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Abstract 

Background: Climate change has emerged as a very important threat to economic development, atmosphere, and 
public health. One of the driving factors behind global climate change is road transportation. Therefore, the sector 
needs to take on the responsibility of addressing its negative impacts on the environment. This study seeks to find 
ways of mitigating the impacts of climate change. It pays particular attention to greenhouse gas emissions and other 
selected air pollutants based on a new navigation concept called eco-route, a 3D eco-routing transportation plan-
ning method that can help reduce the environmental footprints of Road transports in Addis Ababa city for distribu-
tion vehicles. The model applied in this study considered the road gradient, varying velocity or speed of vehicles, and 
weight of vehicles to evaluate gradient effects on consumption of fuel,  CO2 and also other air pollutants emission. The 
model is applied in three scenarios within different vehicle weight ranges and three different cases in Addis Ababa.

Result: The finds of the study imply the eco-routes emission reduction potential from fuel and  CO2 in the tested sce-
narios is up to 39.81% while other air pollutants account for 25.65%. The results prove that eco routes have the ability 
of reducing Fuel consumption,  CO2 and other air pollutant emission rate.

Conclusions: Eco routes have the potential to provide sustainable transportation opportunities for Addis Ababa city. 
This study recommends that eco-routes should be used instead of shortest and fastest routes where significant road 
gradients exist.
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Background
Road transportation systems are crucial elements of city 

infrastructure and showcase the economic growth of 

cities. Effective road transport planning and high user 

accessibility enable sustainable growth (Arora and Pan-

dey 2011). However, it also brings congestion and emis-

sion of air pollutant (i.e. Particulate matter (PM), Volatile 

organic compounds (VOCs), Oxides of nitrogen  (NOx) 

Carbon monoxide (CO), and Carbon dioxide  (CO2), the 

greenhouse gases (GHG) that are primarily responsible 

for global warming (Cervero and Golub 2007). According 

to the International Energy Agency, the Transportation 

industry is the main source of  CO2 emissions (Baumert 

et  al. 2005). Road transport is accountable for 75% of 

GHG emissions from the transportation sector (Madan 

2012). �erefore, estimating and measuring vehicle emis-

sions is a key task in air pollution management. It creates 

a good base to gauge the ecological impact assessment of 

road transport scenarios. Road transport emission esti-

mation models are important in this regard. On the other 

hand, monitoring vehicle emissions in cities or study 

areas is important to calibrate emission models.

Road transportation is the most dominant transpor-

tation mode in Addis Ababa City. Roads in the city are 

constructed and maintained by the Addis Ababa City 
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Road Authority (AACRA). Today, roads in the city have 

reached 3324 km in length and account for 12.21% cov-

erage of the developed areas of the city. Following the 

population boom in the last quarter of the  20th century, 

demand for transportation increased exponentially. �e 

Addis Ababa City administration launched large trans-

port projects to meet this demand and they are now in 

their expansion phases. However, these road network 

developments did not consider their environmental 

impact. In order to achieve environmental sustainability, 

the road sector must be held responsible for its role.

Substantial Carbon dioxide emission saving can be 

realized by optimizing routes for minimal fuel consump-

tion (Toro et  al. 2016). Geographic information system 

(GIS) was used to optimize fuel utilization and emission 

reduction for the purposes of this study. GIS is widely 

applicable in transportation network analysis (�e Geog-

raphy of Transport System 2006). Utilizing GIS func-

tionalities, Emission Estimation Models which consider 

vehicle speed, road gradients, and the weight of vehicles 

as a fuel consumption factor can be used for optimization 

(LAT/EEA 2007; Scora et al. 2015).

An Eco-routing algorithm is a strong fuel consump-

tion model that helps to identify low energy routes when 

vehicles travel from origin to destination and vice versa. 

Unlike the fastest and shortest routes, eco routes are 

always obtainable as vehicles reduce their fuel consump-

tion consequently their emission level. To quantify the 

environmental footprints or impacts of eco routing strat-

egies, fuel consumption and its corresponding emissions 

must be assessed or expected. (Minett et al. 2011).

Numerous authors have examined eco routing tactics 

(Coloma et  al. 2017) used drivers’ behavior in a small 

city to reduce emission. In this study for driver’s per-

formance evaluation vehicle speed, time, acceleration 

and deceleration and also vehicle number of stops were 

considered for the purpose of finding eco routing and 

driving effects on emission based on field-based traf-

fic data. Also, in Jovičić et  al. (2010) the purpose of 

this study was to estimate and reduce fuel and  CO2 

for communal vehicles. Moreover, the fuel-efficient 

routes are compared considering time and distance 

with the corresponding route. Andersen et  al. (2013) 

used eco-weights on a study area road network based 

on can bus trajectories’ fuel consumption and Global 

positioning system data to enable eco routes. Based on 

the generated data the authors compared eco-routes 

to the shortest and fastest routes. Moreover (Huang 

et  al. 2018) takes the above authors’ work further by 

using Autonomies to calculate fuel consumption in the 

study area road network. Eco-routes are compared with 

shortest and fastest routes again. �e results showed 

that eco-routes were able to reduce fuel consumption. 

In waste management case studies Tavares et al. (2009) 

proposed 3D route model for waste transportation aim-

ing to minimize fuel consumptions. Li and Cheng-zhi 

(2014) applied an engineering system, for the collection 

of waste in cities with major urban central areas aiming 

to reduction of fuel consumption and emission from 

vehicles.

Routing models need to use spatial data such as 

geographic information systems (GIS). GIS is intel-

ligent in data input, management and displaying geo-

spatial information. As reported by Keenan (1998) and 

Schröder and Cabral (2019) proposed a model that 

uses GIS to provide a comparative result in routing 

applications.

As presented above, influencing factors such as time 

and distance are commonly used for the optimization of 

vehicles. Real-time traffic and speed of vehicles have also 

been considered within a specific range of the vehicle. 

However, vehicle engine productivity on emission and 

fuel consumption affected by road gradients, vehicle fuel 

consumption is higher on higher gradients and vice versa. 

�erefore, it would be valuable to address gradients and 

include a broad range vehicle weights in order to find 

more accurate fuel consumption in addition to increasing 

the percentage of eco routes’ fuel-saving potential and 

emission estimation. Such a method is innovative and 

would deliver realistic fuel consumption and emission 

estimation.

In summation, this paper focuses on the role of eco 

routing which depends on the road gradients extracted 

from the digital elevation model of the study area in the 

city road network system. Furthermore, it uses an emis-

sion estimation model that considers different vehicle 

weight ranges and speeds. To enable fuel consumption 

and emission minimization this study uses GIS network 

analyst as a tool and other open-source data.

Materials and methods
Study area description

Addis Ababa is fully urban. According to the Central 

Statistics Agency’s (CSA) 2007 census results, 662,728 

peoples were reported as living in 628,984 housing units, 

with an average of 4.2 persons per household. �e city 

contains 22.9% of all urban residents in Ethiopia and con-

tains 3.7% of the total population of the country. Addis 

Ababa’s road network is highly affected by its topo-

graphic changes, resulting in positive uphill and negative 

downhills. With an average road gradient of almost 4%, it 

can be expected that the road gradient has a substantial 

effect on fuel consumption and  CO2 Emissions. Detailed 

location and map descriptions are shown in Table 1 and 

Fig. 1.
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Road transportation in the city

In the city of Addis Ababa, the dominant public trans-

portation modes are automobiles and dry cargo. Stand-

ard city buses and mini-bus taxis are the most available 

and affordable means of public transportation for the 

majority of the residents. �ere are also private limited 

companies and governmental road freight transporta-

tions which give delivery to the customers within a city. 

As of 2019, a total of 596,084 types of vehicles were avail-

able (Addis Ababa City Transport Authority 2019). �e 

proper movement of vehicles poses the greatest challenge 

for the city to establish a reliable and sustainable trans-

portation system.

A project to improve the transport management sys-

tems by making heavy-duty distribution vehicles and 

public buses to traverse in selected lanes is in progress. 

�e current research may prove instrumental in select-

ing an environmentally friendly road network for distri-

bution vehicles, that takes into account the gradient and 

other environmental factors into consideration.

Data and data acquisition

�e Data used in this study was obtained from different 

sources. �e Road network data mainly digitized from 

Google earth image of 2019 on the study area at the spa-

tial resolution of 10  m, and ortho photos were used to 

georectify the digitized road networks. Advanced Land 

observing satellite (ALOS), Phased array L band syn-

thetic aperture radar (PALSAR) of 12.5 spatial resolution 

was used as a digital elevation model for the study area 

obtained from Alaska satellite facility. GPS Coordinates 

of the origin–destination locations were collected using 

actual measurements in the field. Emission related to 

Table 1 Location description

Addis Ababa City

Coordinates 38° 44′ 24″ E 9° 1′ 48″ N

Climate Subtropical highland climate

Area(total): 519.482 km2

Elevation 2355 m

Time zone Universal Time Coordinated (UTC + 3)

Fig. 1 Addis Ababa City map
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the data were obtained from Methodologies to Estimate 

Emissions from Transport (MEET) emission estimation 

model and other literatures.

Methods

�is paper primarily espouses a methodology that finds 

optimal eco route networks that reduce the consumption 

of fuel and its related  CO2. Additionally, other pollutant 

emissions for transporting cargo from origin to destina-

tion and vice versa are considered.

�e model application was done in four steps: (1) 

Establishment of 3D-RN;(2) Fuel consumption and pol-

lutant emission estimation by using Emission estimation 

Model; (3) Road network data set development and (4) 

Optimization for different scenarios and other attribute 

calculations by utilizing visual basic script options.

Figure 2 shows the general Work flow and procedures 

that were adopted in this study and form the basis for 

deriving the eco-route of the study area and subsequently 

the overall findings.

Connecting 2D road Network with DEM: 3D road network 

generation

At this stage, the 2D road segment consisting of 40,886 

polyline records with functional class [motorway, princi-

pal arterial, sub arterial, collector and local streets] were 

pre-processed by adding speed attributes to fit study area 

speed limits based on the Addis Ababa City Road author-

ity (AACRA)Standard: 80 for Motorway, 70 for Principal 

arterial, 60 for Sub-arterial and Collector, 30 for Local 

Street. �e Street Hierarchy was also tabulated based on 

AACRA’s Street Hierarchy functional classes standard: 

1 for Motorway, 2 for Principal arterial, 3 for Sub arte-

rial, 4 for collector, 5 for Local Streets. It also worked on 

2D Road Network. Finally, ALOS PALSAR DEM [12.5 m 

resolution] was used to convert 2D road Networks to 3D 

Road Network. ArcMap was utilized to obtain gradients 

Fig. 2 General work flow of the study
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of a street network on the first step feature vertices to 

points on centerline feature class twice; one for beginning 

and one for end was generated.

Secondly, values are extracted from points on the start 

and end features classes. Finally, new field gradient were 

added by subtracting start elevation from end elevation 

values. �en values were divided by segment length and 

multiplied by hundred, which ultimately led to inac-

curacies in gradient values. �erefore, to obtain more 

reliable slope it is necessary to determine with a higher 

resolution.

To obtain granular result, DEM was interpolated to the 

two-dimensional road networks to create three-dimen-

sional road networks. �en, the created 3D road network 

was split at each turn, junction, and roundabout. Moreo-

ver, the straight road segments were split at every 10 m 

interval to create vertices at each 10-m point. �erefore, 

more precise gradient values and three-dimension length 

of each edge were added as additional attributes in the 

road network data set. Finally, to determine the gradient 

direction from each value data was extracted using add 

surface information. Hence, the gradients’ direction (+ve 

and -ve) was obtained based on edges start and end ele-

vation. �e results are tabulated as an additional attribute 

value in the network data set.

�e 3D digital model and the road network for the city 

of Addis Ababa are shown in Fig.  3. �e study area is 

faced with many undulating terrains, particularly on local 

streets due to DEM resolution on some parts of local 

street gradient values being unrealistic. To overcome 

these gradient values for the generated street segments 

within study boundaries higher than the permissible 

maximum restriction for road slopes, are reduced accord-

ing to Bartlett (2015).

Calculation of fuel consumption and pollutants emission 

estimation

For this study, the method proposed in Methodologies 

to Estimate Emissions from Transport (MEET). MEET is 

based on road measurements and all its parameters are 

extracted from real-life experiments. It includes numer-

ous vehicle technologies for different vehicle classes, such 

as weight classes (< 3.5, 3.5–7.5, 7.5–16, 16–32, and > 32 

tons) (Demiret al. 2014).

For calculations of emissions and fuel consumptions 

of a broad range of vehicles and engine types, MEET 

depends on a database of parameters. �e emission fac-

tors and the parameters are gained by sampling a range 

of vehicles (i.e. heavy-duty vehicle range between 3.5 and 

32 ton) (Kousoulidou et al. 2010). MEET formula meth-

odology for estimating emissions is based on total fuel 

consumption data. Fuel consumptions and  CO2 Rates 

estimations are speed dependent Regression functions 

introduced below for all vehicle classes. All calculations 

Fig. 3 A 3D digital model of Addis Ababa city showing its road network
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and estimations are done using the data available on 

MEET vehicle weight ranges (i.e. 3.5 up to 32 tones) for 

three scenarios and each scenario tested with three cases.

�e basic fuel consumption and other pollutants 

expressed only in speed (g/km), and was obtained from 

MEET Model has been given below:

Scenario (1):

Other Pollutants

Scenario (2):

Scenario (3):

Based on the vehicle’s category, corrections can also 

be applied to consider the gradient of street and load of 

vehicles’ effects on the emissions.

Gradient factor

A road’s uprising or down rising has the effect of 

ascending or descending the vehicle’s fuel consumption 

and emission (EEA 1999). For street gradient class, the 

gradient correction factor calculated using the MEET 

model. �e model provides a gradient correction factor 

for a range of (−6 to 6%) gradient. To include a broad 

range of gradient classes in a city road network, the given 

equations were adjusted to fit an exponential function. 

Equations  (12–14) were also used as the road gradient 

correction factor for other pollutants �ey are expressed 

by the following equation, where RG represents the road 

gradient in percentage.

For scenario 1:

(1)For V 5 −60 1425.2V
−0.7593

(2)For V 60−100 0.082V
2
− 0.0430V + 60.12

(3)CO For V 5−100 37.280V
−0.6945

(4)NOx For V 5−50 50.305V
−0.7708

(5)
For V 50−100, 0.0014V

2
− 0.1737V + 7.5506

(6)VOC For V 5−100 40.120V
−0.8774

(7)PM For V 5−100 4.5563V
−0.707

(8)For V 5−60 1068.4V
−0.4905

(9)For V 60−100 0.0126V
2
− 0.6589V + 141.2

(10)For V 5−60 1595.1V
−0.4744

(11)For V 60−100 0.0382V
2
−5.163V + 399.3

For scenario 2:

For scenario 3:

Vehicle load factor

�e higher the vehicle weight the higher its fuel con-

sumption and emission and also the same for vice versa 

(Tavares et al. 2009).

50% of the load for emission factor is corrected to tol-

erate different load conditions with the use of the follow-

ing Eq. (15).

where,  Lcf = emission factor corrected of the fuel con-

sumption in [g/km]; lp = 0 for empty load vehicle and 

lp = 100 for fully load; cf = load correction factor of the 

FC which is 0.18; For Loaded vehicles Lcf of 1.18 and for 

Unloaded Vehicles Lcf of 0.82 was applied.

�e equation above (15) was also used to consider vehi-

cle load for other pollutant emission estimation calcu-

lations. �e actual load factor for pollutants is given in 

MEET and applied for this study. �e load factors applied 

for pollutants is given in Table 2 while Table 3 shows the 

load correction.

(12)GCF = 0.213e
0.165RG

(13)GCF = 0.419e
0.180RG

(14)GCF = 1.0458e
0.187RG

(15)Lcf =

[

1 + 2cf
(lp−50)

100

]

Table 2 Load factors applied to heavy duty vehicles

Pollutant Load factor (lp)

CO 0.21

NOx 0.18

VOC 0

PM 0.08

Table 3 Load correction factors applied to  heavy duty 

vehicles

Load correction factor (Lcf)

Pollutant Empty load Complete load

CO 0.79 1.21

NOx 0.82 1.18

VOC 1 1

PM 0.92 1.08
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MEET Suggests the total fuel consumption in gram as 

in Eq.  (16) and for all pollutants, (i.e. CO, NOx, VOC, 

PM) the total Emission per Road length is calculated in 

gram as in Eq. (17).

where: Fcv = Speed factor for Fc,  PV = Pollutants speed 

factor, GCF= Gradient Correction Factor,  Lcf = Load Cor-

rection Factor, D =Distance in km.

For real application, fuels in grams have been converted 

to Liter [L].

Diesel for automotive use is around 832 g/L.

�erefore:

�e calculated fuel consumption values are used as an 

impedance to find eco routes in a network. For compari-

son, the road networks are completed with time attrib-

ute, length and allowed road functional class velocity 

expressed in Eq. (19).

L[km] = 3D distance used for short routes.

Moreover,  CO2 emissions rates are estimated based on 

fuel consumption only for each scenario. �e following 

Eq. (20) is applied from the MEET methodology.

where: rH/C = hydrogen to carbon ratio in the fuel (~ 2.0 

for diesel).

Road network data set development

Transport networks are mostly done in a GIS environ-

ment by the Network dataset. Network datasets are made 

of network elements. Network elements are created from 

point or line features to create the network dataset. Net-

work elements contain attributes that change navigation 

over the developed network. Network attributes help 

to regulate traversing ability over the network. In this 

study, a one-way restriction was applied while solving the 

analysis. �e hierarchy was given according to the road 

(16)FC = Fcv ∗ GCF ∗ Lcf ∗ D

(17)
Total Emission of Pollutant = Pv ∗ GCF ∗ Lcf ∗ D

(18)FcLiter =

FC [g]

832
[ g
L

]

(19)
T [h] =

3D distance [km]

Velocity
[

km
h

] used for fast routes

(20)

Weight of CO2

= 44.011
(

wight of fuel/(12.011 + 1.008 ∗ rH/C)
)

functional class: how drivers generally select the level of 

a street to travel. It is predictable that drivers choose high 

order roads rather than low order roads. For this study, 

vertex connectivity was selected. And finally, Elevation 

fields were considered to help improve the connectivity 

at line ends. �ey contain elevation information that con-

sider vehicles passing overpasses, underpasses and nor-

mal streets in the network effectively.

Optimization

�e route optimization was done with ArcMap Network 

Analyst. In this study, the route optimization primarily 

focuses on minimizing fuel usage to find eco-routes in a 

network that connects origin–destination points. Addi-

tionally, time and distance attributes are added to be used 

as cost attributes of the network. �is study mainly aims 

to reduce vehicle environmental footprints. �erefore, 

reduction in fuel is not questionable.

For each step, terrain and fuel consumption module 

was developed. �e modules share information stored in 

a spatial database created in the GIS environment. Fig-

ure 4 shows the structure of the developed model with its 

spatial data base and modules.

In this study, three scenarios which incorporate the 

different vehicle weight classes available in Addis Ababa 

were introduced to test different routing conditions.

Most fuel consumption models concentrate on vehicle, 

traffic, and environmental influences but do not capture 

driver related issues which are relatively difficult to meas-

ure (Demir et  al. 2014). However, this study focuses on 

environment related influences (i.e. Roadway gradient 

effects on fuel consumption).

For this study design, the sample vehicle categories 

with a significant influence on road transportation emis-

sions were selected based on vehicle weight classes. Sam-

ples of vehicles were selected from distribution vehicle 

private limited companies. �e companies’ vehicles, 

including distribution vehicles, were selected, based on 

their weight (i.e. 3.5–32 tons), engine type (i.e. diesel), 

and production year (i.e. 2010 models). �eir total num-

ber of vehicles was also selected: Company 1–15 vehi-

cles, Company 2–13 vehicles and Company 3–8 vehicles. 

�en, the vehicle weight classes were grouped into three 

scenarios. �e first Scenario for diesel HDV is from 3.5 

to 7.5 tons. �e second scenario for diesel HDV is from 

7.5 to 16 tons and the third scenario for diesel HDV from 

16–32 tons. All scenarios are implemented in the GIS 

network analyst environment. Each scenario contains 

three cases with different loading and routing conditions. 

�e overall implementations are tabulated in Table 4.



Page 8 of 22Busho and Alemayehu  Environ Syst Res            (2020) 9:17 

Results
At this stage, the route results are compared with differ-

ent criteria, including travel time, fuel consumption and 

distance. Additionally,  CO2 Emission estimation for all 

scenarios and air pollutant emissions for scenario 1 were 

estimated for routes. �e cost of fuel was also estimated.

Scenario 1

�is scenario simulates a bottled water market distribu-

tion process utilized by a supplier for Aqua Addis Bottled 

Water. �e company uses 15 trucks to supply 49 Super-

markets and return empty load to the factories. Super-

markets are a randomly assigned. �us, each truck can 

supply 15 supermarkets in different locations and return 

to deliver to other destinations.

Case 1

Using scenario 1, in case 1 fuel and emission levels for 

heavy duty vehicle (HDV > 3.5 tons) with full loads were 

tested from the origin point to a single supermarket 

Fig. 4 Structure of the developed model showing spatial data base and its modules

Table 4 Scenario implementation for the methodology

Scenarios Cases Weight class [ton] Loading condition Routing Network analyst solver

1 1 3.5–7.5 Loaded Simple New route

2 Full distribution Closest facility solver

3 Unloaded Back Haul

2 1 7.5–16 Loaded Simple New route

2 Full distribution Closest facility solver

3 Unloaded Back haul

3 1 16–32 Loaded Simple New route

2 Full distribution Closest Facility Solver

3 Unloaded Back haul
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(correction factor for load 1.18). Routes are separately 

generated for fuel consumption, time and distance. �e 

resulting three routes are displayed in Fig. 5.

As shown in Fig.  5, the shortest and fastest routes 

which mainly utilize Principal Arterial and Sub arterial 

streets for long distances overlap because the routes are 

not optimized for fuel consumption. In contrast, an eco-

route optimized for fuel consumption prefers lower gra-

dients which yield fuel and  CO2 emission saving with a 

potential of up to 39.81% more than its alternatives.

Case 2

Under scenario 1, Case 2 tests the fuel and emission lev-

els by heavy duty vehicles (HDV > 3.5 tons) from origin 

to each supermarket with complete loads (correction fac-

tor for load 1.18). Routes are separately generated for fuel 

consumption, Time and Distance. �e resulting one hun-

dred forty-seven routes are displayed in Fig. 6.

Eco routes optimized for fuel consumption prefer 

lower gradients which yield fuel and  CO2 emission sav-

ing potential of up to 35.43% more than its’ alternatives, 

whereas the total travelled distance is longer for each set 

of routes. However, the fastest route is faster than the 

eco-routes.

Case 3

Case 3 under scenario 1 tests the fuel and emission lev-

els for destination market to origin. However, for the 

backhaul (CF Load of 0.82) is implemented to account 

for empty returning trucks. To consider returning trucks 

from the market routes are here again separately gen-

erated for fuel consumption, Time and Distance. �e 

resulting one hundred forty-seven routes are displayed in 

Fig. 7.

In this case 3 scenario 1 also the eco-routes yields fuel 

and  CO2 emission savings of about 27.08% compared to 

its alternatives, again the total travelled distance is longer 

for each set of routes. However, the fastest route is faster 

than the eco friendliest route.

Scenario 2

�is scenario simulates Moha Soft Drinks’ scheduled and 

demand-based product distribution from their summit 

plant to the market. �ere are 13 trucks that supply 50 

hotels and bar market places and return empty bottles to 

Fig. 5 Scenario 1 Case 1 routes



Page 10 of 22Busho and Alemayehu  Environ Syst Res            (2020) 9:17 

the origin point. Each market place is assigned accord-

ing to the company’s schedule. �erefore, each truck can 

supply 13 hotels and bars in one journey and return to 

make deliveries to the remaining destinations in one day.

Case1

In scenario 2 of case 1, the same principles as that of 

scenario 1 case were applied. �is case under scenario 2 

works for origin to a single supermarket. Routes are sepa-

rately generated for fuel consumption, time and distance. 

�e resulting three routes are displayed in Fig. 8.

�e shortest and fastest routes overlap each other at 

the beginning and end, as they mainly utilize Principal 

Arterial and Sub arterial streets, with the Summit-Sal-

hite-Mihret road as the preferred initial. However, eco-

routes at those locations prefer lower gradients as shown 

in Fig.  8, which yields fuel and  CO2 emission saving 

potential of about 13.91% from its alternatives.

Case 2

Under scenario 2 Case 2 a completely loaded supply of 

soft drinks is sent to each market location. One market 

place is supplied by a single truck. Routes are separately 

generated for fuel consumption, time and distance. �e 

resulting total of 150 routes is displayed in Fig. 9.

Eco routes optimized for fuel consumption again prefer 

lower gradients which yield fuel and  CO2 emission saving 

potential of about 13.20% from its alternatives, whereas 

the travel distance is longer. However, the fastest route is 

faster than the eco routes.

Case Study 3

Case 3 under scenario 2 simulated backhauls from des-

tination market to origin to study returning trucks from 

the market. Routes are separately generated for fuel con-

sumption, time and distance. �e resulting total of 150 

routes is displayed in Fig. 10.

Here in scenario 2 case 3 again eco routes optimized 

for fuel consumption prefer lower gradients which yield 

fuel and  CO2 emission saving potential of about 9.81% 

from its alternatives, whereas the travel distance is longer. 

However, the fastest route is faster than the eco routes.

Scenario 3

�is scenario simulates the supply of a vehicle Gas (i.e., 

Diesel and gasoline) to a service station utilized by Oili-

biya private limited company. Fuel is distributed from a 

Fig. 6 Scenario 1 Case 2 routes
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depot in Gotera to service stations on a demand-based 

schedule. �erefore, 8 HDV trucks are available in the 

company to supply 27 service station and return to the 

depot. Each truck can supply 8 service stations once and 

return back and make deliveries for the remaining fuel 

stations. �e vehicle range incorporated in this scenario 

is HDV 16 -32 tons.

Case 1

Under scenario 3, the principles applied in scenarios 

1 and 2 of case 1 are applied to Case 1 again. As such, 

routes are separately generated for fuel consumption, 

time and distance. �e resulting three routes are dis-

played in Fig. 11.

�e fastest route tends to jump on motorways (ring 

road) and the shortest routes mainly utilize principal 

arterial streets which are not optimized for fuel con-

sumption (FC). However, eco routes initially utilize 

the Gotera overpasses and then tend to use sub arterial 

streets and local streets as shown in Fig.  11. All three 

routes partially overlap at initial and destination kilome-

ters. But, eco routes prefer the lower gradients of a street 

network which can yield Fuel and  CO2 emission saving of 

up to 19.48% from its alternatives.

Case 2

Case 2 under scenario 3 simulated the supply of Fuel to 

each Service station locations (i.e. the depot to 27 service 

stations) with a completely loaded vehicle. Each service 

station is supplied by a single truck. �e routes are gener-

ated for fuel consumption, time and distance. �e result-

ing total of 81 routes is displayed in Fig. 12.

Figure 12 results shows that once again eco routes opti-

mized for fuel consumption prefer lower gradients which 

yield fuel and  CO2 emission saving potential of about 

19.32% from its alternatives, whereas the travel distance 

is longer. However, the fastest route is faster than the eco 

routes.

Case study 3

�is scenario was applied to case 3 for the backhaul to 

account for empty returning trucks. �e routes are gen-

erated for fuel consumption, time and distance. �e 

resulting total of 81 routes is displayed in Fig. 13.

Fig. 7 Scenario 1 Case 3 routes
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In scenario 3 case 3 eco routes optimized for fuel con-

sumption again prefer lower gradients which yields fuel 

and  CO2 emission saving potential of about 19.32% from 

its alternatives, whereas the travel distance is longer. 

However, the fastest route is faster than the eco routes.

Parameter comparison results for three scenarios

�e comparative results in Tables 5 and 6 show that the 

eco routes’ ability in reducing fuel consumption and  CO2 

emission is up to 39.81%. Furthermore, in the tested sce-

narios, Eco routes fuel and emission saving are high in 

scenario one, moderate in scenario 2 and lowest in sce-

nario 3.

Other pollutants result for scenario 1

In many urban areas, road transportation was the main 

source of air pollution. For this study Emissions of pol-

lutants from generated routes focused on Carbon 

Monoxide (CO), Particulate Matters (PM), Oxides of 

Nitrogen (NOx) and, Volatile Organic Compounds 

(VOC). Like fuel consumption and  CO2 emission, at this 

stage different pollutants obtained from the shortest and 

fastest routes were compared with eco routes. �e results 

are presented below.

Scenario 1 pollutant result

In this scenario, the results are accumulated from the 

scenario (1) which is generated for fuel consumption and 

 CO2 emissions. Emission rate results are presented below 

for each case.

�e three route results shown in Fig. 14 show an over-

whelmingly similar trend. In scenario 1 case 1 Pollut-

ant Emission Results PM has the lowest emissions. �e 

shortest routes cause the total high emission of CO. But 

eco routes show significant emission saving potential of 

CO. Moreover, those eco routes have significant emission 

Fig. 8 Scenario 2 Cases 1 routes
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saving potential with respect to their alternatives in all 

pollutants (Table 7).

�e three routes in Fig. 15 follow the same trend. In 

scenario 1 case 2 pollutant emission results, PM has 

the lowest emissions. �e fastest routes have high CO 

emissions but eco routes show significant emission sav-

ing potential in VOC. �is case also implies that eco 

routes have emission saving potential with respect to 

its alternative (Table 8).

Figure 16 shows that the three routes display the same 

trend in scenario 1 case 3 pollutant emission results. 

PM has the lowest emissions with respect to the other 

three pollutants. �e fastest routes are a factor for high 

emissions. �ey have high CO emission. But eco routes 

show significant emission saving potential in VOC with 

respect to others (Table 9).

All results indicated the consideration of gradient 

variability when calculating the fuel consumption and 

Emission estimations from vehicles.

�erefore, eco routes in all tested scenarios are more 

environmentally friendly which implies eco routes 

have emission saving potential with respect to their 

alternative.

Discussion
�e calculated results showed Fuel and emission Reduc-

tion in all tested scenarios. �is study used MEET emis-

sions factors because they reflect the characteristics of 

the Addis Ababa diesel fleet.

In this study, the applied model, which was previously 

presented took lessons and add values from the work of 

other authors’ in several ways. �is work encompasses 

Fig. 9 Scenario 2 Case 2 routes
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four steps: (1) Establishment Of 3D-RN (2) fuel con-

sumption and pollutant emission estimation by using 

emission estimation model; (3) road network data set 

development and (4) optimization for different scenarios. 

Other attribute calculations are done by utilizing visual 

basic script options for different types of distribution 

vehicles. �is is to minimize fuel consumption, distance, 

and time. Finally, the results were compared.

Zsigraiova et al. (2013) introduced a contrary method-

ology to estimate and reduce cost and emission. In this 

study Vehicle speed and weight are considered as influ-

encing factors. However, optimization was not done for 

fuel consumption. �e authors compared the emission 

levels in terms of distance and time only. �e gradient 

effects on fuel consumption were also not considered. 

Around the same time, Pan et  al. (2013) proposed that 

logistical mutualization at the strategic level be assessed 

from an environmental point of view. �e study was able 

to predict the effect on reducing  CO2 emissions by the 

integration of supply chains. In addition, road, and rail 

transports were considered in this paper. �e findings 

of this study show that  CO2 emission are reduced by the 

logistic mutualization approach. Whereas the effect of 

road gradient or inclination was also neglected.

If a digitized Road network and Digital elevation 

model are available, the proposed 3D eco route model 

works better for other study areas rather than Addis 

Ababa city. However, ultimate results of fuel and emis-

sion rates depend on the areas’ gradient nature. �is 

study estimates and reduces fuel consumption and 

emissions in the tested scenario areas in the Addis 

Ababa road network, which have a gradient range of 

around − 8 to 8%. In addition, the model was extended 

by adding different vehicle weight ranges. �is was 

Fig. 10 Scenario 2 Case 3 routes
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used to identify which range of vehicles significantly 

increases fuel consumption and pollutant emissions. 

Also, some restrictions, such as vehicle turning restric-

tions, were given to road networks, to use the street 

based on its functional importance in the street hier-

archy. In addition, Elevation was considered to account 

for overpasses, underpasses and normal street networks 

to smoothly drive along delivery street. �e company’s 

distribution schedules were also studied. Accordingly, 

fuel consumption and emission rates are higher in the 

heavy-duty vehicle range of (16–32 tons) compared to 

heavy-duty vehicles (< 16 tons). �is is because the data 

collected on the road network gradient around the gas 

depot and service stations shows an average gradient of 

around 4%.

�e applied 3D-eco routing-model offers a method-

ology which extends the abilities of prior works using 

GIS, by incorporating different variables in one. �e 3D 

eco Route models have the ability of estimating FC,  CO2 

emission and air pollutants emission estimates for road-

segment by considering the Variables [Gradient, Speed, 

Vehicle Weight (3.5–32 tons)] using MEET Model in GIS 

environment. �erefore, the model does not depend on 

commercial solutions. Moreover, it optimizes the costs 

of private limited and governmental transport companies 

who want to reduce their environmental impact.

�e numerical results confirm the importance of taking 

into account the terrain characteristics. From the analy-

sis result, Eco-Routes were identified as having FC and 

 CO2 saving potential of 8.39 to 39.81% to their alterna-

tives. Consideration both elevation and route optimiza-

tion through reduction of fuel consumption and emission 

are important factors for the management of distribu-

tion vehicles. �ese findings imply eco routes are better 

Fig. 11 Scenario 3 Case 1 routes
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solutions for future sustainable road transport and also 

for the environment.

Conclusion
�is study decisively addresses climate change and can 

bring significant benefits to Addis Ababa City. It can also 

help to avoid the runaway costs of climate change by the 

application of the model. �e study model was applied in 

three scenarios each scenario contains three case stud-

ies. �is study confirmed the method used was capable 

of reducing environmental footprint of vehicles in Addis 

Ababa City.

Emission saving was achieved when the optimizer was 

changed to the lowest 3D fuel consumption from the 3D 

distance and 3D Time. In the tested scenarios, substantial 

differences were detected among the shortest, fastest and 

eco routes under the same criteria. In the tested scenar-

ios, Eco routes showed Fuel and  CO2 emission reduction 

potential observed up to 39.82% from its alternatives.

Eco routes were found to be the most effective way 

to reduce fuel consumption,  CO2 emissions and also air 

Fig. 12 Scenario 3 Case 2 routes
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pollutants emission. Such potentials of eco routes make 

them an ecological solution for a future sustainable 

environment in Addis Ababa City. �is is supported by 

the 3D eco route model.

�is study provided baseline information on carbon 

emissions in Addis Ababa City and explored the impli-

cations of transportation activities with respect to 

Emissions in a new light. �e current study suggested 

Fig. 13 Scenario 3 Case 3 routes
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Table 6 Eco routes  CO2 saving potential for each scenario cases (1–3) from its alternative routes parameter results

Routing scenario Vehicle weight 
range and cases

%  CO2 emission 
savings from fast

%  CO2 emission 
savings 
from short

Shortest route Fastest route Eco route

CO2 [kg] Cost [$] CO2 [kg] Cost [$] CO2 [kg] Cost [$]

Scenario 1 3.5–7.5 ton (C1) 39.78 35.88 743.962 0.92 792.16 0.98 477.02 0.59

3.5–7.5 ton (C2) 35.43 29.96 27,991.40 34.87 30,364.87 37.83 19,604.46 24.42

3.5–7.5 ton (C3) 27.08 23.93 17,689.08 22.04 18,451.50 22.99 13,454.62 16.76

Scenario 2 7.5–16 ton (C1) 10.73 13.89 1321.69 1.64 1274.80 1.58 1138.00 1.41

7.5–16 ton (C2) 13.20 11.22 41,722.13 51.98 42,671.03 53.16 37,037.95 46.15

7.5–16 ton (C3) 8.96 9.81 27,962.18 34.84 27,700.64 34.51 25,216.77 31.42

Scenario 3 16–32 ton (C1) 19.48 16.27 2309.35 2.87 2401.62 2.99 1933.61 2.40

16–32 ton (C2) 12.79 19.32 47,276.36 58.90 43,735.45 54.49 38,139.80 47.25

16–32 ton (C3) 8.39 12.61 21,284.08 26.52 20,303.11 25.29 18,599.39 23.17

Fig. 14 Scenario 1 Case 1 pollutant emission results



Page 20 of 22Busho and Alemayehu  Environ Syst Res            (2020) 9:17 

Table 7 Scenario 1 Case 1 eco route emission saving 

potential for each air pollutant accumulated results

Eco routes pollutants emission saving potential in %

PM VOC NOx CO

From fastest route 2.306 4.327 7.717 9.4023

From shortest route 12.193 16.295 14.685 19.050

Fig. 15 Scenario 1 Case 2 pollutants emission results

Table 8 Scenario 1 Case 2 eco route emission saving 

potential for each air pollutant accumulated results

Eco routes pollutants emission saving potential in %

PM VOC NOx CO

From fastest route 0.304 22.845 14.086 16.863

From shortest route 1.177 8.423 3.833 6.580
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ways that the transportation industry can adjust its 

transport investment activities to reduce carbon emis-

sions by utilizing Eco routes. It is very much expected 

that the proposed eco-route Model can contribute to 

the development of a low-carbon transportation system 

in Addis Ababa City.

Abbreviations

FC: Fuel consumption; GCF: Gradient correction factor; HDV: Heavy duty vehi-
cle; Lcf: Load correction factor; Lp: Load factor; RG: Road gradient.
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