of CO, released to the atmosphere =

©)

(ii) CO emitted to the atmosphere

250.7 kg (day)
90.06 ton (year)’

Total amount of CO in 10 years = 10"90.06 = 900.6 ton.

Total amount of CO released to the atmosphere =

(10)

(iii) Total cost of fuel + electricity

3,522,690.12 ETB (day)
1.29BETB (year)

Cost of energy in 10 years = 10"1.29 = 12.9BETB

Cost of energy (fuel + electricity) =

(11)

(iv) Car ownership cost

Fuel vehicles.

In case III again, the number of fuel vehicles is reduced
by an additional 20% so that 40% of the total vehicles driven
on the roads of Addis Ababa are assumed to be electric vehi-
cles. The total expense to be invested to own these ICE vehi-
cles is then summarised in Table 13.

Electric vehicles.

For case III (a combination of 60% ICE vehicles and 40%
EVs), the cost to own the ICE vehicles is elaborated above,
while the ownership cost for EVs is computed in Table 14.

(v) Maintenance and service cost

In case III, the expense for service and maintenance is
highly reduced because the number of fuel vehicles has
reduced by 40%, and Table 15 clearly shows the mainte-
nance cost in this case.

(vi) Fuel station cost (1 fuel and 2 charging stations are
assumed for each 8 areas)

Modelling and Simulation in Engineering

TaBLE 13: Fuel vehicle ownership cost case IIL

V type Qty Estimated price Total price

Car 5,827 1,800,000.00 10,488,600,000.00
Minibus 4,076 2,500,000.00 10,190,000,000.00
Small bus 280 4,500,000.00 1,260,000,000.00
Coach 410 7,500,000.00 3,075,000,000.00
Small truck 685 5,000,000.00 3,425,000,000.00
Heavy truck 349 7,000,000.00 2,443,000,000.00
TT 146 10,000,000.00 1,460,000,000.00

32,341,600,000.00

TaBLE 14: Electric vehicle ownership cost case III.

V type Qty Estimated price Total price
Car 3,884 2,300,000.00 8,933,200,000.00
Minibus 2,717 3,000,000.00 8,151,000,000.00
Small bus 187 5,500,000.00 1,028,500,000.00
Coach 273 9,000,000.00 2,457,000,000.00
Small truck 456 6,000,000.00 2,736,000,000.00
Heavy truck 232 9,000,000.00 2,088,000,000.00
TT 98 12,000,000.00 1,176,000,000.00
26,569,700,000.00

TaBLE 15: Fuel vehicle service and maintenance cost case III.

V type Qty Ser & main/yr Total price
Car 5,827 16,000.00 93,232,000.00
Minibus 4,076 20,000.00 81,520,000.00
Small bus 280 28,000.00 7,840,000.00
Coach 410 36,000.00 14,760,000.00
Small truck 685 30,000.00 20,550,000.00
Heavy truck 349 36,000.00 12,564,000.00
TT 146 40,000.00 5,840,000.00
236,306,000.00

Source: Ethiopian car market survey.

Fuel station cost = 1*8%19,839,844.82
=158,718,758.56 ETB,

Charging station cost = 2"8%9,429,638.32
=150,874,213.12ETB,

TOTAL = 34,840.2 ton — CO, ; 900.6 ton
— CO; total cost
=72,198,480,213.12.

(12)
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Calculation of economic rate of return ERR:

final value — start value
R= - * 100,
total investment

ERR, , = 75,709, 543, 517.12
— 74,213, 216, 623.68/74,213,216,623.68" 100.

ERR, , = 2.02%.

ERR, , = 75,709, 543, 517.12
— 72,198, 480, 213.12/72,198,480,213.12* 100.

ERR, , = 4.86%. (13)

5. Discussion

Case III has the highest economic rate of return. It is there-
fore economically feasible to replace 40% of the fuel vehicles
for improved economic benefits in addition to environmen-
tal benefits.

Therefore, we can conclude that to adopt a transport
system containing a significant amount of electric vehicles,
the ownership cost of the vehicles is more expensive than
the fuel ones, while the other costs incurred as service and
maintenance costs, operation costs, erection of recharging
stations, and as such are in the reverse. Electric vehicles
nearly have zero of these maintenance, and service costs
except for the rehabilitation of the battery in eight to ten
years of service; however, fuel vehicles have an average
expense of 4,000 ETB to 10,000 ETB every 3-4 months. Erec-
tion of fuel stations on the other hand is an expensive task,
as the comparison is indicated in the two tables. In addition,
the cost to operate electric vehicles is much smaller than that
of fuel vehicles.

Finally, considering these all of the analysis results which
support the implementation of an electric vehicle-dependent
strategy in the Addis Ababa transport system, the city’s
transport bureau and traffic management should encourage
the penetration of electric vehicles into the city by providing
a lot more charging stations in all parts of Addis Ababa. And
the old-model public transport buses contributing to large
carbon emissions and high fuel consumption should be
replaced by electric coaches and electric trams.

6. Conclusion

This study is conducted to meet the main objective of evaluat-
ing the electric vehicle-dependent strategy in the Addis Ababa,
Ethiopia, transport system. After defining the contributing
factors, ie., the independent variables, the study specifically
evaluates the amount of greenhouse gas emitted into the
atmosphere, fuel consumed by internal combustion engine
vehicles, and electricity consumption by electric vehicles.
According to the simulation of urban mobility sumo soft-
ware analysis results, the following conclusions have been made:

(i) Among the vehicle types studied under this paper, the
SUMO results signify that coaches are with the high-
est carbon dioxide emission, releasing an average
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amount of 28.442 grams of CO, every time step, while
cars are with the least CO, emission value of 6.542
grams. Minibuses are the top carbon monoxide emit-
ters, releasing an average of 0.420 gram of CO every
time step, and truck trailers have the smallest carbon
monoxide emission, 0.025 grams. Regarding electric
consumption, truck trailer is a vehicle type with the
highest electric consumption, having a value of
2.282kwh (watthour) consumption every time step,
and cars being the least electricity-consumed vehicles,
0.151kwh. The fourth point is fuel consumption;
besides the high carbon dioxide emission, coaches’
consumption of fuel is leading by 8.946 grams, and
cars use 2.087 grams of fuel every time step

(ii) From the MLR prediction model for CO, emission
and fuel consumption, the main factors contribut-
ing to increased CO, emission and fuel consump-
tion are concluded to be speed of vehicles, the
number of vehicles, width of the roadway, propor-
tion of electric vehicles, and proportion of fuel vehi-
cle types (passenger car, minibus, small bus, coach,
small truck, heavy truck, and truck trailer)

(iii) The MLR prediction model for carbon monoxide
shows that the independent variables number of vehi-
cles, proportion of electric vehicles, and proportion of
fuel vehicle types (minibus, small bus, coach, small
truck, heavy truck, and truck trailer) are having a sig-
nificant effect on carbon monoxide emission

(iv) From the last prediction model, the MLR prediction
model for electricity consumption, number of vehi-
cles, width of the roadway, proportion of electric
vehicles, and proportion of fuel vehicle types (mini-
bus, small bus, coach, small truck, heavy truck, and
truck trailer) are the significant independent vari-
ables having a considerable effect on electricity
consumption

(v) From the economic feasibility and cost comparisons,
the ownership cost of electric vehicles is a bit expen-
sive; however, the operation, maintenance, service,
and infrastructure costs as erection of charging sta-
tions are much cheaper than those of fuel vehicles,
besides the profit in the decrease of emissions and
the reservation of green and healthy city
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