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ABSTRACT 

A LIFE CYCLE APPROACH FOR SUSTAINABLE AND 

ENERGY EFFICIENT URBAN TRANSPORT  
 

Sedat GÜLÇİMEN 

MSc. in Sustainable Urban Infrastructure Engineering 

Advisor: Prof. Dr. Niğmet UZAL 

 

December, 2021 

 

The objective of this thesis study is to evaluate the sustainability of the urban 

transport system in Kayseri. In the first part, a life cycle sustainability assessment (LCSA) 

of the tramway system was performed using a cradle‐to‐grave approach by integrating 

the environmental, economic, and social aspects for the case of Kayseri, Turkey. The 

LCSA results revealed that the operation and maintenance phase were determined as the 

main contributor to the environmental load of the tramway system within its entire life 

cycle. For economic assessment, the main contributor to the total life cycle cost was 

energy cost. In the social performance evaluation, it is found that the industry performs 

well for society, the local community, and workers but has a weaker social performance 

for the consumer due to a weak feedback mechanism. In the second part, urban transport 

alternatives were evaluated with the integration of Hesitant Fuzzy Analytical Hierarchy 

Process (HF-AHP) and Multiple Attribute Utility Models (MAUT) methods. Eight 

sustainable transport indicators were selected and the weights of selected indicators are 

calculated with the utilization of HF-AHP. Based on HF-AHP results, the number of 

fatalities/injuries has been determined as the most significant indicator among the eight 

indicators with 0.158 normalized weight. Then, twelve urban transport alternatives were 

ranked by using the MAUT method to decide the most sustainable urban transport 

alternative. The results of this integrated methodology present that alternative 11, which 

is dominated by low-motorized vehicles, has been determined as the best sustainable 

alternative and alternative 1 is the worst sustainable alternative which is dominated by 

high-motorized vehicles with 0.69 and 0.27 of total utility values, respectively.  

 

Keywords: urban transport, sustainability, life cycle, multi-criteria decision making 
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ÖZET 

SÜRDÜRÜLEBİLİR VE ENERJİ VERİMLİ KENT İÇİ ULAŞIM 

İÇİN YAŞAM DÖNGÜSÜ YAKLAŞIMI 

 
Sedat GÜLÇİMEN 

 Sürdürülebilir Kentsel Altyapı Mühendisliği Anabilim Dalı Yüksek Lisans 

Tez Yöneticisi: Prof. Dr. Niğmet UZAL 

Aralık-2021 

 

 

Bu tez çalışmasının amacı, Kayseri'deki kent içi ulaşım sisteminin 

sürdürülebilirliğini değerlendirmektir. İlk bölümde, beşikten mezara yaklaşımı ile 

Kayseri tramway sisteminin çevresel, ekonomik ve sosyal yönleri birlikte entegre 

edilerek yaşam döngüsü sürdürülebilirlik değerlendirmesi (LCSA) yapılmıştır. LCSA 

sonuçları, işletme ve bakım aşamasının, tüm yaşam döngüsü boyunca tramvay sisteminin 

çevresel etkilerinin ana etmeni olarak ortaya koymuştur. Ekonomik değerlendirmeye 

göre, toplam yaşam döngüsü maliyetinin temel kaynağı enerji maliyeti olmuştur. Sosyal 

performans değerlendirmesinde, endüstrinin toplum, yerel topluluk ve işçiler için iyi 

performans gösterdiği, ancak zayıf bir geri bildirim mekanizması nedeniyle tüketici için 

daha düşük bir sosyal performansa sahip olduğu bulunmuştur. İkinci bölümde, Kararsız 

Bulanık Analitik Hiyerarşi Süreci (HF-AHP) ve Çoklu Nitelikli Fayda Teorisi (MAUT) 

yöntemleri entegre edilerek kent içi ulaşım alternatifleri değerlendirilmiştir. Sekiz 

sürdürülebilir ulaşım göstergesi seçilmiştir ve seçilen göstergelerin ağırlıkları HF-AHP 

metodu kullanılarak hesaplanmıştır. HF-AHP sonuçlarına göre, sekiz gösterge arasından 

0,158 normalleştirilmiş ağırlık ile ölüm/yaralı sayısı en önemli gösterge olarak 

belirlenmiştir. Daha sonra, en sürdürülebilir kent içi ulaşım alternatifine karar vermek 

için MAUT yöntemi kullanılarak on iki kent içi ulaşım alternatifi sıralanmıştır. Bu 

entegre metodolojinin sonuçları, 0,69 toplam fayda değeri ile motorlu araçların az olduğu 

alternatif 11'in en sürdürülebilir alternatif ve 0,27 toplam fayda değeri ile motorlu 

araçların fazla olduğu alternatif 1'in ise en kötü sürdürülebilir alternatif olduğunu 

göstermektedir.  

Anahtar kelimeler: kentiçi ulaşım, sürdürülebilirlik, yaşam döngüsü, çok-kriterli karar 

verme  
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Chapter 1 

Introduction 
 

1.1 General 

Today, the majority of society gives preference to living in urban areas due to 

economic, technological, political, and sociological reasons. According to the UN World 

Urbanization Prospects 2018 report, 30% of the global population lived in cities in 1950, 

and this figure reached 55% in 2018. It is predicted to reach 68% by 2050  [1]. The great 

population increase in cities in the last decades has a close relationship with the main 

dimensions of sustainable development; environmental, economic, and social.  

With rapid population growth and urbanization, societies’ need for alternative 

transport services has increased gradually in the last decades. When economies develop 

and cities sprawl, the contribution of transport to environmental problems, illness, and 

death increase sharply in the world [2]. Particularly in large cities, problems related to 

transport reach serious levels due to high energy consumption, environmental pollution, 

and traffic congestion [3]. About 25% of the global energy consumption and CO2 

emissions are related to the transportation sector [4]. Thus, policymakers and researchers 

put significant efforts into exploring low-cost and more environmental-friendly transport 

alternatives in order to reduce negative environmental impacts and dependence on 

petroleum fuels.  

As several mobility services are developing in urban areas worldwide, sustainability 

of the mobility services has gained more importance in the last decades. In order to assess 

the sustainability of these services by considering three aspects of sustainability, 

environmental, economic and social, life cycle-based methodologies have been developed 

over time [5]. Sustainable transport, one of the major elements of sustainable 

development [6] is defined as transport that meets the needs for access without damaging 

the ecosystem and human health by OECD [7]. The term covers the economic, social, and 

environmental aspects of transport by considering its benefit to people, planet, and profit 
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among the triple bottom line. As urbanization gradually increases, the sustainability of 

transportation is affected from various perspectives [8]. To measure sustainability in 

transport systems with several aspects, the use of indicators has become necessary. 

Sustainable indicators are essential tools that convert the high volume of information to a 

simple, clear, and understandable form. However, a standard sustainable indicator system 

for transportation does not exist yet due to the disagreement about the definition of 

sustainability and different aims for establishing a framework [9].  

For sustainable transport planning, a comprehensive decision-making process is 

required. Transport plans or scenarios are partially sustainable with limited environmental 

and economic points of view. These views should be integrated and optimized to make 

transport plans or scenarios more sustainable with the help of effective decision making, 

which is a process of choosing the best alternative from several alternatives [10]. 

Therefore, multi-criteria decision-making (MCDM) methods gain significant importance 

in choosing the best alternative. 

 

1.2 Objectives and Scope 

The objective of the study is to assess the urban transport system in Kayseri, Turkey, 

with a holistic approach by using LCSA and MCDM methods. The first objective of the 

study is to present an LCSA for tramway system by integration of environmental, 

economic and social aspects with implementation of environmental life cycle assessment 

(E-LCA), life cycle costing (LCC), and social life cycle assessment (S-LCA) 

methodologies for the case of Kayseri, Turkey. The second objective is to compare 

alternative urban transport scenarios with the integration of two MCDM methods and to 

decide the best transport alternative in terms of sustainability by considering the 

environmental, economic, and social aspects. 

In the first part of the study, the sustainability performance of the tramway system 

was evaluated with a cradle to grave approach for assessing three aspects of sustainability. 

For environmental evaluations, E-LCA was applied by using SimaPro 8.4.1 PhD version 

based on ISO 14040 and 14044. The CML-IA baseline method, which includes nine 

environmental impact categories (abiotic depletion potential (ADP), global warming 

potential (GWP), ozone layer depletion potential (ODP), human toxicity potential (HTP), 

freshwater aquatic ecotoxicity (FWAE), terrestrial ecotoxicity (TE), photochemical 
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oxidation (PO), acidification potential (AP) and eutrophication potential (EP)), was used 

to assess the environmental performance of the tramway system with a functional unit of 

one passenger-km. For economic assessment, LCC was utilized with the functional unit 

of USD for one passenger-km. The S-LCA was used to assess the social performance of 

the tramway system based on the guideline published by the United Nations Environment 

Programme (UNEP) in collaboration with the Society of Environmental Toxicology and 

Chemistry (SETAC). For the determination of social impacts, 11 sub-categories covering 

health and safety for workers, fair salary, working hours, child labor, health and safety 

for consumers, feedback mechanism, transparency, local employment, access to 

immaterial resources, technology and development,  public commitment to sustainability 

issues and 18 social indicators covering usage of personal protective equipment, presence 

of a formal policy concerning health and safety, presence of night work, regular payment 

of the salary, employees receiving less than minimum wages, legal working hours limit, 

child labor, organizations' efforts and measures to protect consumer health and safety, 

presence of management measures to assess consumer health and safety, presence of a 

mechanism for customers to provide feedback, management measures to improve 

feedback mechanisms, consumer complaints regarding transparency, publication of a 

sustainability report, workforce hired locally, local suppliers, presence/strength of 

community education initiatives, investments in technology development and presence of 

publicly available documents as promises or agreements on sustainability issues were 

selected.  

In the second part of the study, twelve urban transport alternatives were evaluated 

with the integration of two MCDM methods for selecting the best alternative by 

considering the triple bottom line approach. Hesitant Fuzzy Analytical Hierarchy Process 

(HF-AHP) and Multiple Attribute Utility Models (MAUT) methods were integrated with 

this study. Eight sustainable transport indicators (CO2 emission, energy consumption, 

depletion of non-renewable resources, operational costs, maintenance costs, fuel and 

taxes, number of fatalities/injuries, and motor vehicles for public transport per 10,000 

population) were selected by considering the availability of data from the transport sector, 

and the weights of selected indicators are calculated with the utilization of HF-AHP. 

Afterward, the MAUT method was used for the selection of the best alternative among 

the twelve urban transport scenarios. Finally, sensitivity analysis was applied to validate 

the robustness of the method applied. 
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Chapter 2 

Literature Review 
 

 

In this chapter, the literature review related to the evaluation of sustainable transport 

with the utilization of LCSA and MCDM methods is presented. Firstly, the general 

structure of sustainable transport, the importance of indicators of sustainable transport, 

and challenges in sustainable transport systems are discussed. Then, the general 

framework of LCSA, implementation of LCSA in transport systems, the importance of 

decision-making in sustainable transport planning, and MCDM methods are discussed to 

understand better the significance of MCDM methods in sustainable transport planning. 

 

2.1 Sustainable Transport 

 

Sustainable transport, which is one of the major elements of sustainable 

development [6] is defined as transport that meets the needs for access without damaging 

the ecosystem and human health by OECD [11]. The term covers the economic, social, 

and environmental aspects of transport by considering its benefit to people, planet, and 

profit among the triple bottom line. As urbanization gradually increases, the sustainability 

of transportation is affected from various perspectives [8]. To measure sustainability in 

transport systems with several aspects, the use of indicators has become necessary. 

Sustainable indicators are essential tools that convert the high volume of information to a 

simple, clear, and understandable form. However, a standard sustainable indicator system 

for transportation does not exist yet due to the disagreement about the definition of 

sustainability and different aims for establishing a framework [9]. Besides, research on 

sustainable transport yields a sufficient number of indicators. In these studies, various 

indicator indexes are constructed to measure the sustainability of the transport system in 

the selected regional area. 
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In urban transportation planning, the share of motorized and non-motorized urban 

transport modes plays a significant role in terms of sustainability. Walking and biking 

which are the main non-motorized transport modes are cheaper, more environmental 

friendly and moderately fast for trips up to 3.5 km distance when compared with 

motorized transport modes [12]. For longer distances, motorized transport modes such as 

bus, tramway and light rail systems are needed for effective and comfortable urban 

transport. However, motorized transport modes are more expensive and less 

environmentally friendly. Thus, usage of the non-motorized and motorized transport 

modes has significant effects on the sustainability of urban transport systems. Depending 

on transportation demand for one-way at rush hours, urban transport modes may vary in 

the cities. Additionally, the length of line and number of vehicles for public transport are 

significant parameters for urban transport planning in terms of accessibility. Besides these 

parameters, environmental, economic and social indicators should be considered together 

for sustainable urban transport. Therefore, urban transport modes should be well 

optimized and integrated with each other by considering the triple bottom line approach.   

 

2.1.1 Indicators of Sustainable Transport 

In recent years, sustainable transport has become one of the essential goals of 

transport policy and planning. To achieve this goal, decision-makers are progressively 

being required to measure and monitor the sustainability performance of transport 

systems. Quantifying and monitoring the sustainability of transport systems is crucial as 

evidenced by an increasing number of studies to measure sustainability in transport 

systems [13]. For local governments to assess the sustainability of transport strategies, 

Shiau and Liu (2013) have proposed an indicator system with an evaluation of twenty-

one indicators, which are divided into environment, economy, energy and society 

categories. They have evaluated the sustainability of transport strategies in Taipei City, 

the capital of Taiwan by using ten key indicators selected by a committee of government 

officials [14]. In addition, Shiau (2012) also studied on evaluation of sustainable transport 

strategies by using a hybrid approach based on AHP and Dempster–Shafer theory (DST) 

to deal with incomplete information for Taipei City. He also used a sustainability 

compound index covering 5 aspects and 10 criteria for the assessment of sustainable 

transport strategies [15]. Zope et al. (2019) selected the performance indicators for the 

comparison of the sustainability performance of existing passenger transport systems in 
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Indian cities. Their selected indicators were grouped into environmental, economic and 

social to study the use of benchmarking in performance improvement of the transport 

system [16]. Reisi et al. (2014) has developed a method to composite an index for 

assessment of sustainability for Melbourne statistical local areas. They have also selected 

nine sustainability indicators, environmental, economic and social, by reviewing the 

literature and based on available data for Melbourne [17].  

Additionally, Currie et al. (2018) developed a new measure of sustainability 

performance for public transport in 88 world cities. They focus on regulatory structures 

and their impact on the sustainability performance of public transport and 15 indicators 

under environmental, economic, social and system effectiveness categories also adopted 

in the study for sustainability assessment [18]. Sdoukopoulos et.  (2019) studied 

measuring progress toward transport sustainability through indicators. They have 

revealed the linkages among the sustainability pillars and selected themes. They also 

proposed an alternative categorization of weighting schemes concerning the index [19]. 

Chakhtoura and Pojani (2016) assessed the effectiveness of sustainable urban transport 

plans by employing indicators. They took the city of Paris as a case study for the indicator-

based assessment. Their aim is to evaluate the extent to which targets of sustainable 

transport have been achieved and to answer the meta-question: which set of indicators is 

the most appropriate to assess transport sustainability achievements in a large and 

complex city like Paris? They suggest that to apply this flexible framework on other world 

cities to test its robustness further [20].  

The list of sustainable transport indicators from the literature was compiled in Table 

2.1. These 82 indicators are classified into three main groups: environmental, economic, 

and social, as shown in Table 2.1. 
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Table 2.1 List of sustainable transport indicators from literature 

Reference Environmental Indicators Economic Indicators Social Indicators 

[17] 

Depletion of non-renewable 
resources 

Car ownership costs 
 
Vehicle and general costs of 
accidents 

Accessibility 

GHG emissions (CO2-e) 
Fatalities and injuries related to 
traffic accidents 

Other air pollutants (CO, NO2, 
PM10) 

Mortality effects of air 
pollutants 

Land consumption for transport  

[18] 

Quantity of energy consumed 
Mass of total pollutants emitted  
Land area consumed by public 
transport facilities 
  

Annual operating cost Travel participation 

Cost recovery  Average user trip distance 
Passenger km travelled per unit 
GDP Affordability 

Average time per trip Public transport related deaths 

[15] 
Emissions of air pollutants Transport intensity 

Accessibility for elderly and 
disabled persons 

Noise perception Energy intensity Transport services for remote 
areas 

[14] 

Proximity of transport 
infrastructure to designated ESAs 
 
Emission intensity of air 
pollutants 
 
Emission intensity of GHG 
 
Recycling of used tires 
Recycling of end-of-life vehicles 

Distribution density of transport  

Traffic accidents 
 
Mobility and transport for older 
adults and disabled persons  
 
Transport infrastructure in 
remote areas 
 
Transit subsidy in remote areas  

Modal split of transit  

Service intensity of transit  

Loading factor of transit  

The ratio of parking lots for P&R  

The ratio of bus exclusive lanes  

Modal split of non-motorized 
modes 

Loading factor of private modes  

Truck loading factor 

The effect of public depot on 
freight transshipment 

[21] 

Annual energy consumption and 
CO2 emissions (total and per 
resident) 

Annual costs chargeable to 
residents for their mobility in a 
zone 

Proportion of households 
owning 0, 1 or more cars 

Levels of CO, NOx, 
hydrocarbons and particles (in 
g/m2, total and per resident) 

Annual average expenditures for 
urban mobility (per 
person/household) 

Distance travelled 

Daily individual consumption of 
public space involved in traveling 
and parking (in m2 h) 

Company costs of employee 
parking, subsides to employees 

Expenditures for urban 
mobility: amounts for 
private/public transport  

Space taken up by transport 
infrastructures 

Annual public expenditures for 
investments and operations 

Expenditures for urban 
mobility: share of the average 
income of households  

[16] 

PM10, SO2 NOx, CO (tonnes per 
year) 
 
CO2 (million tonnes per year) 
 
Noise level (Db) 

Population Density 

Number of fatalities 
 
Serious injuries 
 
% Trips by Walk, Cycle 

Motorized Vehicles per 1000 
population, 
Peak Hour Journey Speed 
(kmph), 
Congestion Index 

Per capita trip rate 
Average Trip Length (km) 

[9] 

Final petroleum products 
consumption of transport, storage 
and post industry 

Ratio of expenditure on traffic to 
the total cash consumption 
expenditure for average 
individual Amount of traffic accident 

Nitrogen oxides emission of 
motor vehicle 

Amount of standard operating 
motor vehicles Total loss of traffic accident 

Percentage of land for 
transportation facilities 

Investment in fixed assets of 
transport, storage and post 
industry 

Motor vehicles for public 
transport per 10,000 
population, standard unit 
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2.1.2 Challenges in Sustainable Transport  

Although the transition to sustainable transport has gradually increased in recent 

years, implementing the sustainable transport concept is challenging. Physical transition, 

public acceptance and data accessibility are the main challenges of sustainable transport. 

The first key problem is to physical transition from traditional to sustainable transport for 

reducing negative impacts such as greenhouse gas emissions, traffic congestion and 

detrimental air quality [22]. The physical dimension of sustainable transport includes the 

infrastructure and the regulatory framework that influences the use of transport systems 

[23]. The modifying or redesigning of the traditional transport system and their 

infrastructures are expensive and time-consuming. Besides, the physical transition must 

be preceded by changes in practices and cognitive models among the policy shapers refers 

to a big group of actors involved in shaping transport policies [22].  

Another key issue is public acceptance, relating to the legitimacy and political 

support by the public for sustainable transport, such as for imposing policy measures 

aimed at increasing bicycle roads or electrical scooter-sharing systems in the urban areas 

[24-28]. Thus, the public has a significant role on the transition to sustainable transport 

by accepting the policies or imposing the policy-makers for sustainable transport. Data 

accessibility is the third key problem relating to quantifying and monitoring sustainable 

transport systems [29]. The indicators are significant for quantifying and monitoring the 

sustainability of transport systems; however, selecting a set of indicators is challenging 

[13]. The selection of sustainable transport indicators involves tradeoffs. While selecting 

a smaller set of indicators is more accessible and easier, it may lead to ignoring some 

significant impacts. On the contrary, selecting a larger set of indicators is more 

comprehensive; however, its gathering and analyses costs are expensive [17]. On the 

other hand, local and geographical conditions significantly affect the selection of 

indicators. The variety of local socio-economic and physical conditions bring about a 

variety of indicators in sustainability assessment. Furthermore, there is no agreement on 

the most appropriate methodology and framework for indicator development [30].  
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2.2 Life Cycle Sustainability Assessment (LCSA) 

 

The LCSA provides an integrated sustainability evaluation of a product or process 

by highlighting areas of negative impact for improvements or positive impacts where 

opportunities can be explored. In the last decade, researchers put significant effort into 

performing the LCSA for sustainable material, technology or method selection in several 

areas such as construction, food, energy, transport and so on. For construction projects, 

Figueiredo et al. (2021) proposed a decision-making framework with the integration of 

LCSA, Multi-Criteria Decision Analysis (MCDA), and Building Information Modelling 

(BIM) for the selection of sustainable materials. They applied an LCSA on a residential 

building covering the construction, operation and end-of-life stages of the building as a 

case study. They have selected five criteria (global warming potential, eutrophication 

potential, acidification potential, life cycle cost, and fair wage potential) to compare four 

alternatives by considering environmental, economic and social dimensions of the 

sustainability concept [31]. Müller and Hiete (2021) carried out a LCSA study for 

choosing a sustainable packaging system for self-leveling compounds (mortar). They 

compared the paper bags, flexible intermediate bulk container, one-way cardboard 

container and a pumping truck, all used with different machinery, under several scenarios. 

Their results revealed that 87% of all scenarios the use of the 25 kg paper bag in 

combination with a mixing drum and cart resulted as a sustainable alternative [32].  

Shrivastava and Unnikrishnan (2021) performed an LCSA of the crude oil process 

chain to evaluate its sustainability performance from well-to-tank approach in India. They 

reported that oil refining and transportation stages are the main contributors of emissions 

from environmental aspects. Their LCC results showed that the crude oil refining phase 

is also main contributor to the total life cycle cost due to complex operations and more 

raw materials are used when compared to other phases. From the social aspect, they 

reported that the companies need significant improvements to improve their social 

performance in terms of safety, health, awareness and pay [33]. Valente et al. (2021) 

compared the sustainability performance of renewable and conventional hydrogen which 

is a significant element towards a sustainable economy. They applied an LCSA by 

utilization of five life-cycle indicators (global warming, acidification, levelized cost, child 

labour and health expenditure) of three dimensions of sustainability and their results 

showed that renewable hydrogen was found to underperform when compared to 
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conventional hydrogen in economic and social aspects [34]. Li et al. (2021) applied an 

LCSA for technology selection in hydrogen production in China. They integrated the 

emergy-based indicators into the LCSA to assess the hydrogen production technologies 

from environmental, economic, social, emergy-based and technical dimensions as a 

holistic approach. They found that hydrogen production from copper-chlorine thermo-

chemical water-splitting is the most sustainable technology option and coal gasification 

is the worst sustainable option [35]. For application in electricity or vehicle fuel, Masilela 

and Pradhan et al. (2021) carried out an LCSA to compare the biomethane and 

biohydrogen produced from organic waste streams for the African context (agro-

industrial, urban, and rural settings). They revealed that applying biohydrogen in vehicles 

shows better sustainability performance than electricity generation systems in urban 

settings [36].  

On the other hand, Zira et al. (2021) studied on LCSA of organic and conventional 

pork supply chains in Sweden by considering the environmental, economic and social 

aspects of sustainability. They applied the LCSA by using 20 indicators for the evaluation 

of the sustainability performance of four main subsystems in pork supply chains. Their 

results indicate that the organic pork supply has better performance in 18 of the 20 

indicators expressed per unit area than conventional pork supply. The organic pork 

supply, therefore, was a more sustainable supply chain in terms of sustainability [37].  

 

2.2.1 Life Cycle Sustainability Assessment in Transport Systems 

 

Today, majority of society gives preference to living in urban areas due to 

economic, technological, political and sociological reasons. According to UN World 

Urbanization Prospects 2018 report 30% of global population lived in cities in 1950, this 

figure reached 55% in 2018 and it is predicted to reach 68% by 2050 [1]. The great 

population increase in cities in the last decades has a close relationship with the main 

dimensions of sustainable development; environmental, economic, and social. 

With rapid population growth and urbanization, the needs for alternative transport 

services of societies has increased gradually in the last decades. When economies develop 

and cities sprawl, the contribution of transport to environmental problems, illness and 

death increase sharply in the world [2]. Particularly in large cities, problems related to 

transport reach serious levels due to high energy consumption, environmental pollution 
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and traffic congestion [3]. About 25% of the global energy consumption and CO2 

emissions are related to the transportation sector [4]. In the transportation sector, road 

transportation is responsible for 76% of the total oil consumption, whereas the share of 

rail transportation is 0.6% [38]. Thus, policymakers and researchers put significant efforts 

to explore low-cost and more environmental-friendly transport alternatives in order to 

reduce negative environmental impacts and dependence on petroleum fuels.  

In recent years, cities have had more needs of railway systems particularly for urban 

and inter-city transportation due to population growth. Especially cities with over 

population 1 million have needs thousands of kilometers of railway infrastructures and 

hundreds of railway vehicles within the next years. Various urban railway transport 

modes such as metro, light railway systems are utilized in some cities due to more 

environmentally friendly, comfortable and economically feasible when compared with 

buses, minibusses and metro buses.  

As several mobility services are developing in urban areas worldwide, sustainability 

of the mobility services has gained more importance in the last decades. In order to assess 

the sustainability of these services by considering three aspects of sustainability, 

environmental, economic and social, life cycle-based methodologies have been developed 

over time [5]. Although a number of researches have been done on E-LCA based on ISO 

14040 and ISO 14044, a standardized approach for LCC and S-LCA has not agreed on 

yet. However, some examples and guidelines are used for LCC and S-LCA, and the LCC 

guideline by Ciroth et al. (2009) and S-LCA guideline published by UNEP and SETAC 

(2009, 2013) are commonly used ones in literature [39-41].  In the last decade, the number 

of studies on determining the environmental impacts of transport systems increases 

gradually, but studies on the economic and social performance of urban tramway systems 

are limited [42-56]. Banar and Ozdemir (2015) compared the high-speed railway (HSR) 

and conventional railway (CR) systems in Turkey by using LCA and LCC by considering 

the infrastructure and operation phases. They found that 58% of the total environmental 

load for high-speed railway comes from the infrastructure phase and 42% comes from the 

operation phase. In contrast, they revealed that the main contributor phase for 

environmental impacts is the operation phase with 61% share of the total and the 

infrastructure phase follows with 39% for the CR system [42].  

Additionally, Shinde et al. (2018) analyzed the environmental impacts of the 

Mumbai suburban railway in India with the LCA approach. They considered the 

construction, maintenance and operation phases of a suburban railway system. Their 
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results indicate that operation has the highest effect on environmental load with 87-94% 

share of the total due to electricity consumption, which is generated from non-renewable 

sources in India [43]. Bilgili et al. (2019) evaluated the various emissions of different 

transport scenarios from highway and railway transport which has 232 km length between 

two cities by utilization of LCA. They determined five different scenarios with several 

ratios of highway and railway transport for selected study area. It is found that rising 

railway transport utilization reduces greenhouse gas emissions. They also revealed that 

the damage ratio of ecosystem quality has decreased from 100% to 14.6% while 

considering all the passengers use the railway instead of the highway for transportation 

[44].  

Although there are studies investigating the environmental (LCA) and economic 

(LCC) performance of railway systems, studies on S-LCA of railway systems are scarce 

in the literature. Agaton et al. (2020) studied on environmental and socio-economic 

evaluation of public transport in the Philippines. Their findings highlight the economic 

advantages of investment for electric vehicles in public transport with high public 

acceptance [57]. Kennedy (2002) compared both public and private transport systems 

from environmental, economic and social aspects for the case of the Greater Toronto Area 

(GTA). The results of the study showed that public transport was more sustainable than 

private transport from an environmental perspective. It is suggested that the integration 

of bicycles with public transit and constructing light rail systems improves the 

sustainability of the GTA [58]. Yang et al. (2022) proposed a framework for the large-

scale transport infrastructure by integrating five social impact categories: economy, 

welfare, participation, safety and justice. They took the Fengtai high-speed railway station 

reconstruction Project in Beijing as case study to assess its social impacts with the 

proposed framework. The workers, users, public, value chain participants and local 

communities are identified as stakeholders for the case study. Their results revealed that 

the public and workers have the highest social benefits while the users and value chain 

participants receive smaller social benefits and the benefit of local communities is low 

and negligible [59]. 

The LCSA provides an integrated sustainability evaluation of a product or process 

by highlighting areas of negative impact for improvements or positive impacts where 

opportunities can be explored. In literature, few attempts can be found for LCSA 

application on several transport modes by excluding some dimensions of sustainability as 

summarized in Table 2.2. Despite the fact that several studies dealing with LCA and LCC 
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applications for several transport modes, there is no S-LCA application on transport 

systems except high-speed in literature [42, 43, 47-53, 55, 56].  

  

Table 2.2 Summary of some LCSA applications on different transport modes in 
literature 
 

Environmental  
(LCA) 

Economic  
(LCC) 

Social  
(S-LCA) 

References 

Tramway ✔ X X [47] 

High Speed ✔ ✔ ✔ [42, 48, 49, 56, 59]  

Metro ✔ ✔ X [43, 50, 51]  

Bus ✔ ✔ X [52-55] 

 

2.2.2 Multi-Criteria Decision Making Methods in LCSA of Transport 
Systems 

For sustainable transport planning, a comprehensive decision-making process is 

required. Transport plans or scenarios are partially sustainable with limited environmental 

and economic points of view. These views should be integrated and optimized to make 

transport plans or scenarios more sustainable with the help of effective decision making, 

which is a process of choosing the best alternative from several alternatives [10]. 

Therefore, MCDM methods gain significant importance in choosing the best alternative. 

In 1980, Thomas L. Saaty developed an MCDM method is called the Analytic 

Hierarchy Process (AHP) [60]. This method provides a model for complex problems with 

a hierarchical structure by splitting them into small and solvable problems. The hierarchy 

indicates the relations between goals, objectives, and alternatives. The AHP method 

covers pairwise comparisons, the hierarchical structure of complexity, judgments by 

considering aim and criteria, and an eigenvector method for getting weights [61].  

Several authors propose to use the AHP method for the selection of alternatives 

systematically by using a fuzzy set theory and concept of hierarchical structure. Decision-

makers (DMs) usually prefer this method because they find that it is more confident to 

provide interval judgment than fixed value judgments. Another reason for the preference 

of this method is that it is unable to make explicit preferences due to the fuzziness of the 

comparison process [61]. For the evaluation of sustainable transport strategies in Taiwan, 

Shiau and Liu (2013) have proposed an indicator system with an evaluation of twenty-

one indicators. Based on results, the emission intensity of greenhouse gases is found as 
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most important indicator by using AHP [14]. Besides, Erdogan and Kaya (2019) proposed 

a hybrid MCDM methodology, which composed of type-2 fuzzy AHP and TOPSIS 

method and applied it for Bus Rapid Transit (BRT) system in Istanbul [62]. With respect 

to five criteria, 17 alternatives are evaluated and the cost of failure has the highest score 

with 0.544, and repair time has the lowest score at 0.093. In addition to this study, 

Erdogan and Kaya (2020) also suggested a systematic approach, which covers fuzzy rule-

based system (FRBS), and fuzzy MCDM to assess risks and failures in public transport 

systems. The proposed approach is implemented on the real case of the BRT system in 

Istanbul and 15 failure type based on five vehicle model are evaluated. It is observed that 

the proposed system based on FRBS works with 80% accuracy [63]. Besides, Chow et al. 

(2014) studied sustainable assessment in transport planning for recreational travel with 

multi-criteria aspect. In this study, a composite sustainability index (CSI) is applied to 

assess eight alternatives under three decision-making schemes. However, social 

sustainability is excluded in the study because of the lack of data [64]. Considering 

environmental, economic and social dimensions, Mahmoudi et al. (2019) proposed a 

framework based on the best worst method for evaluation of the sustainability criteria of 

an urban transport network and the model is applied to a case study of transportation in 

Isfahan, Iran. Research team has selected 17 criteria into three groups: social, economic 

and environmental and it is found that community cohesion, transportation cost for 

government and land consumption are the worst criteria in social, economic and 

environmental categories, respectively [65]. 

 MAUT, another MCDM method, is an analytical tool developed by Keeney and 

Raiffa in 1976 [66]. It provides an evaluation of the preference of decision-makers and 

models it mathematically with a multiple attributes utility function. This approach is 

based on selecting a desirable alternative among the various alternatives. Several 

applications of MAUT in the transport sector are presented by authors for the selection of 

best alternative by calculating the best possible utility. Zietsman et al. (2006) applied 

MAUT for the selection of sections of freeways should be widened US 290 freeway in 

Houston, Texas and PWV-9 freeway in Tshwane, South Africa. They also used the Delphi 

process for calculating weights of criteria and specific models for scoring the several 

alternatives. One of their conclusions is that MAUT approach is found as most conducive 

to make transport decisions within the scope of sustainable transport because it covers a 

broad range of quantitative and qualitative sustainability issues in the decision-making 

process [67]. Abu-Samra et al. (2017) developed a condition-rating model involves a 
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broad range of possible factors affecting flexible pavement performance. Eleven factors 

were selected for the model and they categorized into three categories: climate conditions, 

physical properties and operational factors. They collected data by applying survey from 

experts and from several pavement test to evaluate the condition by using MAUT. Their 

results revealed that the factor of transverse cracking amount has the highest impact with 

24.52% in determining flexible pavement condition [68]. For assessing the effects of 

future shared mobility, Deshmukh et al. (2018) applied MAUT for quantifying the impact 

of ride-sharing on the growth of US vehicle fleet size. They modeled the individual’s 

decisions process when acting five-mode alternatives (private car, ride-sharing, transit 

and walking) by considering multiple factors about that trip. Their results showed that 

improved ride-sharing with advantages of lower cost and greater availability lead to in 

transport mode selection away from private car [69]. Kovacevic et al. (2019) studied on 

the categorization of railway embankments to prioritize maintenance activities in Croatia 

by using MAUT. They proposed a framework for the categorization of the condition of 

railway embankment by utilization of multiple data sources for infrastructure manager. 

By considering the relevance to the problem and availability, they selected five attributes 

and weighted the importance of each attribute. Then, overall utility function values were 

calculated by MAUT to form a ranking list of the conditions for the evaluated railway 

embankments. Finally, the embankments were categorized into five groups, ranging from 

very poor to very good in accordance to the calculated overall utility function values [70].  
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Chapter 3 

Methodology 

3.1 Description of Tramway System in Kayseri 

The tramway system in Kayseri, which started operation in 2008 was evaluated in 

the study. It spreads over 34 km route over three corridors as schematically shown in 

Figure 3.1. It offers service with 68 tramway vehicles, 38 of them made in Italy and 30 of 

them made in Turkey, and there are 55 passenger stations. The tramway system was 

carried over 36 M passengers in 2016 and 37 M passengers in 2017 annually [71].  

 

 

Figure 3.1 Kayseri tramway system network 
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3.2 Life Cycle Sustainability Assessment  

 

In globalizing world, ‘’sustainable development’’ and ‘’sustainability’’ terms are 

used with increasing frequency. Sustainable development is defined as ‘’development that 

meets the needs of the present without compromising the ability of future generations to 

meet their own needs’’ in the Brundtland Report of 1987 [72]. In 1992, the term 

‘’sustainability’’ was used by UNEP in Rio de Janeiro as the main political goal for the 

future development of mankind [73]. It was presented to reconcile the conflict between 

environmental protection and economic development. This concept is usually broken 

down into contributions of environmental, economic and social concerns called as ‘’triple 

bottom line’’ or ‘’three pillar’’, which is well accepted by the industry. The term life cycle 

sustainability assessment (LCSA) was adopted by UNEP and SETAC to compile analyses 

of all aspects of sustainability, which are environmental, economic and social with the 

utilization of life cycle thinking [74]. The LCSA can be applied for a product, process or 

service based on ISO 14040 and 14044 for a holistic and comprehensive assessment [75, 

76]. LCSA provides an integrated sustainability evaluation of a product or process by 

highlighting areas of negative impact for improvements or positive impacts where 

opportunities can be explored. The standard model for LCSA is formulized (Eq. 3.1) as 

follows [77]: 

 

                                        LCSA = E-LCA + LCC + S-LCA                                        (3.1) 

 

where LCA is the environmental life cycle assessment, LCC stands for the life cycle 

costing and S-LCA refers to social life cycle assessment. 

 

3.2.1 Environmental Life Cycle Assessment (E-LCA) 

 

Environmental life cycle assessment (E-LCA) is a powerful tool to assess the 

environmental impacts of a product, process or service over its entire life cycle [78]. E-

LCA is used to evaluate these impacts from the extraction of raw materials to end of the 

life of the product, process or service with a holistic approach. The environmental impacts 

can be linked to the related inputs and outputs of the product, process or service [79]. The 
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structure and procedure of E-LCA was defined by ISO with two international standards 

as follows: 

• ISO 14040 (2006): ‘Environmental management – Life cycle assessment - 

Principles and framework’ [75]; 

• ISO 14044 (2006): ‘Environmental management – Life cycle assessment - 

Requirements and guidelines’ [76]. 

The general methodological framework and phases of E-LCA was indicated in 

Figure 3.2 based on ISO 14040 [75]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The general framework for E-LCA 

 

3.2.1.1 Goal and Scope Definition in E-LCA 

The first phase of E-LCA; the goal and scope definition is the fundamental and 

critical part of an E-LCA study, which include deciding the reasons for carrying out the 

study and its scope. Defining the goal is the most fundamental step of the E-LCA study 

and it guides the assessment to ensure that the most worthwhile results are obtained. The 

particular goals of an E-LCA study must reflect the intended use of findings and reply to 

the reasons for carrying out the study [79].  

The defined scope of the E-LCA study includes deciding which life cycle stages are 

to be considered and what the system boundaries for the product, process or service with 

Goal and Scope 

Definition 

Inventory 

Analysis 

Impact 

Assessment 

Interpretation 



19 

 

regard to the defined goal. According to ISO 14040, the following elements must be 

considered and clearly described [75]: 

• the product system to be studied 

• the functions of the product systems/s 

• functional unit 

• data requirements 

• initial data quality requirements 

• allocation procedures 

• impact categories selected and methodology of impact assessment and 

interpretation to be used 

• assumptions  

• limitations 

• type of critical review, if any  

• type and format of report required for the study  

 

The functional unit, one of the most important elements of an E-LCA study, is 

defined as quantified performance characteristics of the product, process or service being 

studied. It is used as a reference unit, especially to enable comparative assertions. The 

determination of functional unit depends on the specific function or application of the 

product, process or service [79].  

Another significant step of this phase is defining product systems that involves 

many individual inputs, outputs and processes. The system boundary defines which of the 

unit processes, inputs and outputs are to be included in an E-LCA study. Raw materials, 

energy, water, and other resources from nature, ancillary materials, intermediate materials 

or products are the main input items. Besides, waste, emissions to air, water and land, as 

well as the final and any intermediate products are basic output items as illustrated in 

Figure 3.3 [79].  
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Figure 3.3 The main inputs and outputs for a unit process  

 

 

The main goal of this study is to conduct an integrated study of the Kayseri tramway 

system regarding sustainability by implementing LCA, LCC and S-LCA, considering the 

environmental, economic and social impacts of the tramway system. According to this 

goal, the functional unit was chosen as one passenger-km rail transportation. System 

boundaries of the tramway system by considering the cradle to grave approach consist of 

extraction and production of raw materials, transportation of the raw materials to site, 

vehicle manufacture, transportation of the vehicles, construction of the infrastructure, 

operation, maintenance and waste disposal was given in Figure 3.4. 
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Figure 3.4 System boundary of the tramway rail system used in LCSA 

 

3.2.1.2 Life Cycle Inventory (LCI) Analysis in E-LCA 

 

As the second phase of E-LCA, life cycle inventory analysis covers the data 

collection and calculations to quantify the inputs and outputs. Although this phase is very 

significant to obtain reliable E-LCA results, it is one of the most cost and time-consuming 

phases [80]. The ISO 14040 states that the following steps should be followed for the 

inventory analysis [75]: 

• Drawing specific process flow diagrams,  

• Describing each unit process in detail, 

• Developing a list that specifies a unit of measurement, 

• Describing data collection techniques and calculation techniques for each data 

category. 

The inventory data for the tramway system was collected from the company, which 

manages and operates the urban tramway system in Kayseri (Table 3.1 and 3.2). The 

service life of the system was assessed as 50 years.  The transport of the raw materials to 

the site is assumed to be 25 km. Data for vehicle manufacturing, transportation of raw 
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materials and vehicles were implemented into the analyses by using Ecoinvent v3. 

database in SimaPro 8.4 PhD version. 

Table 3.1 Raw materials used during the project 

Material Amount Unit 

C12/15 Concrete 41,929.8 m3 

C20/25 Concrete 2,995.7 m3 

C25/30 Concrete 92,425 m3 

C30/37 Concrete 247,985 m3 

Wood 138,125 m2 

Steel 4,440.3 t 

Steel Mesh 2,669.8 t 

Cast Iron 34,086.5 kg 

Aluminum 12,554 kg 

Glass 881 m2 

 

Table 3.2 Energy consumption during the operation 

Energy Consumption Amount Unit 

Electricity 1,309,720,452 kWh 

Diesel Oil 55,000 L 

 

 

3.2.1.3 Life Cycle Impact Assessment (LCIA) in E-LCA 

 

As the third phase of E-LCA, life cycle impact assessment converts the results of 

the life cycle inventory analysis into numerical indicators for particular categories that 

shows the environmental performance of a process, product or service. The main goal of 

the LCIA is to assess the magnitude and importance of the environmental impacts of a 

product, process or service depending on findings from an LCA analysis [79]. The LCIA 

includes some mandatory and optional elements in the E-LCA study. The ISO 14040 

outlines these as [75]: 

 

      Mandatory Elements 

• Selection and definition of impact categories, 

• Assignment of LCI results (classification), 

• Calculation of category indicator results (characterization), 
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Optional Elements 

• Calculation of the magnitude of category indicator results relative to reference 

information (normalization), 

• Sorting impact categories into specific areas (grouping), 

• Assigning weights to different impact categories depending on their perceived 

significance (weighting).  

 

In this study, the CML-IA baseline method was selected for the impact assessment 

of the tramway system. The impact categories of this method are as follows: abiotic 

depletion potential (ADP), global warming potential (GWP), ozone layer depletion 

potential (ODP), human toxicity potential (HTP), fresh water aquatic ecotoxicity 

(FWAE), terrestrial ecotoxicity (TE), photochemical oxidation (PO), acidification 

potential (AP) and eutrophication potential (EP). For characterization and normalization 

of the environmental impacts of the tramway system, global and European database 

values are available in SimaPro software. Ecoinvent database that supplies broader and 

well-prepared data for a number of products and processes was used for this study [81].   

 

 

3.2.1.4 Interpretation of E-LCA 

 

The interpretation, the final phase of an E-LCA, includes interpreting the obtained 

results and findings from LCI and LCIA phases. This phase should provide evaluated 

results, which are consistent with the defined goal, and scope and conclusions can be 

drawn in an E-LCA study. Additionally, it can provide some recommendations with 

particular emphasis on the identification of areas for improvement. This phase involves 

the following steps [79]: 

• Identifying important issues, 

• Evaluating the obtained results, 

• Drawing conclusions, 

• Explaining limitations, 

• Providing recommendations. 
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3.2.2 Life Cycle Costing (LCC)  

 
The life cycle costing is a financial tool, which is widely used to complement LCA 

analyses for a better understanding of life-cycle evaluation of a product or process from 

an economic perspective. For the LCC method, there is no specific standard or 

certification system in literature, however, various examples and definitions exist as 

guidelines [82]. In this study, the LCC method was used in accordance with Ciroth and 

Franze (2009) using SimaPro 8.4.1 PhD version [39]. This LCC method was developed 

by following the guideline published in GreenDeltaTC Berlin for this study. Similarly, 

LCA, LCC analysis should consist of the following stages; goal and scope definition, cost 

inventory analysis, life cycle cost assessment and interpretation [83].  

The inventory data for the economic assessment of the tramway system was 

collected from real sectoral sources and literature (Table 3.3). These costs were divided 

into two categories as internal and external costs by considering economic aspects. The 

calculations were performed considering the functional unit (USD/passenger-km) for 

both internal and external costs. The internal costs were divided into four categories as 

follows:  material costs (concrete, steel, cast iron, aluminum, wood, and glass), energy 

costs (electricity and diesel oil), transportation costs (transport cost of raw material and 

vehicles) and disposal costs (landfill and incineration). External costs components cover 

only the environmental costs which occur as costs of the impact categories (global 

warming, acidification, eutrophication, ozone layer depletion, photochemical oxidation, 

ecotoxicity and human toxicity) in this study. The cost components of the tramway system 

were determined by considering the cradle-to-grave approach. The inventory data for the 

external cost were collected from the literature (Table 3.4). 

 

Table 3.3 The inputs for LCC 

Materials Quantity Unit Price Unit of Cost References 

C 12/15 Concrete 1 m3 44.48 USD [84] 

C 20/25 Concrete 1 m3 47.45 USD [84] 

C 25/30 Concrete 1 m3 49.10 USD [84] 

C 30/37 Concrete 1 m3 50.75 USD [84] 

Wood 1 m2 12.01 USD [84] 

Steel 1 t 937.28 USD [84] 

Steel Mesh 1 t 932.19 USD [84] 



25 

 

Cast Iron 1 kg 1.46 USD [84] 

Aluminum 1 kg 7.70 USD [84] 

Glass 1 m2 31.96 USD [84] 

Electricity 1 kwh 0.06 USD [85] 

Diesel Oil 1 lt 0.77 USD [86] 
 

Table 3.4 The quantities of external costs 

Environmental Costs USD/kg emission References 

Global warming (kg CO2 eq) 0.144 [87] 
Acidification (kg SO2 eq) 10.84 [87] 
Eutrophication (kg PO4 eq) 5.82 [87] 
Ozone layer depletion (kg CFC-11 eq) 670 [88] 
Photochemical oxidation (kg C2H4 eq) 6.63 [87] 
Ecotoxicity (kg 1,4-DB eq) 421 [87] 
Human toxicity (kg 1,4-DB eq) 4650 [87] 

 

For life cycle cost assessment (LCCA), the LCC method was created by following 

the guideline published by Ciroth and Franze (2009) by utilization of SimaPro 8.4.1 PhD 

version [39]. The method mainly consists of three steps: developing an LCC method, 

inserting economic issues in processes and calculation of life cycle costs. 

Characterization, damage assessment, normalization and weighing properties were 

determined while creating the new LCC method. Then, each related cost was added for 

each process under the economic issues section per reference unit. After the life cycle 

with economic values was modeled, using SimaPro. 

 
3.2.3 Social Life Cycle Assessment (S-LCA)  

Social life cycle assessment is a tool to evaluate the social aspects of a product or 

process, their actual and potential impacts on social behavior, human welfare and cultural 

heritage for all of its stakeholders during its life cycle [89]. Even though there is no 

specific standardization for S-LCA, the guideline published by UNEP in collaboration 

with the SETAC was followed in the S-LCA section of the study [40, 41]. 

It is important to determine stakeholders affected throughout the life cycle of the 

tramway system that was being analyzed. The identification of the affected stakeholder 

categories and subcategories based on the guideline published by UNEP-SETAC [41]. In 

this section, four stakeholder categories, which were workers, consumers, society and 

local community, were identified as four social groups. For the determination of social 
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impacts, 11 sub-categories and 18 social indicators were considered as shown in Table 

3.5. 

 

Table 3.5 Selected stakeholders, subcategories and indicators 

Stakeholder  Subcategory Indicator 

Worker 

Health and Safety 

Usage of personal protective equipment (PPE) 

Presence of a formal policy concerning health and safety 

Presence of night work 

Fair salary 
Regular payment of the salary 

Employees receiving less than minimum wages 

Working hours Legal working hours limit 

Child labor Child labor 

Consumer 

Health and Safety 

Organizations’ efforts and measures to protect consumer 
health and safety 
Presence of management measures to assess consumer 
health and safety  

Feedback mechanism 

Presence of a mechanism for customers to provide 
feedback  

Management measures to improve feedback mechanisms  

Transparency 
Consumer complaints regarding transparency 

Publication of a sustainability report 

Local 

Community 

Local Employment 
Workforce hired locally 

Local suppliers 
Access to Immaterial 
Resources Presence/strength of community education initiatives 

  Society 

Technology and 
Development Investments in technology development 
Public Commitment to 
Sustainability Issues 

Presence of publicly available documents as promises or 
agreements on sustainability issues 

   

Based on the identified categories and subcategories, inventory data gathered from 

industry reports, site observations and questionnaires. Online questionnaire was also 

conducted which consists of ‘’yes’’ or ‘’no’’ type descriptive questions for data collection 

given in the Table 3.6. A check list of 10 questions and 42 consumers were asked to fill 

the online questionnaire.  The collected data was considered adequate to obtain necessary 

social data for implementing S-LCA. Lastly, the all gathered information by 

questionnaires were crosschecked to compile a reliable and consistent inventory data.  
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Table 3.6 Questions of online questionnaire applied on consumers for S-LCA 

1) Do you use tramway system in Kayseri? 

A) Yes B) No 

2) Do you think it is safe to travel by tramway system in Kayseri? 

A) Yes   B) No 

3) Do you find the station and vehicles sufficient in cleaning and hygiene? 

A) Yes   B) No 

4) Do you think Kayseri Transportation Inc. takes the necessary measures for health and safety 

of passengers? A) Yes   B) No 

5) Have you ever had an accident while traveling by tramway system? 

A) Yes   B) No 

6) Have you participated in any survey conducted by Kayseri Transportation Inc.? 

A) Yes   B) No 

7) Can you easily report your requests and complaints to Kayseri Transportation Inc.? 

A) Yes   B) No 

8) Are you aware of new projects and developments of Kayseri Transportation Inc.? 

A) Yes   B) No 

9) Do you come across news about innovations and developments in Kayseri tramway system on 

television or social media? A) Yes   B) No 

10) In general, are you satisfied with the tramway system in Kayseri? 

A) Yes   B) No 

 

This phase describes the social and socio-economic impacts with the calculation of 

sub-category indicator results, which is called characterization or scoring [40]. In this 

study, a methodology for aggregating the inventory results based on a scoring system was 

utilized to evaluate the social performance of the tramway system in accordance the 

selected sub-categories and indicators. Firstly, inventory results gathered from 

questionnaires were converted into percentages and then scores to indicators and sub-

categories were assigned. The percentages obtained from the results of questionnaires 

were classified into five categories, namely, 0-20%, 21-40%, 41-60%, 61-80% and 81-

100%. A score ranging from 0 to 4 is assigned to each sub-category as indicated in Table 

3.6. The sub-categories which have more than one indicator similarly marking ranges 

from 0 to 4 was used for each indicator. In this case, the total marks collected to that sub-

category will be the average marks of the number of indicators [90]. It is assumed that all 

indicators and subcategories carry equal weight and thus their weighting factors are one.  
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Table 3.7 The scoring system for the evaluation of social performance 

Subcategory Percentage Marks 

Cultural heritage,  
Access to material resources,  
Safe and healthy living conditions,  
Health and safety, 
Feedback mechanism,  
Privacy, Transparency,  
Equal opportunities/discrimination,  
Public commitment to sustainability issues, 
Contribution to economic development, 
Technology development 

0-20 0 

21-40 1 

41-60 2 

61-80 3 
 

81-100 
 

4 

Child Labor 

0-20 4 

21-40 3 

41-60 2 

61-80 1 

81-100 0 
 

3.3 Multi-Criteria Decision-Making (MCDM)  

3.3.1 Hesitant Fuzzy Analytical Hierarchy Process (HF-AHP) 

 

A hesitant fuzzy set is a valuable tool to conduct uncertainty and hesitant situations. 

It provides to decide evaluations under a set for decision-makers. With the HF-AHP, 

evaluations of DMs for comparison matrices are demonstrated by linguistic variables. 

Subsequently, judgments of DMs are combined by using the hesitant fuzzy geometric 

operator [91]. 

Hesitant fuzzy sets are an extension of the fuzzy set theory first presented by Torra 

[92] and Torra & Narukawa [93]. Membership degrees of an element must be stated as 

set to use hesitant fuzzy sets. This desired element is called a hesitant fuzzy element, 

defined as a set of possible values. Thus, DMs can manage a hesitant situation by 

specifying their judgments under a set [91]. 
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3.3.1.1 Hesitant Fuzzy Sets: Preliminaries 

 

This section is devoted to describe some basic definition of HFSs concept and 

describe some operations. 

Definition 1 [94]: Let X be a fixed set, then HFS defined as E on X in terms of a function 

ℎ!(#) that is applied to X returns under [0,1]. Mathematical expression for HFS is as 

follows: 

E={< #, ℎ!(#) >|# ∈ +};                                                                                      (3.2)  

where ℎ!(#) describes some possible membership degrees for an element, in [0,1]. 

 

Definition 2 [92, 93]: Some basic operators are describes as follows; let h, h1, and h2 are 

HFSs:   

ℎ"(x) = min h(x);                                                                                                        (3.3) 

ℎ#(x) = max h(x);                                                                                                    (3.4) 

ℎ$# = 	{h	 ∈ 	h(#)	|	h	 ≥ 	α};                                                                                  (3.5) 

										ℎ$" =  {h	 ∈ 	h(#)	|	h	 ≤ 	α	};                                                                                 (3.6) 

ℎ%(x) = ∪&'((*) {1 − 	γ	};                                                                                      (3.7) 

 (h1∪ h2) (x) = {h	 ∈ 	 (ℎ,(#) ∪	ℎ-(#)	|	h	 ≥ 	max(ℎ,
", ℎ-

")	};                               (3.8) 

 (h1∩ h2) (x) = {h	 ∈ 	 (ℎ,(#) ∩	ℎ-(#)	|	h	 ≤ 	min(ℎ,
#, ℎ-

#)	};                               (3.9) 

 

Definition 3 [92, 93]: All intuitionistic fuzzy sets (IFSs) are HFSs. Let the IFS denoted 

by {< #, =!(#), >!(#) >|}, then the HFS can be obtained by the following operation: 

        ℎ(#) = [=!(#), 1 − >!(#)]    if  =!(#) ≠ 1 − >!(#);                                            (3.10) 

Definition 4 [94]: Assuming h, h1, and h2 are three HFSs, primary operations on HFSs 

are given as follows: 

         ℎ. =∪&∈( CD.E;                                                                                                   (3.11) 

         Fℎ =∪&∈( C1 − (1 − D).E;                                                                                  (3.12) 

         h,G⊕h-G = ∪0!∈(!1,0"∈("1 {D, + D, − D,D-};                                                          (3.13) 

         h,G⊗h-G = ∪0!∈(!1,0"∈("1 {D, + D, − D,D-};                                                           (3.14) 

          h,G∪ h-G = ∪0!∈(!1,0"∈("1 KL#{D,, D-};                                                                  (3.15) 

          h,G∩ h-G = ∪0!∈(!1,0"∈("1 KMN{D,, D-};                                                                   (3.16) 
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3.3.2 Multi-Attribute Utility Theory (MAUT) 

 

MAUT is an analytical tool developed by Keeney and Raiffa in 1976 [66]. It 

provides an evaluation of the preference of decision-makers and models it mathematically 

with a multiple attributes utility function. This approach is based on selecting a desirable 

alternative among the various alternatives. It has been utilized in many fields such as 

energy, manufacturing, public policy, health care, and fisheries [95].  

With this method, the analysis of alternatives specifies the measures, which are 

utilized to criticize the alternatives. Besides, it also facilitates the identifying of these 

alternatives that reveal excellent performance on a majority of these measurements, 

giving great importance to the measures which are considered more critical [96].  

MAUT is a method used to identify and analyze multiple variables systematically 

to attain the desired decision. In this method, single utility functions and their weighing 

factors are the key elements to obtain multi-attribute utility functions. Although several 

application procedures exist in theory and application, it mainly consists of five stages as 

follows [97]; 

• Setting aim and establishing the attributes for the purpose 

• Quantifying the attributes 

• Deriving the utility functions of each attribute 

• Calculating weights of each attribute 

• Deriving multi-attribute utility function 

A multi-attribute utility function is defined as [98]   

U= f [O,(#,), O-(#-), … . , O3(#3)]  

where U is a multi-attribute utility function; O4 is single-attribute utility function 

measuring the utility of attribute i; and #4 is level of ith attribute. 

In order to structure the utility functions, one needs to make assumptions regarding 

preferential independence (PI) and utility independence (UI). To define preferential 

independence, assume that the set of attributes is {+,, +-, … . +3}. Then, if n	≥3, the pair 

of attributes  {+,, +-} is PI does not depend on the levels of the other attributes given the 

other attributes are held fixed. If the preference order for ‘lotteries’’ defined as a 

probability distribution over a known, finite set of outcomes over +, does not depend on 

the levels of +5 − +3 given the other attributes are held fixed,	 	+, is UI of the other 

attributes.  
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Given +,, +-, … . +3, n	≥3, suppose for some +4, both C+4 , +6E	is PI for all j ≠ i and +4 is 

UI, then either 

U (#,, #- 	… . , #3) =R S4O4(#4)
3
4',  if  ∑ S4 =

3
4', 1	                                                 (3.17) 

or 

1+ KU (#,, #- 	… . , #3) = ∏ [1 + VS4O4(#4)]
3
4',  if  ∑ S4 ≠	

3
4', 1	                               (3.18) 

where U and O4 are utility functions scaled from 0 to 1; 0<S4<1, i=1,2..., n, S4 denotes 

scaling constant; and if ∑ S4 ≠	
3
4', 1, K>-1 is the non-zero solution to 1+K = 

∏ (1 + VS4)
3
4', . Equation (3.17) says that the overall utility function takes an additive 

from while Equation (3.18) says that the function takes a multiplicative form [98].                                    

 

 

3.3.3 The Applied Methodology for Sustainable Transport 
Measurement 

The applied model to measure the sustainability of alternative transport scenarios, 

composed of integration of HF-AHP and MAUT methods, is comprised of three critical 

steps: (1) selection of the indicators (2) calculation of weights with HF-AHP and (3) 

evaluation of alternative scenarios in terms of sustainability with MAUT and 

determination of final ranking. The schematic diagram of this new model for sustainable 

transport measurement is indicated in Figure 3.5.  
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Figure 3.5 The applied model approach 
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Chapter 4 

Results and Discussion 
 

 

4.1 Life Cycle Sustainability Assessment 

4.1.1 Environmental Life Cycle Assessment (E-LCA)  

 

The environmental impacts of the tramway system for one passenger-km rail 

transportation by considering the cradle-grave approach were calculated with CML-IA 

baseline method. The results are presented in Table 4.1. LCA analysis consists of nine 

environmental impact categories (ADP, GWP, ODP, HTP, FWAE, TE, PO, AP and EP) 

to reveal the environmental performance of the tramway system. The value of ADP was 

calculated as 2.7E-01 MJ for the tramway system, as shown in Table 4.1. The main 

contributor process for ADP was operation and maintenance with a 53% share of the total 

(1.4E-01 MJ) and followed by waste disposal with a 16% share (4.3E-02 MJ) as illustrated 

in Figure 4.1. Similarly, with ADP, operation and maintenance had the highest impact in 

GWP with 49% (1.2E-02 kg CO2 eq). The total value of GWP was calculated as 2.4E-02 

kg CO2 eq. In addition to ADP and GWP, the tramway system had high on impact 

categories of HTP and FWAE as well. The value of HTP was 8.0E-03 kg 1,4-DB eq and 

the value of FWAE was 8.3E-03 kg 1,4-DB eq for the tramway system per passenger-km 

(Table 4.1). 

Table 4.1 Impact category values of tramway system per passenger-km (CML-IA 
baseline Method) 

Impact 

category Unit Total 

Extr. Pro. 

Raw Mat. 

Vehicle 

Manu. 

Trans. of 

Vehicles 

Trans. of 

Raw Mat. 

Ope. 

Main. 

Waste 

Disposal 

ADP MJ 2.7E-01 4.2E-02 1.0E-03 3.0E-05 4.2E-02 1.4E-01 4.3E-02 
GWP kg CO2 eq 2.4E-02 3.9E-03 9.3E-05 2.7E-06 3.9E-03 1.2E-02 4.0E-03 
ODP kg CFC-11 eq 1.4E-09 3.9E-10 1.5E-11 4.2E-13 3.9E-10 2.4E-10 4.0E-10 
HTP kg 1,4-DB eq 8.0E-03 1.1E-03 2.9E-04 8.3E-06 1.1E-03 4.0E-03 1.4E-03 
FWAE kg 1,4-DB eq 8.3E-03 8.1E-04 1.4E-04 4.1E-06 8.1E-04 5.6E-03 9.5E-04 
TE kg 1,4-DB eq 8.2E-05 1.9E-05 7.3E-07 2.1E-08 1.9E-05 2.5E-05 1.9E-05 
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PO kg C2H4 eq 1.5E-05 4.1E-06 5.7E-08 1.7E-09 4.1E-06 2.6E-06 4.2E-06 
AP kg SO2 eq 1.2E-04 1.8E-05 1.0E-06 2.9E-08 1.8E-05 6.5E-05 1.9E-05 
EP kg PO4 eq 5.2E-05 5.3E-06 5.4E-07 1.6E-08 5.3E-06 3.5E-05 5.9E-06 

 

In environmental performance evaluation, process-based evaluation is critical to 

show the effects of processes in terms of environmental impacts and to interpret the results 

in a systematic way. It is also important for decision-makers to decide on proper and 

sustainable new projects and improve the existing urban transport systems by considering 

the process-based sustainability assessments. The distribution of the environmental 

impact results based on the processes (extraction and production of raw materials, 

transportation of raw materials, vehicle manufacture, transportation of vehicles, operation 

and maintenance, and waste disposal) for the tramway system are shown in Figure 4.1.  

The operation and maintenance were the main contributors within the processes 

considered in the life cycle of the tramway system for ADP, GWP, HTP, FWAE, 

acidification, and eutrophication impact categories. The operation and maintenance phase 

had the highest impacts for FWAE and eutrophication with 67%, followed by 

acidification and ADP (53%), HTP (50%), and GWP (49.0%). The main reason for this 

is the high amount of electricity consumption from fossil-based sources during the 

operation and maintenance and the long time period (50 years) for operation. In Turkey, 

the GWP of the electricity production from fossil-based sources (hard coal, lignite and 

natural gas) varies between 499-1126 g CO2 eq./kWh while the renewable sources 

(hydropower, wind, solar and geothermal) have 4.1-63 g CO2 eq./kWh. Among all 

alternative energy sources, hard coal has the highest GWP (1126 g CO2 eq./kWh) impact 

and second-highest ADP impact with 13.5 MJ/kWh, following the lignite with 15.1 

MJ/kWh [99]. Thus, the high share of fossil fuels in the Turkish national electricity mix 

and increasing demand due to population growth causes greenhouse gas emissions and 

other environmental impacts. Shinde et al. (2018) performed an LCA study for Mumbai 

Suburban Railway in order to assess its environmental performance. Similarly, in this 

study, they reported that the operation phase is the main contributor, with 87-94% of the 

total environmental impacts due to the production of electricity from non-renewable 

sources in India. In the same study, the second major contributor was the construction 

phase, with 24-57% of the total environmental impact due to material and energy-

intensive rails usage [43].  A similar study was performed on a heavy metro train in Rome 

and revealed that 41-90% of the total environmental impacts (for eleven environmental 
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impacts) were caused by the operation stage, which is the most influenced stage among 

the four main stages: material acquisition, manufacturing, operation and end of life [51]. 

Additionally, Li et al. (2018) studied on quantification of life-cycle greenhouse gas 

emissions of Shangai Metro. They calculated the total life-cycle greenhouse gas 

emissions per construction length of Shangai Metro as 109,642.81 tCO2e with a service 

life of 50 years. Emissions from the operation phase account for 92.1% of the total annual 

greenhouse gas emissions and then materials production follows with 4.1% and the 

maintenance phase follows with 3.4% within its life cycle [50]. 

 

 

Figure 4.1 The environmental impacts of tramway system based on CML-IA 

baseline method: CML-IA baseline V3.04/EU25/Characterization 

 

In the transportation sector, the GWP is one of the significant environmental 

parameters. In this study, the GWP of the tramway system was calculated as 2.4E-02 kg 

CO2 eq (Table 4.1). The operation and maintenance process (50%) have the highest 

impact on GWP for the tramway system as shown in Figure 4.1. Waste disposal (16.6%), 
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extraction and production of raw materials (16.3%), transportation of raw materials 

(16.3%) play also an important role for GWP due to greenhouse gas emissions generated 

from the production of electricity from fossil-based sources. Production of raw materials 

(especially concrete and steel) and transportation of the raw materials due to fossil fuel 

consumption contribute for GWP as well. Similarly, Banar and Ozdemir (2015) found 

that GWP of HSR system is 2.2E-02 kg CO2 eq and 2.5E-02 kg CO2 eq for the CR system 

per passenger-km. They also concluded that the operation of train vehicles has a higher 

impact on the environmental performance of HSR and CR system than the infrastructure 

process [42]. Moreover, Tsai (2017) implemented carbon footprinting to high-speed 

railways in Taiwan and carbon footprint of Taiwan high-speed rail corporation is found 

as 3.8E-02 kg CO2 eq per person-km [100]. The value of HTP was 8.0E-03 kg 1,4-DB eq 

for the tramway system as indicated in Table 4.1. Like GWP, the main contributor phase 

for HTP was operation and maintenance with 50% share of the total impact and then 

waste disposal follows with a 17.5% contribution (1.4E-03 kg 1,4-DB eq). This impact 

results from materials and fuels used in the operation phase; for instance, diesel oil used 

in the operational phase of vehicles.   

 

4.1.2 Life Cycle Costing (LCC)  

 

The cost assessment for the tramway system was done using the LCC method as 

shown in Table 4.2. The total life cycle cost of the tramway system was calculated as 

3.13E+08 USD and 0.046 USD per passenger-km. The main contributor for total life 

cycle cost was energy cost with 92% (2.88E+08 USD) of the total due to high 

consumption of electricity for the operation of the tramway system. The main reason for 

this is the high price of electricity in Turkey and high electricity consumption in the 

operational phase. Although electricity prices in Turkey (USD 0.09 per kWh) is lower 

than the USA price (USD 0.15 per kWh), it is expensive than in China (USD 0.08 per 

kWh) and Russia (EUR 0.06 per kWh) in 2020 [101]. As a developing country, the 

electricity market in Turkey is dominated by fossil fuel technologies. Although the 

renewable energy technologies for electricity production has increased in total installed 

capacity in the last decades, nearly 60% of the overall electricity was supplied from fossil-

based plants, 22% from hydropower plants and the share of other renewables (i.e. solar, 

wind) was almost 11% in 2019 [102]. In the Turkish power system, natural gas has a 
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significant share. Its supply disruptions from the import countries (i.e., Russia and Iran) 

resulted in some crucial problems in past winter seasons when high energy demand. Thus, 

foreign-source dependency, whether and system contingencies are the main major factors 

affecting the electricity prices in Turkey [103]. Besides, the material cost had the second-

highest share with 8% (2.51E+07 USD) of the total life cycle cost as indicated in Table 

4.2. The total life cycle cost of the tramway system per passenger-km was calculated as 

0.046 USD.  

 

Table 4.2 The cost values of tramway rail system (LCC Method) 

Cost categories 

Total Cost 

(USD) 

Unit Cost 

(USD/passenger-km) 

Internal   
Material Cost 2.51E+07 3.69E-03 
Transportation Cost 4.36E+03 6.42E-07 
Energy Cost 2.88E+08 4.23E-02 
Disposal Cost 6.24E+01 9.18E-09 
External   
Environmental Cost  1.02E+04 1.5E-06 
Total Cost 3.13E+08 4.60E-02 

 

This is the first time LCC of a tramway system was performed; hence it is 

impossible to compare these findings with previous findings. However, a study published 

by Banar and Ozdemir (2015) provides findings for HSR and CR systems in Turkey by 

using LCA and LCC methods. They compared the HSR and CR systems by considering 

the cradle-to-grave approach. Their results show that the total life cycle cost of the HSR 

per passenger-km is 0.042 €, and 72% of the total life cycle cost results from railway 

infrastructure components. Besides, the total life cycle cost of the CR per passenger-km 

is 0.037 €, and 80% of the total life cycle cost resulted from rail operation [42]. A number 

of studies have considered the LCC of several transport modes such as high-speed and 

conventional railway systems; however, LCC studies for tramway systems are scarce in 

the literature. Thus, this study aims to contribute the literature with the findings and paves 

the way for further studies. 
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4.1.3 Social Life Cycle Assessment (S-LCA)  

 

The objective of the implementation of the S-LCA was to assess the social 

performance of the tramway system on selected four social stakeholders. The results of 

the S-LCA subcategories underscoring method are presented in Table 4.3. The inventory 

results confirmed that there was no case of child labor and forced labor and all workers 

enjoy social benefits. Besides, all workers receive regular payment of the salary, which is 

not less than minimum wages. In addition, working hours were within legal limits 

working hours for all workers. Thus, subcategories of fair salary, working hours, and child 

labor scored the highest point for stakeholders of workers (Table 4.3). However, the 

subcategory of health and safety for workers had a lower score than others due to the 

presence of night work for technicians. As indicated in Table 4.3, it adversely affects the 

social performance of the industry even though the workers use personal protective 

equipment and the presence of formal policy concerning health and safety.  

 

Table 4.3 The score results of subcategories for each stakeholder 

Stakeholder  Subcategory Score 

Worker 

Health and Safety 3 

Fair Salary 4 

Working Hours 4 

Child Labor 4 

Consumer 
Health and Safety 3 

Feedback Mechanism 1 

Transparency 3 

Local Community 
Local Employment 3 
Access to Immaterial Resources 4 

Society Technology and Development 4 
Public Commitment to Sustainability Issues 4 

 

The results of the questionnaire administered to various passenger groups who 

utilize the tramway system show that the feedback mechanism of the industry received 

the lowest score for stakeholders of consumers (Table 4.3). The main reason for this is to 

obtain a number of responses for weak management measures to improve the feedback 

mechanism of the industry. Although the industry has a mechanism for consumers to 

provide feedback, their responses reveal that management measures are not satisfied to 

present their complaints and suggestions to the industry. On the other hand, subcategories 
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of health and safety and transparency had a better score than the feedback mechanism. 

The results of questionnaires for the health and safety of consumers confirmed that 

passengers thought that traveling with the tramway system was safe and satisfied with the 

hygiene of the stations and vehicles. Additionally, the transparency subcategory scored 3 

out of 4 due to not enough informed about new projects and developments for passengers.  

The overall results for consumers revealed that the social performance of the 

tramway system on consumers had the lowest score among all stakeholders. The 

‘’society’’ stakeholder had the highest scores among five stakeholders under evaluation 

of technology and development and public commitment to sustainability issues (Table 

4.3). For society, the industry had a research and development department and they share 

their knowledge and experiences with society. The promises or agreements on 

sustainability issues are published by the industry and they are publicly available. 

Shrivastava and Unnikrishnan (2021) studied on S-LCA crude oil process chain in India 

and reported that the companies need significant improvements to improve their social 

performance in terms of safety, health, awareness and pay [33]. Lenzo et al. (2017) 

performed an S-LCA study on the textile industry in Italy by using the SAM approach. 

They were considered only two stakeholders (workers and local community) and their 

results showed that only one subcategory (freedom of association and collective 

bargaining) was marked as ‘’Level C’’ which corresponds to the 2 [104]. Prasara and 

Gheewala (2018) did an S-LCA study on the Thai sugar sector revealed that fair wages, 

health and safety, water and land rights are needed improvements to enhance social 

performance [105].       

The urban transport industry has an important place in society from environmental, 

economic and social aspects as mentioned in the introduction section. It is reported that 

64% of the total global travel kilometers are done in urban areas in the world [106]. 

Although the urban transportation industry has a large share in the global transportation 

sector, there is a lack of information about its social dimension of sustainability in 

literature. Thus, this study presents for the first time an S-LCA point of view of the 

tramway systems for literature.   
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4.2 Multi-Criteria Decision-Making (MCDM) 

 

4.2.1 Hesitant Fuzzy Analytical Hierarchy Process (HF-AHP) 

In this part of the study, eight sustainable transport indicators (CO2 emission, energy 

consumption, depletion of non-renewable resources, operational costs, maintenance 

costs, fuel and taxes, number of fatalities/injuries, and motor vehicles for public transport 

per 10,000 population) were selected by considering the availability of data from the 

transport sector, and the weights of selected indicators are calculated with the utilization 

of HF-AHP. The judgments of decision-makers, including four academicians and four 

professionals from the transport sector, are represented by linguistic variables and their 

importance is shown in Table 4.4. 

 

Table 4.4 Hesitant linguistic terms and corresponding triangular fuzzy number 

Hesitant Linguistic Variable Triangular Fuzzy 

Numbers 

Inverse Triangular       

Fuzzy Numbers 

Equally Important (EI) (1/2, 1, 3/2) (2/3, 1, 2) 

Less Important (LI) (1, 3/2, 2) (1/2, 2/3, 1) 

More Important (MI) (3/2, 2, 5/2) (2/5, 1/2, 2/3) 

Very Important (VI) (2, 5/2, 3) (1/3, 2/5, 1/2) 

Absolute Important (AI) (5/2, 3, 7/2) (2/7, 1/3, 2/5) 

  

Five different linguistic variables are used in this study. The steps of HF-AHP for 

weight calculation are as follows: 

 

Step 1: Defining the linguistic term cluster S = {S0, S1,…., Sn}, as shown in Table 4.4, 

has been used.   

Step 2: Pairwise comparison matrices for criteria and evaluations of experts by using 

linguistic terms are collected 

Step 3: Constructing env [dij] data envelop for each i-j pairs of criteria contains linguistic 

terms, as shown in Table 4.5.  

Step 4: Identification of linguistic terms and corresponding triangular fuzzy numbers. 

Step 5: Converting env[dij] data envelops to the env[~dij] data envelops contains triangular 

fuzzy numbers. 
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Step 6: Calculation of arithmetic mean of fuzzy triangular numbers within in env[~dij] 

data envelops, as shown in Table 4.6.  

Step 7: Determining the weight of the ith criterion for the kth level by a geometric mean 

operation.  

Step 8: Calculation of fuzzy weights of each ith criterion by using Equation (4.1). 

w7Y =	 r7[ ⊗ (r7[ ⊕ r-[ ⊕…⊕ r8[ )",  = (\]4 , K]4 , O]4)                                            (4.1) 

\]4		= lower weight of ith criteria 

K]4 = medium weight of ith criteria 

O]4 	= upper weight of ith criteria 

Step 9: Compute final weights ~wi by using Equation (4.2), as shown in Table 4.7.  

 ̂ 4 = 
:;#	#	<;#	#	=;#

5                                                                               (4.2) 

Step 10: Normalization of Mi fuzzy weights for each ith criteria by using Equation (4.3), 

as shown in Table 4.7. 

_4 =
>#

? >#
$
#%!

                                                             (4.3) 

The decision-makers state their opinions for selecting a more sustainable urban 

transport scenario with the help of a questionnaire. With this purpose, evaluations of 

decision-makers have been used to establish the hesitant fuzzy linguistic comparison 

matrix for each i-j pair of criteria, as shown in Table 4.5. Then, the hesitant fuzzy 

linguistic comparison matrix is converted to the matrix with fuzzy triangular numbers for 

each i-j pair of criteria, and the arithmetic average is calculated for each pairwise 

comparison, as shown in Table 4.6.
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Table 4.5 The envelope of linguistic terms for each i-j pair of criteria 

 
 

Table 4.6 Arithmetic averaged fuzzy pair wise comparisons of each i-j criteria 
 C1 C2 C3 C4 C5 C6 C7 C8 
C1 [(0.50,1.00,1.50)] [(2.00,2.50,3.00)] [(1.75,2.25,2.75)] [(1.67,2.17,2.67)] [(1.33,1.83,2.33)] [(1.50,2.00,2.50)] [(0.33,0.40,0.51)] [(1.75,2.25,2.75)] 
C2 [(2.10,2.60,3.10)] [(0.50,1.00,1.50)] [(1.83,2.33,2.83)] [(1.83,2.33,2.83)] [(1.64,2.14,2.64)] [(1.63,2.13,2.63)] [(0.35,0.42,0.55)] [(1.93,2.43,2.93)] 
C3 [(1.88,2.38,2.88)] [(1.88,2.38,2.88)] [(0.50,1.00,1.50)] [(1.40,1.90,2.40)] [(1.20,1.70,2.20)] [(1.63,2.13,2.63)] [(0.37,0.47,0.64)] [(1.67,2.17,2.67)] 
C4 [(2.10,2.60,3.10)] [(1.90,2.40,2.90)] [(2.00,2.50,3.00)] [(0.50,1.00,1.50)] [(1.80,2.30,3.80)] [(1.80,2.30,2.80)] [(1.00,1.50,2.00)] [(1.83,2.33,2.83)] 
C5 [(1.70,2.20,3.70)] [(1.50,2.00,2.50)] [(1.67,2.17,2.67)] [(1.83,2.33,2.83)] [(0.50,1.00,1.50)] [(1.60,2.10,2.60)] [(0.35,0.43,0.56)] [(1.90,2.40,2.90)] 
C6 [(1.88,2.38,2.88)] [(1.75,2.25,2.75)] [(1.88,2.38,2.88)] [(1.25,1.75,2.25)] [(2.33,2.83,3.23)] [(0.50,1.00,1.50)] [(2.00,2.50,3.00)] [(1.50,2.00,2.50)] 
C7 [(2.14,2.64,3.14)] [(2.00,2.50,3.00)] [(1.88,2.38,2.88)] [(2.25,2.75,3.25)] [(2.00,2.50,3.00)] [(1.93,2.43,2.93)] [(0.50,1.00,1.50)] [(2.25,2.75,3.25)] 
C8 [(1.25,1.75,2.25)] [(1.00,1.50,2.00)] [(1.50,2.00,2.50)] [(1.50,2.00,2.50)] [(1.50,2.00,2.50)] [(2.00,2.50,3.00)] [(2.00,2.50,3.00)] [(0.50,1.00,1.50)] 

 

 C1 C2 C3 C4 C5 C6 C7 C8 
C1 [EI] [AI,MI,VI,AI,AI] [AI,MI,MI,MI,VI,AI] [MI,VI,MI] [MI,MI,LI,AI,AI] [MI,MI,MI,VI,VI] - [VI,MI,VI,LI,AI,MI] 
C2 [LI,AI,VI] [EI] [LI,VI,AI] [VI,MI,VI] [VI,MI,LI,MI,VI,MI,VI] [VI,MI,LI,VI] - [VI,MI,MI,VI,VI,AI,VI] 
C3 [VI,MI] [VI,MI,VI,VI] [EI] [LI,MI,LI,LI] [LI,MI,LI,LI,MI] [VI,MI,MI,MI] - [VI,MI,MI,VI,LI,VI] 
C4 [VI,MI,VI] [MI,MI,AI,VI,VI] [VI,AI,VI,VI] [EI] [VI,MI,VI,LI,AI] [VI,MI,MI,AI,MI] [LI,LI] [VI,MI,MI,VI,VI,VI] 
C5 [MI,LI] [MI] [MI,MI,VI] [MI,VI,VI] [EI] [LI,MI,VI,MI,VI] - [VI,MI,MI,AI,VI] 
C6 [LI,VI] [LI,VI,VI,VI] [LI,VI,AI,VI] [MI,LI] [VI,AI,AI] [EI] [VI] [LI,MI,LI,AI] 
C7 [VI,AI,VI,LI,AI,AI,AI] [VI,AI,VI,MI,LI,MI,MI] [VI,AI,LI,LI,LI,AI,AI,AI] [VI,AI,MI,AI,AI,AI] [AI,AI,MI,MI,LI,AI,AI] [AI,LI,MI,LI,AI,AI,AI] [EI] [AI,MI,VI,AI,AI,AI] 
C8 [LI,MI] [LI] [VI,LI] [MI] [MI] [VI] [AI,MI] [EI] 
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As the next step, geometric means of fuzzy comparisons are calculated for lower, 

medium, and upper values of each criterion. Then, the fuzzy weights of each criterion are 

calculated by using Equation (4.1). The final weights of each criterion are calculated by 

using Equation (4.2), and de-fuzzified weights (Mi) are shown in Table 4.7. The final step 

of the HF-AHP method is the normalization of weights. The normalized (Ni) relative 

weights of each criterion are calculated with Equation (4.3), and values are shown in 

Table 4.7. The results show that several fatalities and injuries (C7) have the highest weight 

of 0.158, and motor vehicles for public transport per 10,000 population (C8) have the 

lowest weight of 0.107.   

 

Table 4.7 De-fuzzified (Mi) and normalized (Ni) relative weights of criteria 

Criteria Mİ Nİ 
C1 0.425 0.133 

C2 0.388 0.121 

C3 0.377 0.118 

C4 0.410 0.128 

C5 0.385 0.120 

C6 0.370 0.115 

C7 0.505 0.158 

C8 0.344 0.107 

 

4.2.2 Multi-Attribute Utility Theory (MAUT) 

 
In this part of the study, considering the transport modes used in Kayseri, twelve 

alternative urban transport scenarios are compared in terms of selected eight indicators to 

decide the most sustainable transport scenario. These twelve urban transport scenarios are 

selected from applied transport scenarios of a city with a 1,350,000 population, and the 

characteristics of alternatives are given in Table 4.8. 
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Table 4.8 Characteristics of sustainable transport alternatives 

 
 Number of Vehicles 

  Tramway Bus Bicycle 

High-Motorized 

A1 High (>40) High (>700) Low (<600) 

A2 High (>40) Medium (600-700) Low (<600) 
A3 High (>40) High (>700) High (>600) 

A4 High (>40) Medium (600-700) High (>600) 
 
 
Medium-Motorized  

A5 Low (<40) Medium (600-700) Low (<600) 

A6 Low (<40) High (>700) High (>600) 
A7 High (>40) Low (<600) Low (<600) 

A8 Low (<40) High (>700) Low (<600) 

 
 
Low-Motorized 

A9 Low (<40) Medium (600-700) High (>600) 

A10 High (>40) Low (<600) High (>600) 

A11  Low (<40) Low (<600) Low (<600) 

A12 Low (<40) Low (<600) High (>600) 

 

The steps of the MAUT methods for evaluation of alternatives are as follow; 

Step 1: Create the decision matrix and determine criteria and alternatives, as shown in 

Table 4.9.  

Step 2: Calculate weight for each criterion. The sum of each weight wi values must be 

equal to   

!"!
"

!#$
= 1 

Step 3: Create the normalized decision matrix, as shown in Table 4.10. 

Step 4: Calculation of utility values 

For criteria to be maximized: ui(xi) = %&	%!
"

%!#&%!"
                                        (4.4) 

For criteria to be minimized: ui(xi) = ($
#&(	

($#&($"
                                         (4.5) 

where  

%!&= the worst value of the alternatives 

%!)= the best value of the alternatives 

Step 5: Calculation of total utility, as shown in Table 4.11. 

&! =! "*&!*
"

*#$
 for all i                                                                     (4.6) 

Step 6: Ranking the alternatives for total utility values. Higher utility value corresponds 

better alternatives. 
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Collected data for each alternative under three criteria categories are given in Table 

4.9 as a decision matrix. 

 

Table 4.9 Decision matrix of alternatives 

 Environmental Economic Social 

 C1 C2 C3 C4 C5 C6 C7 C8 

 tCO2e MWh litres % % % number number 
A1 23,424 46,218 3,807,348 94 4 2 10 6.02 

A2 22,821 24,895 3,601,906 95 3 2 9 5.53 

A3 24,028 26,019 3,618,101 97 1 2 8 6.02 

A4 23,424 49,877 3,807,348 96 2 2 9 6.02 

A5 23,233 34,833 3,431,012 94 3 3 7 4.92 

A6 23,233 38,624 3,807,668 94 4 2 10 5.96 

A7 23,423 46,194 3,068,904 96 2 2 7 4.86 

A8 23,233 34,846 3,807,668 96 2 2 10 5.81 

A9 23,233 39,189 3,431,012 97 3 1 9 5.83 

A10 23,423 49,852 3,068,904 95 3 2 7 5.75 

A11 23,232 18,537 3,327,196 97 2 1 6 4.83 

A12 23,232 38,600 3,327,196 95 2 3 4 4.83 

 

The normalized utility values are calculated by using Equations (4.4) and (4.5), 

assigning 1 for the best value and 0 for the worst value for each criterion, as shown in 

Table 4.10.  

 

Table 4.10 Normalized decision matrix 

 Environmental Economic Social 

 C1 C2 C3 C4 C5 C6 C7 C8 
A1 0.50 0.12 0.00 1.00 0.00 0.50 0.00 0.00 

A2 1.00 0.80 0.28 0.67 0.33 0.50 0.17 0.41 

A3 0.00 0.76 0.26 0.00 1.00 0.50 0.33 0.00 

A4 0.50 0.00 0.00 0.33 0.67 0.50 0.17 0.00 

A5 0.66 0.48 0.51 1.00 0.33 0.00 0.50 0.92 

A6 0.66 0.36 0.00 1.00 0.00 0.50 0.00 0.05 

A7 0.50 0.12 1.00 0.33 0.67 0.50 0.50 0.97 

A8 0.66 0.48 0.00 0.33 0.67 0.50 0.00 0.18 

A9 0.66 0.34 0.51 0.00 0.33 1.00 0.17 0.16 

A10 0.50 0.00 1.00 0.67 0.33 0.50 0.83 0.23 

A11 0.66 1.00 0.65 0.00 0.67 1.00 0.67 1.00 

A12 0.66 0.36 0.65 0.67 0.67 0.00 1.00 1.00 
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Finally, a utility matrix is obtained with the utilization of Equation 4.6, and the sum 

of each criteria value gives the total utility value of each alternative, as shown in Table 

4.11. 

Table 4.11 Utility matrix and final results 

 Environmental Economic Social   
C1 C2 C3 C4 C5 C6 C7 C8 SUM 

A1 0.07 0.01 0.00 0.13 0.00 0.06 0.00 0.00 0.27 
A2 0.13 0.10 0.03 0.09 0.04 0.06 0.03 0.04 0.52 
A3 0.00 0.09 0.03 0.00 0.12 0.06 0.05 0.00 0.35 
A4 0.07 0.00 0.00 0.04 0.08 0.06 0.03 0.00 0.27 
A5 0.09 0.06 0.06 0.13 0.04 0.00 0.08 0.10 0.55 
A6 0.09 0.04 0.00 0.13 0.00 0.06 0.00 0.01 0.32 
A7 0.07 0.01 0.12 0.04 0.08 0.06 0.08 0.10 0.56 
A8 0.09 0.06 0.00 0.04 0.08 0.06 0.00 0.02 0.34 
A9 0.09 0.04 0.06 0.00 0.04 0.12 0.03 0.02 0.39 
A10 0.07 0.00 0.12 0.09 0.04 0.06 0.13 0.02 0.52 
A11 0.09 0.12 0.08 0.00 0.08 0.12 0.11 0.11 0.69 

 A12   0.09    0.04      0.08   0.09   0.08   0.00   0.16  0.11 0.64 
 

&$ =! "*&!*
+

*#$
= 0.27  for alternative 1. 

The MAUT analyses were conducted by using similar calculations for the other 

alternatives, and the results are summarized in Table 4.11. The ranking of alternatives in 

descending order is 11,12,7,5,10,2,9,3,8,6,4 and 1 depending on total utility values. 

Additionally, Figure 4.2 indicates the results of total utility values for each alternative by 

a radar chart to illustrate the performance of the transport alternatives from 

environmental, economic and social aspects.   
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Figure 4.2 The comparison of the urban transport alternatives from 

environmental, economic and social aspects 

 
 

From an environmental perspective, alternative A11 has the best environmental 

performance with 0.29 of environmental total utility value as shown in Figure 4.2 due to 

the lowest energy consumption and lower depletion of non-renewable resources at 18,537 

MWh and 3,327,196 liters, respectively (Table 4.9). Besides, alternative A1 has the worst 

performance due to the highest consumption of depletion of non-renewable resources at 

3,807,348 liters when compared with others (Table 4.9). As a result, high-motorized 

transport alternatives show low performance from an environmental aspect. Thus, a 

significant number of motor vehicles affect the environmental impacts of an urban 

transport system negatively. 

From an economic perspective, alternative A11 presents the best performance (0.2 

of economic total utility value) because of the lowest percentage of fuel costs and lower 

operational costs at 1% and 2%, respectively (Table 4.9). It also has a low number of 

tramway vehicles (<600), which is an environmentally friendly transport mode when 

compared with the bus but causes higher maintenance costs due to the requirement of 

periodic maintenance and repair. Besides, A9 has the worst performance from an 

economic view due to the highest percentage of operational cost when compared with 

other alternatives.     

From a social perspective, alternative 12 shows the highest performance for the 

lowest number of motor vehicles for public transport per 10,000 population (C8) and the 

lowest number of fatalities/injuries (C7) with 4.83 and 4, respectively (Table 4.9). Safety 
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is one of the main criteria to evaluate transport systems from social aspects. Thus, the 

lower number of fatalities and injuries indicates that the system is safer and vice versa. 

On the other hand, alternative A1, A6 and A8 consist of the highest number of 

fatalities/injuries with 10, so it is the worst case among the other alternatives from a social 

perspective. The results show that low motorized urban transport alternatives are more 

sustainable than motorized and high-motorized alternatives from social aspects. 

According to overall results, alternative 11 is the first best and alternative 12 is the 

second-best alternative with a holistic perspective of sustainability by considering 

environmental, economic, and social aspects. Both A11 and A12 are low-motorized urban 

transport alternatives with low number of bus and tramway vehicles, which is the primary 

transport mode for the source of electricity consumption in an urban transport system. 

The results indicate that low-motorized urban transport alternatives are more sustainable 

than motorized and high-motorized alternatives. Intermodal, multimodal transport and 

mode shift approaches enhance sustainability [107]. Moreover, decision-makers should 

evaluate the urban transport systems with a holistic view to achieving more sustainable 

transport systems. This view should cover the people, planet, and profit together. If all 

aspects were adequately optimized, more sustainable transport systems would be 

achieved.  

Finally, weights of criteria are calculated with the HF-AHP method which is a more 

sophisticated method developed from conventional AHP [108]. Fuzzy AHP is an 

extension of Saaty’s theory which has provided a more sufficient description for most of 

the decision-making problems when compared with conventional AHP [109]. Then, 

obtained weights from F-AHP and conventional AHP are used in MAUT for selecting the 

most sustainable transport alternative among the twelve urban transport alternatives and 

compared the results of the HF-AHP and MAUT methods as shown in Table 4.12. 
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Table 4.12 The comparison of final results of MAUT with HF-AHP, F-AHP and 

AHP 
 

HF-AHP and MAUT F-AHP and MAUT AHP and MAUT 

 
Total Utility 

Value Rank 
Total Utility 

Value Rank 
Total Utility 

Value Rank 
A1 0.27 12 0,26 11 0,23 11 

A2 0.52 6 0,46 6 0,45 6 

A3 0.35 8 0,36 7 0,35 7 

A4 0.27 11 0,26 12 0,24 12 

A5 0.55 4 0,54 4 0,53 5 

A6 0.32 10 0,30 9 0,28 9 

A7 0.56 3 0,53 5 0,56 4 

A8 0.34 9 0,29 10 0,27 10 

A9 0.39 7 0,35 8 0,33 8 

A10 0.52 5 0,58 3 0,58 3 

A11 0.69 1 0,66 2 0,68 2 

A12 0.64 2 0,67 1 0,70 1 

 

The ranks of alternatives are similar with three integrated method but some 

differences are seen due to distinctions in the calculation of weights. According to 

obtained results, A11 is the best alternative in HF-AHP but A12 is the best alternative in 

integrated F-AHP and conventional AHP integrated with MAUT method.  

The Consistency Ratio (CR) is calculated CR=CI/RI (n) to assess the consistency 

of pairwise comparisons where Consistency Index (CI) given by CI = ((,",% − .)/(. −
1), RI (n) corresponds random consistency index for matrices of order n and ,",% 

corresponds the principal eigenvalue of the judgment matrix. CR threshold value is 

chosen as 0.10 in this study. If the value of CR is less than 0.10, the pairwise comparison 

matrix has acceptable consistency, and the weights are valid for applications [110, 111]. 

In this study, the pair comparisons are consistent with the overall mean CR for eight 

criteria of <0.007. 

 

4.2.3 Sensitivity Analysis 

To determine the robustness of the results, this section presents sensitivity analyses 

on the weights of the criteria to reveal the influence of weights on ranking by obtaining 

several scenarios. Sensitivity analysis was performed to exchange each criterion weight 

with another so that 28 experiments were performed. The results of the experiments are 

given in Table 4.13. It is summarized that how many times each alternative takes place, 
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which rank in all experiments and the average of ranks obtained from 28 experiments for 

the applied method in Table 4.13. 

Table 4.13 Results of sensitivity analysis for applied method (HF-AHP with 

MAUT) 

 Alternatives 

 1 2 3 4 5 6 7 8 9 10 11 12 

Applied Method Rank 12 6 8 11 4 10 3 9 7 5 1 2 

Sensitivity Analysis             

# of 1st rank 0 0 0 0 0 0 0 0 0 0 28 0 

# of 2nd rank 0 0 0 0 0 0 0 0 0 0 0 28 
# of 3rd rank 0 0 0 0 4 0 24 0 0 0 0 0 

# of 4th rank 0 0 0 0 24 0 4 0 0 0 0 0 

# of 5th rank 0 9 0 0 0 0 0 0 0 19 0 0 

# of 6th rank 0 19 0 0 0 0 0 0 0 9 0 0 

# of 7th rank 0 0 0 0 0 0 0 0 28 0 0 0 

# of 8th rank 0 0 24 0 0 0 0 4 0 0 0 0 

# of 9th rank 0 0 3 0 0 1 0 24 0 0 0 0 

# of 10th rank 0 0 1 0 0 27 0 0 0 0 0 0 

# of 11th rank 4 0 0 24 0 0 0 0 0 0 0 0 

# of 12th rank 24 0 0 4 0 0 0 0 0 0 0 0 

Avg. rank 11.86 5.68 8.18 11.14 3.86 9.96 3.14 8.86 7.00 5.32 1.00 2.00 

 

Alternative 11, which is suggested as the most sustainable urban transport scenario 

in the applied method has a 28 score in 28 experiments. Besides, 1,2 and 7 ranks have 

exact results of average ranks in sensitivity analysis and the other ranks have similar 

results in the proposed method. Based on sensitivity results, it is revealed that applied 

methodology is robust and sensitive to the criteria weights. This study develops a novel 

and robust methodology for the decision of sustainable urban transport projects and 

renovation of current urban transport systems. The methodology provides a holistic 

approach in urban transport planning for decision-makers by considering environmental, 

economic and social aspects. Additionally, the results are discussed with urban 

transportation industry and it has conformed to the idea by considering sensitivity 

analysis.  
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Chapter 5 

Conclusions and Future Prospects  
 
 

5.1 Conclusions 

The integration of three aspects of sustainability for the urban transportation sector 

is crucial to enhance the sustainability performance of the transportation industry. In the 

present study, the stages with the highest environmental impact, life cycle cost and social 

impact are identified by performing the LCSA. Within the scope of the LCSA 

implementation, the environmental, economic and social performance of the tramway 

system has been assessed with a holistic approach by using LCA, LCC and S-LCA.  

The results showed that the majority of emissions are originated from the operation 

and maintenance phases of the tramway system, which corresponds the highest impact 

with a 50% contribution of the total. These results mainly due to electricity consumption, 

which is mostly dependent on fossil-based sources. In the comparison of several cost 

categories of the entire tramway system, it was found that energy costs are the main 

contributor (92%) which should be reduced to lower the overall life cycle cost. The social 

impact assessment showed that urban transportation industries had established a strong 

relationship with consumers, workers, local community and society. However, social 

performance on the consumer has the lowest score among the four stakeholders. Thus, an 

improvement in feedback mechanisms, health and safety and transparency are needed for 

the better social performance of the tramway system.   

A number of studies have considered LCA and LCC of several transport modes 

such as metro, high-speed and conventional light rail systems, however integrating LCA, 

LCC and S-LCA studies are scarce. Even there is no study for evaluation of tramway 

systems by LCSA approach in the literature, this study aims to fill this gap and paves the 

way for further studies.  
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However, there are some limitations in the study include non-availability of data 

for environmental LCA and LCC, taking long time to collect the inventory data and a few 

social subcategories and stakeholders. Even though primary data mainly was used for 

LCA and LCC, secondary data was also used from the Ecoinvent database, sectoral 

reports and journal papers from literature where the primary data was not present. Another 

limitation was that the scope of the S-LCA was limited to the urban transportation 

company and there were not yet sufficient databases for an S-LCA to include all supply 

chains. Therefore, some stakeholders such as value chain actors and its subcategories 

were excluded in this study.  

The proposed methodology based on HF-AHP and MAUT has been implemented 

for urban transport alternatives in Kayseri, Turkey to decide the most sustainable 

alternative among them for the first time. While the weights of sustainable indicators have 

been calculated with HF-AHP, the final ranking of alternatives has been obtained with 

the MAUT method. Twelve urban transportation alternatives have been evaluated in 

terms of eight sustainable transportation indicators grouped into three categories: 

environmental, economic, and social for comprehensive decision analysis. As a result of 

the analysis, ‘’Environmental’’ and ‘’Social’’ criteria have been obtained most and least 

significant indicators with weights of 0.372 and 0.265. Besides, the number of 

fatalities/injuries (C7) and motor vehicles for public transport per 10,000 Population (C8) 

are the most and least significant sub-criteria with weights of 0.158 and 0.107, 

respectively. Besides, alternative 11, which is under the low-motorized urban 

transportation category, has the best alternative for sustainability performance from a 

holistic perspective by considering environmental, economic and social aspects. Even, 

A11 is the most sustainable alternative from environmental and economic perspective; 

A12 is most sustainable one from social perspective among the twelve urban 

transportation alternatives. The results reveal that low-motorized urban transportation 

alternatives show higher sustainable performance than motorized and high-motorized 

alternatives.  

Although AHP and MAUT are used in some areas due to their easy applicability, 

there is no study in the literature about integrated HF-AHP and MAUT for sustainable 

transportation. This study contributes to filling this research gap by providing a new 

integrated methodology (HF-AHP and MAUT) in sustainable transportation by 

considering triple bottom approach. The main advantage of using hesitant fuzzy sets is to 

get more reasonable decision results due to the hesitancy of the preferences of decision- 
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makers. Besides, MAUT offers the advantage of taking uncertainty into account by 

assigning a utility to every possible consequence. Decision-makers, planners, 

professionals in the urban transportation industry can be encouraged to use this 

methodological framework of sustainable urban transportation to make decisions on the 

design and planning stage of urban transportation projects. In addition, the proposed 

method can be applied to different real-world problems in various areas such as industry, 

health and transportation sectors. In future studies, the proposed method can be applied 

with interval values by taking into account the interval-valued hesitant preference 

relations and the results can be compared.  

 

 

5.2 Societal Impact and Contribution to Global 

Sustainability  

In the last decades, people prefer to live in cities due to economic, technological, 

political and sociological reasons. Thus, urban transportation has gained significant 

importance to meet their transportation needs. However, urban transportation causes 

significant environmental problems such as air pollution, climate change, noise pollution, 

congestion and so on, economic problems like funding and investment problems, and 

social problems such as accidents, health and safety problems and so on. To make urban 

transportations in the cities more sustainable, a sustainability assessment should be 

performed. However, urban transportation has not been still addressed with all 

dimensions of sustainability yet.  

In the first part of this thesis, a life cycle sustainability assessment of the tramway 

system was presented by the integration of environmental, economic and social aspects 

for the case of Kayseri, Turkey for the first time. The sustainability performance of the 

tramway system was evaluated from the cradle to grave approach for assessing three 

aspects of sustainability. We believe that this thesis will make a contribution in terms of 

societal impacts and global sustainability since we have applied the sustainability 

assessment on urban transportation in Kayseri by considering the environmental, 

economic and social aspects with a holistic approach.  
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In the second part of this thesis, a methodological framework of sustainable urban 

transport was proposed to make decisions on the design and planning stage of urban 

transport. This thesis is the first attempt to evaluate the sustainability of urban transport 

for Kayseri, Turkey considering the triple bottom line approach with the integration of 

two MCDM methods for selecting the best sustainable urban transport alternative. Thus, 

we believe that this thesis will make a contribution in terms of social impacts and global 

sustainability since we have developed a new methodological framework on sustainable 

urban transport to help planners and decision makers to assess the effect of their decisions 

and policies on urban transportation. 

 

5.3 Future Prospects 

As a suggestion for future research, more environmental indicators such as land 

usage and noise can be evaluated for more comprehensive sustainability assessment. 

Also, in further studies from the multi-objective perspective, the tradeoff between total 

transportation cost and environmental satisfaction objectives can be also investigated.    

Alternative urban transport scenarios comparing the urban transport modes can be 

assessed with a multi-criteria decision-making approach.  

Besides all, in literature, S-LCA is a method which is limited when compared with 

LCA and LCC and there is no standardized approach. For this reason, while this study 

makes significant contributions to the virgin field of S-LCA and LCSA, it paves the need 

for further studies in terms of the development of alternative methods, databases and 

analysis. 
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