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ABSTRACT

Objectives such as sustainable cities and communities, accessible and clean energy, and cli-
mate action, which are among the sustainable development goals determined by the Unit-
ed Nations, are at the forefront of public transportation. Increasing energy efficiency, cost 
optimization and reducing carbon emissions are key factors in selecting bus technologies to 
be used in urban transportation in the future. Today, many bus technologies, such as diesel, 
electric, compressed natural gas, hybrid, hydrogen, and fuel cells, are used in urban transpor-
tation. The type of bus that will be preferred in the future remains a hot research topic. Public 
transportation companies in cities should choose environmentally friendly, economical, and 
efficient vehicles by considering objective and subjective criteria. Currently, multi-criteria 
decision-making methods are widely used in the selection of vehicles in the public transpor-
tation sector. In this study, diesel, electric, and CNG buses currently used by public transpor-
tation companies operating in Türkiye were evaluated. A comprehensive study was conducted 
by considering five main criteria: energy, cost, technical, social, and operational and twen-
ty-four trend sub-criteria pertaining to the main criteria. One of the new aspects of this study 
is that it is based on criteria that have not been used before in the literature, and the other is 
the use of analytical hierarchy process and grey relational analysis methods together in urban 
bus selection. The weights of the criteria were calculated with analytical hierarchy process, a 
well-established multi-criteria decision-making method, and the most suitable bus was se-
lected by rating with grey relational analysis. According to the findings, it was concluded that 
the electric bus had the highest ranking with a grey relational degree of 0.774 and offered 
long-term advantages in terms of operational efficiency and environmental impact. This study 
contributed to the literature by using innovative criteria, integrated analytical hierarchy pro-
cess and grey relational analysis methods, and provided a more comprehensive and objective 
approach to bus selection. It also provided guidance for public transportation systems for the 
city targeting sustainability.
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INTRODUCTION

The Reducing the operating costs and environmental 
impact of fossil-fuel vehicles in urban transportation is of 
great importance. From a global perspective, it is clear that 
the transition to sustainable public transportation systems 
is gaining momentum and making a significant contribu-
tion to reducing atmospheric carbon emissions. Numerous 
green transformation projects are being launched in cities 
to drive a global shift towards sustainable public transport. 
Contributing to the sustainable development goals, 100% 
electric transportation is critical for reducing costs, reduc-
ing greenhouse gas emissions, and using energy efficiently. 
Transportation policies in cities should be made more 
efficient by taking more steps to develop technological 
opportunities.

Subways, light rail systems, and buses, which are among 
the vehicles providing transportation mobility to the urban 
public, are indispensable elements of urban life. It has 
become necessary to choose the most appropriate type of 
bus compressed natural gas (CNG), diesel, electric, fuel cell, 
hydrogen fueled, etc.) by examining buses that are among 
the public transportation arguments in terms of economic, 
environmental, and social perspectives in ever-growing 
urban life. Bus selection in urban public transportation, 
especially bus prices, operating costs, fuel consumption, 
and environmental sensitivity, is an important application 
area for multi-criteria decision-making methods (MCDM). 
This method is a discipline used to solve complex problems 
to maximize the benefits obtained in the decision-making 
process.

Organizations providing public transportation services 
use MCDM methods in bus selection by considering many 
economic, environmental, and social criteria within the 
sustainability framework to provide maximum benefits. 
MCDM commonly used in the literature include analytical 
hierarchy process (AHP), grey relational analysis (GRA), 
technique for of preference by similarity to ideal solution 
(TOPSIS), multi-objective optimization on the basis of 
ratio analysis (MOORA), and vise kriterijumska optimi-
zacija I kompromisno resenje (VIKOR). [1].

The originality of this study lies in its inclusion of crite-
ria for bus selection in sustainable urban transportation that 
have not been utilized in previous literature. Existing stud-
ies often focus on limited aspects, such as cost or perfor-
mance, whereas this study introduces a comprehensive set 
of criteria that incorporate economic, environmental, and 
social dimensions. The main contribution of this research 
is the development of a decision-making framework that 
combines new and innovative criteria specifically designed 
for urban bus selection, which address current sustainabil-
ity challenges in public transportation.

This study evaluates buses based on five main criteria—
performance, energy, cost, social acceptability, and usabil-
ity—and twenty-four associated sub-criteria. Notably, the 
inclusion of unique criteria, informed by expert opinions 

and tailored to the specific requirements of sustainable 
urban transportation, fills a research gap in the existing 
literature. By integrating previously unused criteria, this 
study provides a fresh perspective on the multi-dimensional 
aspects of bus selection, enhancing the applicability and rel-
evance of the results for urban planners and policymakers.

The study was carried out in the case of Kayseri province 
in Turkey, taking into account local conditions and needs. 
This increases the originality of the study and ensures the 
applicability of the results to local governments.

The combination of AHP and GRA methods provides 
more objective and consistent results in multi-criteria deci-
sion making processes. While the AHP determines the 
weights of the criteria, the GRA evaluates the relationships 
between these criteria and determines the most appropriate 
bus type. Bus selection in public transportation is not only 
evaluated by a single criterion such as cost or performance, 
but also many other factors such as environmental impacts, 
energy efficiency, social acceptability, etc. MCDM is an 
effective tool for managing such multidimensional and 
complex decision-making processes by taking into account 
economic, environmental and social criteria.

In the literature review, while GRA has been applied 
in numerous fields, its application in public transporta-
tion bus selection is novel. This study focuses on the bus 
selection problem of a company providing public transpor-
tation services in the Kayseri province, Türkiye. Based on 
the knowledge, experience, opinions, and suggestions of 
experts in public transportation, many criteria that have 
not been used before were used in the study. Thus, this 
study extends the field of GRA and contributes to the lit-
erature on sustainable and environmentally sensitive public 
transportation.

LITERATURE REVIEW

In the literature, GRA has been used to analyze the rela-
tionship between different factors and can be applied in 
various sectors, such as energy, finance, manufacturing, and 
transportation. This method’s wide range of solutions to 
complex, multi-criteria decision-making problems makes 
it a valuable tool for use in many sectors. For example, in 
the energy sector, GRA has been used in resource selection, 
power planning, and in manufacturing, it has helped with 
supplier selection and material selection. In the transpor-
tation sector, it has been useful in studies such as deciding 
on the most efficient mode of transportation, vehicle effi-
ciency and selection. 

In the transportation sector, GRA is applied to select 
a tram vehicle for a company providing urban passenger 
transportation services. Owing to the uncertainty of the 
tram vehicle selection problem, many objective and subjec-
tive criteria have been evaluated. The validity of the results 
obtained with GRA was tested using the MOORA method 
and similar results were observed [2]. In a study conducted 
in Madrid, the need for sustainable city transit systems 
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was discussed and an AHP model was proposed in which 
public transportation vehicles can be evaluated according 
to their engine type and combustion porperties. The study 
concluded that plug-in electric vehicles are the most eco-
nomically and environmentally sustainable alternative. It is 
stated that the proposed model will support policy mak-
ers and companies to make strategic decisions on sustain-
able urban transportation policies for the future [3]. The 
use of the multi-criteria decision-making tools AHP and 
TOPSIS for selecting the most suitable electric bus alterna-
tive for public transportation in Ankara was investigated. 
Six electric buses were analyzed according to seven crite-
ria, and the bus with the most superior performance was 
selected. Study highlighted the advantages of electric buses 
in reducing emissions and improving air quality for densely 
populated areas [1]. The study for public transportation in 
Argentina investigated which bus technology is more effi-
cient in terms of energy, environmental and economic per-
formance. The study proposes a methodology to compare 
the technologies of bus fleets using a single multiphysics 
index that measures costs, consumption and emissions. It is 
predicted that electric buses will be the most advantageous 
option in the coming years, while hydrogen-fueled buses 
will be the most advantageous option from 2027 onwards 
[4]. In Istanbul, a public transportation bus selection study 
was conducted with a broader perspective that includes 
business and strategy as well as economic factors. In the 
study conducted using global fuzzy AHP and classical AHP 
methods, it was argued that the diesel bus type stands out 
[5]. After presenting the advantages of electric vehicles, the 
decision support system for the evaluation and selection of 
electric bus models among themselves is comprehensively 
analyzed and a new approach for MCDM using an inte-
grated fuzzy set is presented [6].

There are different topics and different sectors where AHP 
and GRA methods are used other than public transportation 
vehicle selection. A method has been developed to select the 
city with the best quality of life in Turkey using Grey System 
Theory. The criteria used in the decision analysis were deter-
mined through a survey. The weights of the criteria were 
assigned using the AHP, and GRA was used to reduce uncer-
tainty in the evaluation process [7]. In a study conducted in 
the transportation sector, a model for selecting the best mode 
for sustainability in freight transportation was proposed 
based on GRA and fuzzy multi-objective linear program-
ming. The analysis presented that road transportation is the 
most economical mode, while maritime and rail transpor-
tation are the best modes from an environmental and social 
perspective [8]. In a study on the resilience of transportation 
networks, the effectiveness of 14 indicators was evaluated by 
GRA in 10 public transportation networks, and the results 
showed that the Global Efficiency indicator had the greatest 
impact on the resilience of the public transportation network 
[9]. GRA was used to measure urban sustainability in 15 pro-
vincial cities in China. The study established a criterion sys-
tem consisting of three dimensions: Economic Development, 

Social Progress and Ecological Environment, and proposed a 
weighting method based on grey relational analysis [10]. The 
impacts of urbanization, population growth, GDP per capita, 
energy consumption, and economic development on CO2 
emissions in Asia have been analyzed using the GRA meth-
odology [11]. The use of an integrated GRA and a multi-ob-
jective grey linear programming approach for sustainable 
power generation planning is discussed. It has been argued 
that this approach is an effective tool for optimizing com-
plex sustainable power generation planning [12]. The prob-
lem of urban sustainability level with three main categories 
and 39 sub-criteria, the issue of urban sustainability level was 
addressed using a modified preference ranking technique 
(TOPSIS). For the 16 cities, GRA was used to reduce the 
uncertainty inherent in the sustainability assessment process. 
This model was validated using a case study [13]. The physi-
cal properties of fabrics in the textile industry emphasize the 
importance of selecting the most suitable cotton fabric for 
a product to meet the final requirements. GRA technique 
along with Fuzzy Logic has been used to solve the problem 
of selecting fabric made of cotton [14]. Applications in these 
various fields highlight the GRA method’s adaptability and 
effectiveness in different industries. 

These applications across various fields exemplify the 
adaptability and effectiveness of GRA when integrated with 
other MCDM methods. Recent studies highlight its versa-
tility: for instance, in supply chain management within the 
defense industry, GRA was paired with AHP and TOPSIS 
to enhance supplier selection processes, showcasing its util-
ity in complex decision-making scenarios [15]. In resource 
management, GRA and AHP were combined with elemi-
nation and choice translating reality english (ELECTRE 
I) to identify priority areas in water meter replacement, 
optimizing resource allocation in utility management [16]. 
Furthermore, GRA has been utilized in biomedical analy-
sis by determining the most effective molecule as an active 
ingredient against Covid-19, integrated with AHP for pri-
oritizing molecular preferences. Additional examples of 
AHP-GRA integration include optimizing the performance 
characteristics of alkali-activated mortars through a mix 
design approach, where AHP-GRA was utilized to deter-
mine ideal combinations of factors such as activator ratios 
and concentrations [17]. Another study applied AHP-GRA 
to prioritize IoT implementation challenges in India, pro-
viding a structured approach to address technological and 
infrastructural barriers [18]. Finally, an AHP-GRA-EMM 
model was developed to assess provincial energy supply 
security, accurately analyzing risk factors and supporting 
data-driven energy management [19]. 

CRITERIA AFFECTING BUS SELECTION IN 
PUBLIC TRANSPORTATION

For a public transit bus selection evaluation system 
to provide the most accurate results, the criteria should 
be multifaceted and componentized. The criteria should 
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be up-to-date, comprehensive, measurable, relevant, and 
stable to increase the performance of the analysis. In this 
direction, both the literature and opinions of experts work-
ing in the sector were used to determine the criteria. A 
face-to-face survey was conducted by experts (general 
manager, engineers from the bus department at Kayseri 
Public Transportation Inc., engineers from the planning 
and sustainability department, bus drivers, and representa-
tives from the private sector) to identify all the criteria that 
could determine the choice of bus for public transportation. 
To comprehensively evaluate the bus selection problem in 
public transportation, social criteria such as comfort, acces-
sibility, and safety, and availability criteria such as uninter-
rupted service were considered in addition to technical 
criteria such as range, consumption, and cost per kilometer. 
The five main criteria performance (P), energy (E), cost 
(C), social (S), and availability (A) determined for the bus 
selection analysis and twenty-four subcriteria of these crite-
ria are shown in Table 1. The main criteria represent broad 
categories essential for assessing the suitability of buses, 
addressing different dimensions of bus performance and 

sustainability. The subcriteria, on the other hand, provide 
specific, measurable factors within each category, enabling 
a detailed and objective evaluation that reflects real-world 
considerations in public transit planning.

Performance
The four sub-criteria are the main performance criteria. 

These sub-criteria are measured using numerical values. 
The range (P1), which is the maximum distance that buses 
can travel with a tank with fuel or battery capacity, may vary 
according to the route profile and driving conditions. The 
range of electric buses is limited compared to other buses 
owing to their limited battery capacity. The limited range 
also limits the public transportation services offered and 
may increase costs. The passenger capacity (P2) of buses is 
determined by the number of standing and seated passen-
gers; the more passengers a bus of the same length has, the 
higher its performance. The passenger capacity of buses is 
determined by their characteristics, such as engine power, 
weight, location, type, and design of the energy source 
storage. The engine power (P3) is a criterion to be consid-
ered for the acceleration, maximum speed, and traction 

Table 1. Main and sub-criteria used in bus type selection

Performance (P) Range (P1) km [1,6]

Passenger capacity (P2) count [1,6] 

Engine power (P3) kW [1,6]

Speed (P4) km/h [1,6]

Energy (E) Consumption per km (E1) Joule

Consumption per passenger (E2) Joule

Emission (E3) CO2 [3,6]

Unit energy price (E4) €

Energy source (E5)

Cost (C) Fuel per kilometer (C1) €

Transportation cost per passenger(C2) €

Purchase cost (C3) € [3,5,6]

Maintenance and operation cost (C4) km/€ [3,5,6]

Repair costs (C5) km/€ [3,5,6]

Infrastructure cost (C6) € [5,6]

Social (S) Suitability for a disabled vehicle (S1)

Route suitability (S2)

Comfort (S3)

Safety (S4)

Availability (A) Mean time to periodic maintenance (A1) Minute

Mean time to repair (A2) Minute

Refueling/recharging time (A3) Minute

Economic life (A4) Year

Mean distance between failure (A5) km
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performance of vehicles. The engine power of the buses 
determines the type of line profile (with or without inclines) 
on which they can operate. Speed (P4) is a criterion for the 
fuel consumption and travel time of buses and influences 
passengers’ choice of public transportation.

Energy
There are five sub-criteria for the main criterion, 

energy. Four sub-criteria were measured numerically, 
and one sub-criterion was measured with verbal values. 
Consumption per km (E1) is calculated by dividing the 
amount of fuel consumed by buses according to their fuel 
technology by the number of kilometers traveled on that 
fuel and is a criterion that should be considered in terms 
of fuel efficiency in bus selection. The consumption per 
passenger (E2) was calculated by dividing the amount of 
fuel consumed by buses for the same kilometer by their pas-
senger capacity. Emission (E3) is a measurement criterion 
representing the amount of emissions per kilometer that 
buses emit while traveling. The contribution of zero- and 
low-emission buses with energy-efficient technologies to 
sustainable environmental and energy goals is important for 
urban life. Electric buses have zero tailpipe emission. Other 
buses produce emissions, such as nitrogen oxides, particu-
late matter, and carbon dioxide. The unit energy price (E4) 
is the criterion used to compare the unit price of the energy 
source used by the buses. Energy is the most important 
input in the transportation sector. The unit energy price 
should also be evaluated to reflect the cost of the powering 
buses. The energy source (E5) indicates the type of source 
that generates the energy that powers buses. The type of 
energy source determines the efficiency of the system, as 
each source has its own advantages and disadvantages.

Cost
The cost sub-criterion has seven sub-criteria that are 

measured numerically. According to fuel technologies, the 
financial equivalent of the amount of fuel per kilometer (C1) 
consumed by the bus is expressed as cost per kilometer. We 
can say that the cost per kilometer has a large share in the 
overall cost efficiency of a public transport system, includ-
ing personnel and other operating costs. It also imposes a 
serious burden on businesses because of constantly rising 
prices. This criterion is used in bus selection to determine a 
sustainable bus-type option with an appropriate operating 
cost. Transportation cost per passenger (C2) is a bench-
mark that considers the passenger capacity, technology, and 
energy resources of buses. Transport cost per passenger is a 
financial performance indicator that should be considered 
in municipalities’ macro plans. The purchase cost (C3) rep-
resents the initial purchase cost of the buses. This cost is a 
primary determining criterion and has a significant impact 
on the efficiency of enterprises’ investment and budgets. 
Maintenance and operation (M&O) cost (C4) is the crite-
rion that shows the sum of the costs such as periodic main-
tenance, labor, spare parts supply, vehicle insurance, and 

withholding tax, which are necessary for buses to provide 
uninterrupted and long-term service. M&O costs vary con-
siderably according to bus technologies and have an impact 
on total costs over the service period. The repair costs (C5) 
represent the costs of buses according to the number and 
size of breakdowns during the passenger transportation 
service. The financial aspects of breakdowns vary accord-
ing to the type of bus and are evaluated in terms of other 
operating costs. The infrastructure cost (C6) is the criterion 
that defines the cost of the area to be allocated and the facil-
ity to be established so that the buses can supply their fuel 
and meet their other needs.

Social
The main social criterion has four sub-criteria that are 

measured verbally. The suitability for a disabled vehicle 
(S1) is the criterion for the suitability of bus types in terms 
of accessibility. This criterion is important for socially eval-
uating disabled citizens’ ability to benefit from public trans-
portation vehicles and contribute to a barrier-free life. Route 
suitability (S2) is the criterion used to assess the ability of 
buses to operate on all route profiles within a city without 
disrupting services. For example, electric buses may cause 
problems with existing bumps owing to the proximity of 
their bases to the ground, have low reverse maneuverability 
because their battery systems are usually located near the 
tail of the buses, and have difficulties in areas with high road 
gradients. Comfort (S3) defines the characteristics of buses, 
such as seating arrangement, aesthetics, flexibility, spatial 
width, noise level, and vibration, to provide a comfortable 
travel experience for passengers and drivers. Safety (S4) is 
a criterion that is evaluated depending on vehicle features 
so that passengers can travel without worrying about the 
safety of life and property in public transportation. In light 
of historical knowledge and experience, depending on the 
fuel technology of the buses, incidents such as battery com-
bustion, fuel tank ignition, and natural gas tank explosion 
can be seen in the event of an accident. Safety and security 
in public transportation operations are of critical impor-
tance as they relate to the lives of passengers. Although 
public transportation vehicles are manufactured in accor-
dance with legal safety regulations, risks may increase or 
decrease depending on the design of the buses.

Availability
The continuity of service is an important issue in pub-

lic transportation, and there are five sub-criteria under the 
main criterion of availability. The mean time to periodic 
maintenance (A1) is the time spent on maintenance by the 
bus type. While maintenance helps reduce the risk of break-
downs and prolong the life of buses, longer maintenance 
times can lead to service disruption and reduced quality. 
The mean time to repair (A2) is the time required to elim-
inate vehicle malfunctions according to their technology. 
Troubleshooting time is an important maintenance time 
for service continuity and quality. The refueling/recharging 
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time (A3) affects the uptime of public transport vehicles 
and their availability to the passengers. For example, long 
refueling times for electric buses can disrupt services and 
increase the operating costs. Economic life (A4) defines 
how long buses can provide the best function and service 
for the investment. The mean distance between failures 
(MDBF) (A5) is a measure of the average distance (kilo-
meters) traveled by a bus before preventive or restorative 
maintenance is required. A high MDBF value means that 
the service is not interrupted by failure and that the equip-
ment and service are reliable. 

METHODOLOGY

In this section, detailed information regarding the 
method used in bus-type selection is provided. In this 
study, a multi-criteria strategic decision-making method-
ology was proposed by integrating AHP, one of the most 
frequently utilized MCDM methods, and the GRA method, 
which allows the use of subjective criteria. In the first sce-
nario, the weights of the criteria were computed using AHP, 
then the grey relational degrees were calculated using GRA, 
and in the last stage, bus type options were listed. In the sec-
ond scenario, bus-type selection was analyzed using only 
the AHP method. The scenario results of the two methods 
were compared.

AHP (Analytic Hierarchy Process)
AHP is typically used in the process of choosing among 

many alternatives when there are many decision makers 
and criteria. AHP, developed by Saaty in the late 1970s, is 
a mathematical method for prioritizing alternatives in a 
logical and consistent manner using qualitative and quan-
titative factors. The hierarchical structure of this method is 

illustrated in Figure 1. The basic steps of the method were 
developed by Saaty are given below [15,16,20-22]. 

Step 1: In the hierarchical structure of AHP, the deci-
sion-making problem is posed in the first step and the 
objective is determined. A list of criteria and alternatives 
was prepared based on expert opinions. 

Step 2: Using Saaty’s table of importance levels given in 
Table 2 [15], the importance levels of the criteria are deter-
mined, pairwise comparison matrices are created, and the 
importance weights of the criteria are computed [15,20].

Step 3: Because numerical quantities in pairwise com-
parisons involve subjective judgments, the consistency 
index (CI) in Equation 1 and consistency ratio (CR) in 
Equation 2 were calculated to measure the acceptability of 
the comparison matrices.

The CI was calculated using the eigenvalue of the matrix 
(λ) and number of criteria (n). The ratio of CI to the value 
(RI) obtained from the random index table (Table 3) devel-
oped by Saaty determines the CR.

	 	 (1)

	 	 (2)

If the CR value is 0,1 or lower, the comparison matrix is 
considered acceptable and consistent. However, If the CR 
exceeds 0.1, the comparison matrix is inconsistent. This 
means that the inconsistent comparison matrix should be 
re-evaluated until the CR achieves the desired value.

GRA (Grey Relational Analysis) 
The GRA is an important part of the Grey system the-

ory and was developed by Deng Julong in 1982. The grey 

Figure 1. AHP hierarchical structure.
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system theory is a method that produces useful information 
in the mathematical analysis of problems with insufficient 
data and where uncertainties are defined by interval val-
ues [17,23]. In the grey system theory, known systems are 
expressed as white, unknown systems as black, and partially 
known systems as grey [2]. The GRA is a rating, classifica-
tion, and decision-making technique that allows the best 
decision to be made according to the proximity of each cri-
terion determined for the problem to the determined ref-
erence value.

As the GRA method is the main focus of this study, it is 
explained in detail in the following five steps:

Step 1: A decision matrix Xi with m alternatives and n 
criteria is created as shown below:

	 	
(3)

where xi(j) is the value of alternative i for criterion j.
Step 2: The decision matrix is normalized to allow 

comparison of criteria with different units, resulting in the 
normalized matrix (Z) shown below. Normalization is per-
formed using the following formula when a larger value is 
better:

	 	 (4)

When a smaller value is better, normalization is per-
formed using this formula:

	 	
(5)

where;

	 	

(6)

Step 3: The absolute value matrix is derived by subtract-
ing the values of the normalized matrix, scaled between “0” 
and “1,” from the reference series value. For each criterion, 
the reference series takes on a value of “1” for the highest 
value and “0” for the lowest value. The expression ∆0j(j), 
which quantifies the distance and proximity to the refer-
ence series, is calculated using the following formula:

	 	 (7)

Subsequently, the absolute value matrix (∆ij) is con-
structed based on the calculated distances for each crite-
rion, as represented here:

	 	

(8)

Table 2. Importance degree scale 

Importance 
Degree

Conceptual 
correspondence

Explanation

1 Equal importance Two activities contribute equally to the objective
3 Moderate importance of one over another Experience and judgement strongly favor one activity over another
5 Essential or strong importance Experience and judgement strongly favor one activity over another
7 Very strong importance An activity is strongly favored and its dominance demonstrated in 

practice
9 Extreme importance The evidence favoring one activity over another is of the highest 

possible order of affirmation
2,4,6,8 Intermediate values between the two adjacent 

judgments
When compromise is needed

Table 3. Random index values (RI)

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.58
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Step 4: The grey relational coefficients (δ0i(j)) used to 
determine the closeness of the absolute value matrix to the 
reference series are calculated as shown below. ∆min and 
∆max are the minimum and maximum values, respectively, 
in the absolute value matrix. 

	 	 (9)

where ρ is the distinguishing coefficient used to expand and 
compress the range of the grey relational coefficients. In the 
literature, ρ can be set as a value in the range [0,1], and is 
usually taken as 0.5.

Step 5: The grey relational degrees (γ0i) of the alterna-
tives are calculated by multiplying the importance weight of 
each criterion by the grey relational coefficient.

	 	 (10)

where Wi is the importance weight of the jth criterion for 
the ith alternative calculated using the AHP method. [17]
[23].

APPLICATION

The effectiveness of the bus selection model was 
demonstrated by the public transportation service in the 
city of Kayseri, Turkey, which transports approximately 
350,000 passengers per day. The company, which provides 
services on 400 different routes with 645 buses and 8200 
daily average trips, needs to make strategic decisions, as it 
aims to provide efficient, innovative, and state-of-the-art 
public transportation services. This study aims to evaluate 
alternatives in the bus fleet to be sensitive to the environ-
ment, reduce emissions, increase the share of renewable 
energy sources in energy use, and reduce costs in public 
transportation.

For public transportation services, three types of buses 
(Diesel, CNG, Electric) of 18 m are currently used in pas-
senger transportation. These three types of buses were ana-
lyzed using the AHP and GRA methods according to five 
main criteria and twenty-four sub-criteria shown in Table 
1. The quantitative and qualitative values of the features of 
the alternative buses are shown in Table 4, according to the 

Table 4. Quantitative and qualitative values of the criteria

Diesel CNG Electric 
Performance (P) Range (P1) km 410 450 400

Passenger capacity (P2) count 141 141 144
Engine power (P3) kW 265 235 450
Speed (P4) km/h 80 80 80

Energy (E) Consumption per km (E1) joule 18773524 24606720 5040000
Consumption per passenger (E2) joule 39920305 52354214 7419600
Emission (E3) CO2 1.41 1.46 0.63
Unit energy price (E4) € 0.648* 0.739** 0.136***
Energy source (E5) Poor Poor Excellent

Cost (C) Fuel per kilometer (C1) € 0.323 0.525 0.190
Transportation cost per passenger (C2) € 0.248 0.192 0.182
Purchase cost (C3) € 4950000 5450000 9600000
Maintenance and operation cost (C4) km/€ 1.45 2.29 0.55
Repair costs (C5) km/€ Excellent Good Fair
Infrastructure cost (C6) € 200000 166666.67 181800

Social (S) Suitability for a disabled vehicle (S1) Excellent Excellent Excellent
Route suitability (S2) Fair Fair Good
Comfort (S3) Good Good Excellent
Safety (S4) Excellent Good Good

Availability (A) Mean time to periodic maintenance (A1) min 120 120 40
Mean time to repair (A2) min Excellent Fair Good
Refueling/recharging time (A3) min 10 12 240
Economic life (A4) year 15 15 15
Mean distance between failure (A5) Km 783 2880 676

Note: *€/lt; ** € /m3; ***€/kWh; min: Minute
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criteria determined in line with the experience, opinions, 
and suggestions of the experts.

The experts are managers, engineers and consultants 
with at least 10 years of experience in planning, operation 
and maintenance in public transportation companies.

The hierarchical structure according to the bus type and 
selection criteria is shown in Figure 2.

To measure the effectiveness of the main criteria and 
sub-criteria in bus selection, the importance weights were 
computed using the AHP method. The importance weights 
of the main criteria are listed in Table 5. Among the main 
criteria, cost (0.423) and energy (0.309) have higher impor-
tance weights than the others and have a high impact on bus 
selection. The weights of the sub-criteria and the consis-
tency ratios of the comparison matrices calculated accord-
ing to Equation 9-10 are given in Tables 6-10. Because all 
the consistency ratios given at the bottom of these tables 

are less than 0.1, it can be said that all pairwise comparison 
matrices are consistent.

Because there were five main criteria and 24 sub-criteria 
in the study, the importance weights of the main criteria 
were calculated first, and then the importance weights of 

Table 6. The pairwise comparison matrix of the perfor-
mance sub-criteria, the weights of the criteria and the con-
sistency ratio of the matrix

Criteria P1 P2 P3 P4 (Wi)
P1 1 3 6 5 0.528
P2 0.33 1 6 5 0.315
P3 0.167 0.167 1 0.5 0.062
P4 0.2 0.2 2 1 0.096
Note: λ=4.189; CI=0.063; RI=0.9; CR=0.07 

Table 5. The pairwise comparison matrix of the main cri-
teria, the weights of the criteria and the consistency ratio of 
the matrix

Criteria P E C S A (Wi)
P 1 0.25 0.2 0.5 0.33 0.060
E 4 1 0.5 5 4 0.309
C 5 2 1 5 4 0.423
S 2 0.2 0,2 1 0.5 0.081
A 3 0.25 0.25 2 1 0.127
Note: λ=5.205; CI=0.051; RI=1.12; CR=0.046. 

Figure 2. Hierarchical structure of bus type selection.

Table 7. The pairwise comparison matrix of the energy 
sub-criteria, the weights of the criteria and the consistency 
ratio of the matrix

Criteria E1 E2 E3 E4 E5 (Wi)
E1 1 3 6 4 5 0.453
E2 0.333 1 5 4 4 0.274
E3 0.167 0.2 1 0.25 2 0.070
E4 0.25 0.25 4 1 3 0.146
E5 0.2 0.25 0.5 0.333 1 0.058
Note: λ=5.410, CI=0.103, RI=1.12, CR=0.092 
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the sub-criteria of each main criterion were calculated. The 
final weights, calculated by multiplying the weight of each 
sub-criterion by the weight of the relevant main criterion, 
are listed in Table 11. According to the final weights, the 
three most important sub-criteria are consumption per 
kilometer, cost per kilometer, and purchase cost, which 
have values of 0.140, 0.128, and 0.096, respectively.

After the final weights of the criteria are calculated, the 
GRA method is used to determine the preference ranking 
of the alternatives. Table 12 presents the decision matrix 
obtained after entering the quantitative equivalents of the 
qualitative values in the dataset given in Table 4. To evaluate 

the criteria with different units on the same scale, the deci-
sion matrix was normalized using the cost-benefit method 
from Equations 4 and 5. For example, the range sub-cri-
terion, which concerns performance and is desired to be 
high, is normalized using the benefit method, or the pur-
chase cost criterion, which concerns cost and is desired to 
be low, is normalized using the cost method. The normal-
ization matrix was scaled in the range [0-1] as shown in 
Table 13.

After the calculation of the normalization matrix, the 
absolute value matrix, which is determined using Equations 
7-8 and expresses the distance of the alternative series to the 
reference series, is presented in Table 14. The grey relational 
coefficients express the similarity between the reference 
series and the normalized series and are used to calculate 
the grey relational degrees. These coefficients were obtained 
by using Equation 9 and are listed in Table 15.

The grey relational coefficients obtained are also shown 
in the radar graph in Figure 3. The radar plot is surrounded 
by these criteria. According to the grey relational coeffi-
cients of the alternatives for each criterion, the option that 

Table 9. The pairwise comparison matrix of the social 
sub-criteria, the weights of the criteria and the consistency 
ratio of the matrix.

Criteria S1 S2 S3 S4 (Wi)
S1 1 4 5 1 0.401
S2 0.25 1 3 0.333 0.136
S3 0.2 0.333 1 0.143 0.060
S4 1 3 7 1 0.402
Note: λ=4.065; CI=0.022; RI=0.9; CR=0.024. 

Table 8. The pairwise comparison matrix of the cost 
sub-criteria, the weights of the criteria and the consistency 
ratio of the matrix.

Criteria C1 C2 C3 C4 C5 C6 (Wi)
C1 1 3 2 4 4 5 0.354
C2 0.333 1 0.5 2 3 4 0.160
C3 0.5 2 1 4 5 3 0.254
C4 0.25 0.5 0.25 1 0.5 3 0.082
C5 0.25 0.333 0.2 2 1 4 0.103
C6 0.2 0.25 0.333 0.333 0.25 1 0.048
Note: λ=6,466; CI=0.093; RI=1.24; CR=0.075. 

Table 10. The pairwise comparison matrix of the availibili-
ty sub-criteria, the weights of the criteria and the consisten-
cy ratio of the matrix

Criteria A1 A2 A3 A4 A5 (Wi)
A1 0.333 0.25 1 0.333 0.25 0.061
A2 0.5 0.333 3 1 0.333 0.117
A3 4 4 4 3 1 0.447
A4 1 0.5 3 2 0.25 0.149
A5 2 1 4 3 0.25 0.226
Note: λ=5.354; CI=0.089; RI=1.12; CR=0.079.

Table 11. Final importance weights of the criteria

Main 
criteria

Main criteria 
weight

Sub 
criteria

Sub criteria 
weight

Final 
weight

P 0.059 P1 0.528 0.031
P2 0.315 0.019
P3 0.062 0.004
P4 0.096 0.006

E 0.309 E1 0.453 0.140
E2 0.274 0.085
E3 0.070 0.022
E4 0.146 0.045
E5 0.058 0.018

C 0.423 C1 0.354 0.150
C2 0.160 0.068
C3 0.254 0.107
C4 0.082 0.035
C5 0.103 0.044
C6 0.048 0.020

S 0.081 S1 0.401 0.033
S2 0.136 0.011
S3 0.060 0.005
S4 0.402 0.033

A 0.126 A1 0.447 0.057
A2 0.149 0.019
A3 0.226 0.029
A4 0.061 0.008
A5 0.117 0.015
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scans the most area in the radar graph and is closest to the 
reference value is the electric bus.

The grey relational coefficients of the criteria and the 
importance weights of each criterion are multiplied accord-
ing to Equation 10 to determine the grey relational degrees 
of the alternatives. The grey relational degrees of the alter-
natives, according to the determined criteria, are listed in 
Table 16. Because the option with the highest grey rela-
tional degree should be prioritized, the electric bus, which 
has a value of 0.767 according to the grey relational degrees, 
is the best option among the alternatives.

Many methods can be used to create and analyze prob-
lems. In order to test the accuracy of the results, the electric 
bus selection problem was analyzed and ranked according 
to both AHP and TOPSIS methods (Table 17). It was seen 
that the rankings made with these methods and the GRA 
method rankings were the same and the GRA method solu-
tion was supported.

RESULTS AND DISCUSSION

Multi-criteria decision-making methods are mech-
anisms that include the opinions, suggestions, and 

judgments of experts in line with their knowledge, expe-
rience, and evaluation. In this context, satisfactory results 
could be obtained by using the functional and comprehen-
sive approach of the AHP and GRA methods, which are 
multi-criteria decision-making methods.

This paper presents an effective approach for solving 
the problem of bus type selection for urban transportation 
with multiple criteria and alternatives by integrating the 
AHP method, which can bring objectivity and consistency, 
and the GRA, which can quantify the uncertainties in qual-
itative judgments. The combination of the two methods 
simplifies complex relationships and increases the reliabil-
ity of the results, thus empowering the decision maker to 
make an informed choice.

The selection of buses for the public transportation 
service of Kayseri Municipality, which works on a sustain-
able economy, environment, and energy, has been an issue 
directly related to increasing energy efficiency, reducing 
costs, and eliminating greenhouse gas emissions. Therefore, 
bus selection is evaluated in light of the integrated advan-
tages of the AHP and GRA methods by including criteria 
not previously used in the literature under rapidly changing 
technological developments.

Table 12. Decision matrix

Sub criteria Diesel CNG Electric 
P1 410 450 400
P2 141 141 144
P3 265 235 450
P4 80 80 80
E1 18773524 24606720 5040000
E2 39920305 52354214 7419600
E3 1.41 1.46 0.63
E4 0.648 0.739 0.136
E5 0.3 0.3 0.9
C1 0.323 0.525 0.190
C2 0.248 0.192 0.182
C3 4950000 5450000 9600000
C4 1.45 2.29 0.55
C5 0,9 0.7 0.5
C6 200000 166666.67 181800
S1 0.9 0.9 0.9
S2 0.5 0.5 0.7
S3 0.7 0.7 0.9
S4 0.9 0.7 0.7
A1 120 120 40
A2 0.9 0.5 0.7
A3 10 12 240
A4 15 15 15
A5 783 2880 676

Table 13. Normalization matrix

Sub criteria Diesel CNG Electric
P1 0.200 1.000 0.000
P2 0.000 0.979 1.000
P3 0.140 0.522 1.000
P4 0.000 0.000 0.000
E1 0.298 0.000 1.000
E2 0.277 0.000 1.000
E3 0.060 0.000 1.000
E4 0.151 0.000 1.000
E5 0.000 0.000 1.000
C1 0.604 0.000 1.000
C2 0.000 0.855 1.000
C3 1.000 0.892 0.000
C4 0.483 0.000 1.000
C5 0.000 0.500 1.000
C6 0.000 1.000 0.546
S1 0.000 0.000 0.000
S2 0.000 0.000 1.000
S3 0.000 0.000 1.000
S4 1.000 0.000 0.000
A1 0.000 0.000 1.000
A2 0.000 1.000 0.500
A3 1.000 0.991 0.000
A4 0.000 0.000 0.000
A5 0.049 1.000 0.000
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 In this study, three bus types (Diesel, CNG, Electric) 
were ranked according to their grey relational ranking 
using five main criteria (performance, energy, cost, com-
fort, and availability), and twenty-four sub-criteria in total. 
•	 In the analysis, the electric bus received the highest 

ranking for consumption per km, cost per km, main-
tenance and repair costs, and emission criteria, and 
the lowest ranking for procurement and infrastructure 
installation costs.

•	 According to the application outputs, the electric bus 
has a higher rating than the diesel and CNG buses in 
14 of the twenty-four sub-criteria. This shows that the 
electric bus is a superior option compared to other 
alternatives.

Table 14. Absolute value matrix

Sub Criteria Diesel CNG Electric
P1 0.800 0.000 1.000
P2 1.000 0.021 0.000
P3 0.860 0.478 0.000
P4 1.000 1.000 1.000
E1 0.702 1.000 0.000
E2 0.723 1.000 0.000
E3 0.940 1.000 0.000
E4 0.849 1.000 0.000
E5 1.000 1.000 0.000
C1 0.396 1.000 0.000
C2 1.000 0.145 0.000
C3 0.000 0.108 1.000
C4 0.517 1.000 0.000
C5 1.000 0.500 0.000
C6 1.000 0.000 0.454
S1 1.000 1.000 1.000
S2 1.000 1.000 0.000
S3 1.000 1.000 0.000
S4 0.000 1.000 1.000
A1 1.000 1.000 0.000
A2 1.000 0.000 0.500
A3 0.000 0.009 1.000
A4 1.000 1.000 1.000
A5 0.951 0.000 1.000

Table 15. Grey relational coefficients

Sub criteria Diesel CNG Electric 
P1 0.385 1.000 0.333
P2 0.333 0.960 1.000
P3 0.368 0.511 1.000
P4 0.333 0.333 0.333
E1 0.416 0.333 1.000
E2 0.409 0.333 1.000
E3 0.347 0.333 1.000
E4 0.371 0.333 1.000
E5 0.333 0.333 1.000
C1 0.558 0.333 1.000
C2 0.333 0.775 1.000
C3 1.000 0.823 0.333
C4 0.492 0.333 1.000
C5 0.333 0.500 1.000
C6 0.333 1.000 0.524
S1 0.333 0.333 0.333
S2 0.333 0.333 1.000
S3 0.333 0.333 1.000
S4 1.000 0.333 0.333
A1 0.333 0.333 1.000
A2 0.333 1.000 0.500
A3 1.000 0.983 0.333
A4 0.333 0.333 0.333
A5 0.344 1.000 0.333

Figure 3. Grey relational coefficients radar plot.

Tablo 16. Grey relational degrees and ranking of alternatives

Grey relational degrees Rank
Diesel 0.525 3
CNG 0.535 2
Electric 0.774 1
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•	 Consequently, despite the disadvantages of electric 
buses, such as high purchase costs, short range, and 
long charging times, it has been shown that it is a pref-
erable vehicle when other advantageous criteria are 
considered.

•	 As a result of the analysis, it was found that the electric 
bus is superior in environmental and economic criteria 
such as energy consumption, cost per kilometer, and 
emissions, while the diesel bus has advantages such as 
lower purchasing costs and longer range. The CNG bus, 
on the other hand, offers a good option in terms of infra-
structure costs and emission rates. These results indicate 
that the electric bus is generally the best option. However, 
other bus types can also be evaluated according to urban 
transportation needs, where they may be more suitable 
under certain operational and economic conditions.

•	 The fact that electric buses are the most suitable bus 
type for urban public transportation according to the 
criteria determined by experts is also consistent with 
similar studies in the existing literature. Other studies in 
the literature have also revealed that electric buses have 
advantages over other bus types, especially in terms of 
sustainability and energy efficiency.
Overall, the integration of AHP and GRA methods 

provided a robust framework for evaluating bus options in 
urban transport. The findings show that electric buses offer 
significant advantages, especially in terms of environmental 
impact and long-term operational efficiency.

CONCLUSION 

This study, which resulted in the selection of electric 
buses with the highest scores according to the determined 
criteria, will guide urban public transport service providers 
towards environmentally, economically and socially sus-
tainable transportation in the future. This study is limited 
to the local context of Kayseri and the determined crite-
ria. The study can be applied to other regions by consid-
ering the methodology developed here, new technologies, 
region-specific criteria and operational needs. Future 
research can focus on integrating additional criteria such as 
policy, battery technologies, incentives, which can further 
support the adoption of electric buses.
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