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Abstract 

 
Sustainability assessment in transportation planning and selection of the best transportation mode 
among alternatives is a challenging process. The large number of variables, vague or qualitative 
indicators in the sustainability assessment and the subjective judgment of decision makers introduce 
uncertainty. Fuzzy logic methods combine vague and uncertain criteria with well-defined and/or 
quantitative criteria to obtain the best alternative. The proposed method incorporates vehicle 
technology, fuel properties and uncertainty into sustainability assessment for transportation planning 
or for the development of policy on energy, environment and transportation. The method uses a 
sustainability framework for transportation vehicles and fuzzy logic. The application of fuzzy logic in 
sustainability assessment was evaluated by comparing it with the weighted sum method, using both 
the sustainability performance of transportation vehicles, and the consistency of the final results. 
Overall sustainability rankings of vehicles are found to be consistent by using either method. The 
fuzzy set method produced more reasonable overall sustainability scores for a sample network 
sustainability assessment for various vehicle mixes. 
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Περίληψη 
 

Η αξιολόγηση της βιωσιμότητας των μεταφορικών συστημάτων στο στάδιο σχεδιασμού και η επιλογή 
του “βέλτιστου” μέσου μετακίνησης μεταξύ εναλλακτικών, είναι καθαυτό μια πολύπλοκη διαδικασία. 
Συνήθως, ο μεγάλος αριθμός των μεταβλητών, η χρήση ασαφών ή/και ποιοτικών δεικτών για την 
αξιολόγηση της βιωσιμότητας και η υποκειμενική κρίση των φορέων λήψης αποφάσεων προκαλούν 
αβεβαιότητα στην διαδικασία επιλογής μέσου μετακίνησης. Η μέθοδος της ασαφούς λογικής δύναται 
να συνδυάσει ασαφή και αβέβαια κριτήρια με ποσοτικά και καλώς καθορισμένα κριτήρια για να 
ληφθεί η καλύτερη εναλλακτική λύση. Η προτεινόμενη μέθοδος σε αυτήν την εργασία ενσωματώνει 
την τεχνολογία των οχημάτων, τις ιδιότητες του καυσίμου και την αβεβαιότητα στην διαδικασία 
αξιολόγησης της βιωσιμότητας στο σχεδιασμό, των μεταφορικών συστημάτων ή/και στην ανάπτυξη 
πολιτικών για την ενέργεια, το περιβάλλον και τις μεταφορές. Για την επίτευξη των παραπάνω 
στόχων, η προτεινόμενη μεθοδολογία χρησιμοποιεί ένα πλαίσιο αξιολόγησης βιωσιμότητας για 
οχήματα και την ασαφή λογική. Η μέθοδος της ασαφούς λογικής αξιολογήθηκε συγκρίνοντάς την με 
το μοντέλο του σταθμισμένου αθροίσματος, χρησιμοποιώντας τόσο την επίδοση της βιωσιμότητας 
των οχημάτων μεταφοράς, καθώς και τα τελικά αποτελέσματα τριών σεναρίων. Τα τελικά 
αποτελέσματα βιωσιμότητας των οχημάτων βρέθηκαν να είναι παρόμοια και με τις δύο μεθόδους. Η 
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μέθοδος της ασαφούς λογικής παρήγαγε πιο λογικά αποτελέσματα για την αξιολόγηση της 
βιωσιμότητας σε ένα οδικό δίκτυο για διαφορετικούς στόλους οχημάτων. 
 
Λέξεις κλειδιά: Αξιολόγηση Βιωσιμότητας, Τεχνολογία Οχημάτων, Καύσιμα, Ασαφής Λογική, Υβριδικά 
 
  

1. Introduction 
 
Diverse goals and objectives set by different groups have led to numerous sustainable 
transportation definitions. One of the most widely used definitions describes sustainable 
transportation as meeting the transportation and mobility of present users without 
compromising the ability of future generations to meet these needs (WCED, 1987). Attempts 
to incorporate sustainability into transportation planning have resulted in the development of 
variables defined as measures or indicators representing elements of sustainability (Black, 
1996; Jeon et al., 2008; Maoh and Kanaroglou, 2009; Zietsman et al., 2003). Past studies that 
assessed transportation sustainability, consider only personal vehicles or all modes present on 
a network by using aggregate measures to evaluate sustainability performance. Aggregation 
sets limits to one of sustainability’s principal roles in transportation planning, which is to 
assist agencies in evaluating new transportation modes and forming improvement strategies.  
 
Various sustainability assessment methodologies have been adopted for assessing projects and 
plans. Multi Criteria Decision Making (MCDM) methods and utilization of equal weights 
have been used in various sustainability assessments to indicate the same relative importance 
among sustainability indicators (Jeon et al., 2008; Maoh and Kanaroglou, 2009; Paez and 
Currie, 2008; Silva and Ramos, 2010). Equal weights are preferred as a base assessment to 
minimize bias. MCDM methods add a degree of subjectivity in the analysis since weights 
indicate relative preferences associated with specific indicators. Another methodology which 
uses weights is the Analytic Hierarchy Process (AHP) that has been used in several 
sustainability and transportation studies (Paez and Currie, 2008). Other methodologies, such 
the Bayesian decision theory or fuzzy logic can be used to account for non-linear, interrelated 
and stochastic aspects of transportation. 
 
The lack of a universally accepted sustainability assessment method, the large number of 
variables in the various sustainability assessments, and the subjective judgment of decision 
makers are substantial sources of variability and uncertainty. There are no natural, legislated 
or generally accepted target levels for indicators that define them as sustainable or 
unsustainable. Additionally, the complexity of transportation systems and the numerous 
indicators that are developed for the assessment per se invite uncertainty because required 
data may be incomplete.  
 
In addition, new vehicle technologies and fuel types, with no long term data and only limited 
short term data, introduce uncertainty in the evaluation of new transportation modes and in 
the formation of environmental and transportation strategies. New vehicle and fuel features, 
with an unexplored impact on sustainability and transportation planning, necessitate the 
uncertainty to be incorporated in the decision making process. Therefore inclusion of 
uncertainty in a decision making tool that employs inherently uncertain variables is a 
desirable model feature in sustainability assessments. Uncertainty can be treated with 
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probabilistic methods that require data to have a statistical basis. However, some input 
variables in a decision making process do not have a statistical basis, therefore other methods 
such as fuzzy logic are required. Fuzzy logic methods may combine vague and uncertain 
criteria with well-defined and/or quantitative criteria to obtain the best alternative (Hardy, 
1995). 
 
Fuzzy logic is a scientific tool that permits modeling a system without detailed mathematical 
descriptions, using qualitative as well as quantitative data. In fuzzy logic, imprecise 
information can be represented by linguistic values that through an inference system can 
provide precise conclusions. Fuzzy methods are recommended for application in 
sustainability oriented problems because such problems include non-uniform quantities and 
data, uncertain information, imprecise data and interrelations between sustainability 
dimensions (Pislaru and Trandabat, 2012; Rossi et al., 2013). Sustainability decision making 
involves complex, qualitative and often vague parameters with a high degree of uncertainty 
due to incomplete understanding of the underlying issues. Fuzzy logic has been applied in 
many different assessments including, environmental assessment of urban area sustainability 
(Pislaru et al., 2012), traffic level of service perceptions (Zhang and Prevedouros, 2011), 
transit project evaluation (Kikuchi and Kronprasert, 2013) projects and transportation policies 
(Rossi et al., 2012) due to its capability to deal with uncertainty of system characteristics and 
choices. Paz et al. (2012) used fuzzy theory to aggregate sustainability indicators and develop 
an index for sustainable transportation systems.  
 
This study develops and uses a fuzzy logic method for incorporating uncertainty into 
sustainable transportation planning. Data from a recent study by Mitropoulos and Prevedouros 
(2013) were used. This original study developed a sustainability framework for assessing the 
sustainability performance of urban transportation vehicles using several powerplants and 
fuels under various scenarios. The application of fuzzy logic in sustainability assessment was 
evaluated by comparing it with the weighted sum method used in the original study, for 
ranking the sustainability performance of vehicles, and for assessing the consistency of the 
final results. 
 
The proposed sustainability assessment method with fuzzified key inputs enhances the 
traditional transportation planning process in three directions by including: (i) Vague and 
uncertain values of features of new vehicle technologies and fuels; (ii) Fuzzy interrelations 
between sustainability dimensions; and, (iii) Uncertainty due to the subjective judging and 
preferences of decision makers. 
 

2. Sustainability Assessment of Urban Vehicles 
 
2.1 Sustainability Dimensions 
A framework is necessary to define what to measure, what to expect from measurement and 
what types of indicators to use (Pintér, 2005). There is no universally accepted framework for 
assessing sustainability. Various sustainability frameworks have been developed due to 
different visions that exist between different communities and audiences. 
 
Well-known frameworks that were used for assessing sustainability include the Pressure-
State-Response (PSR) and the Driving Force Pressure State Impact Response (DPSIR). The 
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PSR framework provides a mechanism for monitoring the status of the environment and the 
processes involved in environmental degradation. The PSR framework is based on the 
concept of causality. It states that human activities exert pressure on the environment that can 
bring changes in the state of the quality and quantity of the environment (such as changes in 
ambient pollutant levels, habitat diversity, water flows.) Society responds to changes, by 
developing environmental and economic policies or programs to prevent, reduce or mitigate 
the pressures and/or the environmental and socio-economic damage that occurred or is 
expected to occur as a result of the original pressures (OECD, 1999). The PSR framework 
enhances policy understanding for policy makers and stakeholders and it is identified as a 
commonly agreed upon framework by many organizations and agencies for environmental 
reporting (Waheed et al., 2009). 
 
The DPSIR expanded the PSR framework to deal more specifically with the needs for 
describing sustainable development. Inclusion of driving forces and impacts has broadened 
the scope of the model, but the core principles remain the same.   
 
A six dimensional analysis framework used in in decision making and planning of future 
events is the Political, Economic, Sociological, Technological, Legal and Environmental 
(PESTLE) analysis framework. PESTLE is used by organizations to identify and address 
external issues and constrains, which are related to the six dimensions, and might have an 
impact on their operations (FME, 2013). The PESTLE framework has been used in 
sustainable development for identifying the political, economic, social, technological, legal, 
and environmental challenges that constrain the development of renewable energy 
technologies (Zalengera, 2014).  
 
The dimensions of PESTLE have been customized in several applications, including ours. 
Several studies in the literature utilize three sustainability dimensions, Environment, Society 
and Economy, for developing indicators to assess transportation systems. Maoh and 
Kanaroglou (2009) developed a tool as an add-on module in an integrated model for assessing 
urban sustainability. Their indicators reflected aspects of Environment, Society and Economy. 
Zietsman et al. (2003) used sustainability indicators, and grouped them under Environment, 
Society and Economy. Zheng et al. (2011) developed a rating system to assess sustainable 
transportation based on the three domains of Environment, Society and Economy.   
 
Renne (2009) evaluated Transit Oriented Development sustainability by using indicators 
based on six categories. He argued that since it is difficult to categorize indicators using the 
three basic categories of sustainable development (Environment, Society and Economy) and 
many indicators cross boundaries, six different categories had to be selected. Travel behavior, 
Local economy, Natural environment, Built environment, Social Environment and Policy 
context. Jeon et al. (2008) developed indicators for sustainable transportation assessment and 
grouped them under Transportation system performance, Environment, Society, and 
Economy. Paz et al. (2012) defined three interdependent systems (1) the Transportation 
System, (2) the Activity System, and (3) the Environmental System to compute sustainability 
indicators.  
 
Bevan et al. (2008), outlined two basic principles when developing a sustainability framework 
for transportation infrastructure: a) Consideration of the full range of solutions that can be 
considered to address mobility needs for a specific project, and b) Grouping of projects into 
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five major objectives which are related to (i) Energy reduction, (ii) Materials resource 
reduction, (iii) Environmental impact reduction, (iv) Urban communities support, and (v) 
Sustainability support during implementation at the local level. 
 
Building on this background, the proposed sustainability framework consists of five 
dimensions that are captured by the proposed goals governing transportation systems: 
Environment, Technology, Energy, Economy, and Users. The goals of the framework are to 
help a community meet its needs by: 

 Minimizing environmental impact and energy consumption; and, 
 Maximizing its economy, user and community satisfaction, and technology 

performance. (Technology refers to the features of modes that support community 
livability, enhance public health, safety and comfort for all their users.) 

Environment. The European Commission defines a healthy environment as “one of the 
cornerstones of sustainable development… it defines our common identity and thus its 
preservation for present and future generations” (Rossi et al., 2013.) The environmental 
impact of transportation vehicles begins when materials to manufacture components are 
gathered and ends when the vehicle is disposed or recycled. Fuel efficiency and alternative 
fuels are two primary areas among several that vehicle manufacturers pursue in order to 
reduce emissions and minimize overall environmental impact of vehicle manufacture and 
usage.   

Technology refers to all components of systems made by humans to meet their needs. It is 
one of the most rapidly developing and resource consuming sectors. Sustainable technology 
helps people meet their mobility needs with safety and comfort while minimizing the 
consumption of non-renewable energy sources, and maximizing the reuse and recycling of 
materials. Weight reduction, high strength materials, engine and aerodynamic enhancements, 
and alternative propulsion systems are some of the technologies that contribute to sustainable 
transportation. 

Energy is a major component of transportation and is directly connected with the 
environment and economy. Energy availability, demand, price and actual consumption have 
short and long term impacts. Consumption of non-renewable energy sources generates 
emissions that are harmful to humans in the short term, and deprives energy from future 
generations in the long term. Globally, vast amounts of energy are needed for transportation 
infrastructure development, vehicle manufacture and transportation operations. 

Economy. The creation of a sustainable economy requires the disciplined use of energy and 
technology. An unsustainable economy results in destruction of environment, has a multitude 
of social impacts and results in suboptimal transportation services. In this context, a 
sustainable economy facilitates a lower cost for urban mobility by assessing vehicles costs 
including purchase, registration, insurance, operation, parking and fuel costs, and promoting 
vehicle types and technologies that minimize total cost.  

Users represent a large set of stakeholders including individuals (e.g., residents or travelers), 
groups (e.g., schoolchildren), private companies (e.g. taxis, private fleet operators,) and public 
agencies (e.g. regulatory, operation-and-maintenance agencies.) Transportation mode output, 
including traffic delay, reliability, safety, comfort and convenience determine user choice as 
to when, how and at what level (amount) they choose to use a transportation mode. User 
perceptions and preferences vary, hence vehicle and mode choices also vary. Vehicles with 
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performance deficiencies are less attractive to users and become unsustainable in the long 
term. Utilization of the Technology Performance and Users dimensions in the sustainability 
framework instead of the traditional sustainability dimension of “Society” allow for an 
assessment of Technology’s capabilities and limitations, and take explicitly into account the 
preferences and restrictions of Users (i.e., the pertinent society of modes) and other 
stakeholders.   
 
The multi-criteria sustainability assessment framework was detailed in Mitropoulos and 
Prevedouros (2013). A set of indicators is identified for each dimension. The sustainability 
framework was the methodological guide for developing a sustainability assessment tool. The 
tool was applied to a transportation corridor to assess three vehicle mix scenarios based on its 
demographic and transportation characteristics. 
 
2.2 Sustainability Indicators 
A set of indicators was developed for assessing the sustainability performance of five urban 
transportation vehicles based on the framework’s five dimensions. Performance measures 
used for evaluating the sustainability dimensions were collected from the literature and are 
shown in Table 1 along with their sources. The indicators in Table 1 address objectives by 
identifying individual vehicle features that contribute towards maximization of sustainability. 
When the impacts (i.e., positive or negative) of those features of sustainability are aggregated 
for all vehicles on the network, their value determines goal achievement and ways to move a 
transportation system towards sustainability. 
 
Indicators are specifically modified to apply to vehicles based on factory specifications. For 
example, the indicator comfort used in the literature to assess a transportation system is 
divided into indicators including passenger space, cargo space and leg room. Some of the 
identified indicators in Table 1 are directly adopted from literature, such as emissions, energy 
and cost. However, indicators including, emissions, energy, trip cost, fuel cost, or trip time 
that usually apply to vehicle operation only are generalized over a vehicle’s life cycle. The 
indicator cost includes purchase, fuel, insurance, registration, taxes and maintenance cost over 
lifetime. 
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Table 1. Sustainable transportation indicators 
 

		 Goal	 Indicator	 Ref. Indicator	Description	

En
vi
ro
n
m
en
t

M
in
im
iz
e	
en
vi
ro
nm

en
ta
l	

im
pa
ct
	

Carbon	dioxide	(CO2),	
Methane	(CH4	),Nitrous	
oxide(N2O),	GHG,	Volatile	
organic	compound	(VOC),	
Carbon	monoxide	(CO),	
Nitrogen	oxides(NOx),	
Particle	matter	with	

diameter	less	than	10	µm	
(PM10),	Sulphur	oxides	(SOx)	

(Jeon	et	al.,	
2009;Chester	and	
Horvath,	2009)	

Emissions	are	an	outcome	of	all	life	cycle	stages	of	a	vehicle	
including	manufacture,	fueling	(primary	energy	production	
including	raw	material	recovery	and	storage;	fuel	production	
including	transportation,	storage	and	distribution),	operation	
(running:	driving,	startup,	tires,	brakes,	evaporative,	idling;	and	
processes	that	support	the	lawful	usage	of	vehicles:	insurance,	
registration,	license	and	taxes),	maintenance	and	disposal	

Noise	
(Dobranskyte‐Niskota,

2007)	
Noise	is	representative	of	average	urban	speeds	at	a	distance	of	50	ft	

T
ec
h
n
ol
og
y
P
er
fo
rm

an
ce

M
ax
im
iz
e	
te
ch
no
lo
gy
	

pe
rf
or
m
an
ce
	to
	h
el
p	
pe
op
le
	

m
ee
t	t
he
ir
	n
ee
ds
	 Capacity	 (Dobranskyte‐Niskota,	

2007)	

Maximum	number	of	passengers	that	each	vehicle	or	mode	can	
accommodate	in	the	unit	of	time.	Indicator	values	can	be	
replaced	with	local	data.	

Fuel	frequency	 Time	required	to	fuel	a	vehicle;	significant	for	short	ranging	modes.

Maintenance	frequency	
(Anielski, 2001) Number	of	times	a	vehicle	has	to	replace	parts	and	fluids	to	keep	

providing	a	safe	service	to	its	users	during	its	life	time	

Vehicle	storage	
(Jeon	et	al., 2009;	

Cambridge	Sys.,	2009)	
Physical	characteristics	of	a	vehicle	

Engine	power	 (EEA,	2002)	 Maximization	of	vehicle	power		

En
er
gy

M
in
im
iz
e	

en
er
gy
	

co
ns
um

pt
io

n

Manufacturing	energy	

(Chester	and	
Horvath,2009)	

Energy	is	required	for	all	vehicle	life	cycle	stages;	as	described	for	
the	indicator	“emissions”	

Fueling	energy	

Operation	energy	
Maintenance	energy	

Ec
on
om

y

M
ax
im
iz
e	
an
d	

su
pp
os
e	
a	
vi
br
an
t	

ec
on
om

y	

Life	cycle	cost	 (Jeon	et	al.,	2009)	
Includes	the	cost	for	buying,	operating	(fueling/charging	or	using	the	
vehicle);	insurance,	license,	registration,	taxes,	and	maintenance.	

Indicator	values	can	be	replaced	with	local	data.		

Parking	cost	 (ITE,	1999)	
Monthly	expenses	for	parking	the	vehicle	(national	average).	

Indicator	values	can	be	replaced	with	local	data	

Subsidies	
(Dobranskyte‐Niskota,	
2007;	EEA,	2002)	

Portion	of	costs	covered	by	taxpayers.	Indicator	values	can	be	
replaced	with	local	data.	

U
se
rs

M
ax
im
iz
e	
us
er
	s
at
is
fa
ct
io
n	

Mobility	*	
(Jeon	et	al., 2009;	

Cambridge	Sys.,	2009)	
Number	of	pass./veh./hour	that	choose	to	or	desire	to	utilize	the	

subject	mode	

Demand	

(Gilber	and	Tanguay,	
2000)	

Provision	of	social	and	economic	opportunities	by	the	
transportation	network	

Delay	
Real	travel	time	minus	the	travel	time	of	a	vehicle	when	it	travels	at	

30	mi/hr	

Safety	
Number	of	accidents	or	fatalities	that	have	been	recorded	for	a	

specific	vehicle	type	

Global	availability												 (Jeon	et	al.,	2009)	
Time	during	which	a	vehicle	is	not	available	to	its	users	during	a	day.

Indicator	can	be	changed	based	on	regional‐local	specific	
requirements	(It	is	expressed	as	an	annual	percentage).	

Reasonable	availability	 (Jeon	et	al.,	2009)	

Time	during	which	a	vehicle	is	not	available	to	its	potential	
users	during	the	19	hours	(5	am	to	12	am)	per	day	when	98.8%	
of	total	trips	occur.	Indicator	values	can	be	replaced	with	local	

data	(It	is	expressed	as	an	annual	percentage).	

Leg	room,	Cargo	space	
(Dobranskyte‐Niskota,	
2007;	Cambridge	Sys.,	

2009)	

Physical	vehicle	characteristics	which	maximize	user	comfort	and	
convenience		

Fueling	opportunities	
Available	locations	for	fueling	or	charging	a	vehicle	(regional	

planning).	Indicator	values	can	be	replaced	with	local	data	Indicator	
is	not	applicable	to	public	transit	modes.	

  
(a) Note (*): Indicators in hatched cells apply to specific projects and take values based on local data; they 
are not quantified in the generic version presented herein.  
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2.3 Vehicle Types 
Vehicle type refers to vehicle propulsion technology (e.g., internal combustion engine, 
electric motor or hybrid), and basic functionality (e.g., car/van, light-truck, bus, etc.)  All 
vehicles were assumed to use the same highway infrastructure; roads and related traffic 
infrastructure were not part of the assessment. For consistency in calculating annual fuel 
consumption and life cycle costs, all vehicles were assumed to operate in an urban 
environment. Annual mileage and lifetime are the same per vehicle type. 

The five urban vehicles examined were:  

(1) Internal Combustion Engine Vehicle or ICEV  
(2) Hybrid Electric Vehicle or HEV  
(3) Electric Vehicle or EV  
(4) Diesel Bus or DB 
(5) Hybrid Diesel Electric Bus or HDEB  

Vehicle specifications were necessary for extracting impacts based on specific vehicle 
characteristics. For vehicle types, such as the ICEV, the HEV and the EV, the most 
representative vehicles were selected based on their sales volume (Edmunds, 2012). Diesel 
engine powered light duty vehicles were not considered in this sustainability assessment due 
to the low penetration of such vehicles in the U.S. market. Light duty diesel vehicles total 
approximately 800,000 compared with 2.3 million vehicles (Paula, 2013). Hybrid vehicles are 
only about 3% of the U.S. light duty vehicle fleet.  
 
The Greenhouse Gases, Regulated Emissions and Energy Use in Transportation (GREET) 
models, the MOBILE 6.2 model and the Economic Input-Output Life Cycle Assessment 
(EIO-LCA) model were used (CTR, 1998; CTR, 2005; CTR, 2006; EPA, 2003; Hendrickson 
et al., 2006) for the quantification of emission and energy indicators shown in Table 2. The 
quantification models and assumptions that produce the indicators estimates in Table 2 are 
detailed in Mitropoulos and Prevedouros (2013). 
 
2.4 Sustainability Index 
The indicators in Table 2 are measured in different units. Addition among indicators with 
different units can be performed only after the different measurement units are normalized 
into a dimensionless scale. The normalized values are dimensionless and range from 0 to 1. 
Hence, on a relative scale, the most sustainable vector for each vehicle type is I	

1,1,1,1,1  and the least sustainable vector is I	 0,0,0,0,0 . Each sustainability indicator 
is normalized by using equations 1a and 1b (Krajnc and Glavic, 2005). 

                                               

,

, ,
									 																															

, 	

, 	 	 ,
																	 			

 

 is the normalized indicator with positive impact achieved by the ith alternative with 
respect to the jth indicator of sustainability.  is the indicator value achieved by the ith 
alternative when evaluated based on the jth indicator, ,  is the indicator with the worst 
value achieved by the jth indicator of sustainability and ,  is the best value of jth indicator 
of sustainability obtained. The normalization process used herein estimated the sustainability 
performance of each vehicle relative to the best vehicle type considered. After a set has been  
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Table 2a. Vehicle sustainability Indicators and relative indices for environment, technology and energy 

 
Sustainability  
Dimension  Indicator  Code  Units  ICEV  HEV  EV  DB   HDEB 

En
vi
ro
nm

en
t *

 

CO2 (w/ C in VOC & CO)** ‐ grams/	PMT	 541  290 341 328 260

CH4   ‐ grams/PMT	 0.75  0.46 0.55 0.33 0.29

N2O  ‐ grams/PMT	 0.02  0.02 0.01 0.00 0.00

GHGs  ‐  grams/PMT	 565  305  356  340  272 

VOC   ‐  grams/PMT	 0.93  0.84  0.07  0.22  0.20 

CO   ‐ grams/PMT	 6.92  6.87 0.43 0.90 0.84

NOx   ‐  grams/PMT	 0.89  0.76  0.41  1.02  1.01 

PM10  ‐ grams/PMT	 0.18  0.15 0.48 0.07 0.07

SOx  ‐ grams/PMT	 0.33  0.35 0.96 0.16 0.13

Average noise level  ‐  dB	 61  57  57  78  78 

Environment Sustainability Vehicle Index  0.251  0.569 0.665 0.715 0.779

Te
ch
no

lo
gy
 

Pe
rf
or
m
an

ce
  Fuel frequency  ‐  minutes/PMT	 0.013  0.009  0.024  NA  NA 

Maintenance frequency  ‐  minutes/PMT	 0.019  0.017  0.009  0.003  0.003 

Space occupied  ‐  sq.meters/passenger	 7.6  6.8  6.8  3.0  3.1 

Engine power  +  lb.ft./lb	 0.050  0.050  0.059  0.035  0.023 

   Technology Performance Sustainability Vehicle Index   0.252  0.341  0.301  0.552  0.497 

En
er
gy
 *
 

Manufacturing energy   ‐  Mjoule/	PMT	 0.619  0.632  0.713  0.335  0.391 

Fueling energy  ‐  Mjoule/	PMT	 1.258  0.550  1.974  0.478  0.409 

Operation energy  ‐  Mjoule/	PMT	 4.910  2.501  1.447  3.601  2.581 

Maintenance energy  ‐  Mjoule/	PMT	 0.273  0.265  0.183  0.201  0.189 

   Energy Sustainability Vehicle Index   0.176  0.478  0.500  0.783  0.865 
Note (*): Environment and Energy indicators are not fixed but depend on project specific or regional inputs of vehicle average 
lifetime, annual miles traveled, weight and speed. 
Note (**): The carbon fraction in VOC and CO is considered in the total CO2 emissions because carbon in VOC and CO will 
eventually be converted to CO2 with further atmospheric chemical reactions (oxidation). 
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Table 2b. Vehicle sustainability indicators and relative indices for economy and users 
 

Sustainability 
Dimension  Indicator  Code  Units  ICEV  HEV  EV  DB   HDEB 

Ec
on
om

y	
**
* 	 Manufacturing	cost	 ‐	 $/PMT	 0.146	 0.157	 0.228	 0.055	 0.092	

Operation	(user	costs)	 ‐	 $/PMT	 0.251	 0.169	 0.148	 0.641	 0.061	

Maintenance	cost	 ‐	 $/PMT	 0.045	 0.042	 0.026	 0.044	 0.042	

Any	form	of	subsidy	 ‐	 $/PMT	 0.000	 0.000	 0.054	 0.271	 0.271	

Cost	for	unreserved	parking	 ‐	 $/passenger	 188.9	 188.9	 0.0	 0.0	 0.0	

		 Economy	Sustainability	Vehicle	Index		 0.429	 0.477	 0.730	 0.408	 0.586	

U
se
rs
	

%	of	time	not	available	for	
user's	usage	based	on	24h	 ‐	

hours	of	down	time	or	not	
operable	per	year	expressed	

as	an	annual	%	
0.03%	 0.02%	 9.61%	 20.83%	 20.83%

%	of	time	not	available	for	
user's	usage	based	on	19h	

‐	
hours	of	down	time	or	not	
operable	per	year	expressed	

as	an	annual	%	
0.04%	 0.03%	 3.47%	 0.00%	 0.00%	

Passenger	space	 +	 cu.ft/passenger	 20.3	 18.7	 18.4	 19.9	 18.0	

Goods	carrying	(cargo)	space	 +	 cu.ft/passenger	 3.0	 4.3	 2.4	 1.9	 1.9	

Leg	room	front	 +	 inches	 41.7	 42.5	 42.1	 27.0	 27.0	

Fuel	frequency	 +	 number	of	stations	in	
operation	

121,446	 121,446	 626	 NA	 NA	

		 Users	Sustainability	Vehicle	Index		 0.368	 0.360	 0.160	 0.151	 0.083	

		 Overall	Sustainability	Vehicle	Index	 29.6	 44.8	 47.2	 51.2	 55.3	

Note (***): All costs are converted in 2011$. All Economy indicators are assumed to have negative impact to sustainability. Indicators are 
perceived from users’ point of view; therefore they reveal how vehicle monetary parameters may affect vehicle utilization and make sustainable or 
unsustainable a transportation vehicle for a chosen network.   
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developed, the introduction of a new popular vehicle with superior performance or the 
introduction of new policies for the use of existing modes (e.g., tolls or other pricing) will 
change the range of values.  
 
The weighted sum model was used in sustainability assessment (Mitropoulos and 
Prevedouros, 2013) to aggregate sustainability indicators. The assumption that governs this 
model is the additive utility assumption (i.e., the total value of each alternative equals to the 
sum of products). Addition among criteria with different units is performed only after the 
different measurement units are normalized into a dimensionless scale and the utility Vi for 
each alternative is estimated by equation 2.  

 

																																												 										 1, … , 																																														 2  

wj is the assigned weight for each indicator j for alternative i, Nij is the normalized value of 
indicator j for alternative i.  
 
The Sustainability Index per dimension and the Overall Sustainability Performance index per 
vehicle type summarize the sustainability performance for the five vehicle types. The 
indicator values were weighted per passenger mile traveled (PMT). The outcomes in Tables 
2a and 2b provide a comparison for estimating the total impact of any fleet mix scenario 
containing these five vehicle types. 
  
2.5 Sustainability Assessment Application 
The sustainability assessment tool in Mitropoulos and Prevedouros (2013) was applied to a 
corridor in Honolulu, Hawaii to assess and compare three scenarios in two case studies using 
the five urban transportation vehicle types presented above. Results for Case study A are used 
in this research extension to compare the sustainability indices generated by using the 
weighted sum model and the fuzzy logic method. The three scenarios used in Case study A 
refer to three different time periods: 1995, 2010 and 2015. The vehicle shares, volume and 
vehicle occupancies were different in each scenario. Year 1995 was the base and contained no 
advanced technology vehicles (i.e., hybrids and EVs were absent twenty years ago). Scenario 
2 does not include EVs. Scenario 3 contained all the propulsion technologies examined 
herein. Aggregation of normalized values was performed by using the weighted sum model. 
The sustainability assessments for the three scenarios are summarized below. Notably, the 
overall sustainability score improves over time.  
 

 Scenario 1: Environment (89.3); Technology Performance (93.1); Energy (86.8); 
Economy (93.6); Users (99.1); Overall (92.4) 

 Scenario 2: Environment (96.1); Technology Performance (97.5); Energy (94.9); 
Economy (98.1); Users (98.1); Overall (96.9) 

 Scenario 3: Environment (99.9); Technology Performance (99.9); Energy (100.0); 
Economy (100.0); Users (97.2); Overall (99.4) 
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2.6 Fuzzy Logic Methodology 
Fuzzy logic enables the modeling of a system without complex mathematical descriptions by 
using both qualitative and quantitative variables. In fuzzy logic, imprecise information can be 
represented by linguistic values that through an inference system can provide precise 
conclusions. For performing computations, linguistic values are used and the knowledge of 
the system is represented in the form of “if, then” linguistic rules (Andriantiatsaholiniaina et 
al., 2004).  

 

 
 

Figure 1. Sustainability assessment fuzzy method structure. 
 
 
The fuzzy methodology used herein to assess sustainability of urban vehicles is divided into 
four steps: a) Fuzzification, b) Inference step, c) Aggregation, and d) Defuzzification. In the 
fuzzy sustainability assessment, the Overall Sustainability Performance per vehicle type is 
composed by five primary components which represent the sustainability dimensions: 
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environment (ENV), technology performance (TECH), energy (ENR), economy (ECON) and 
users (USER). Each of the primary components has inputs which are represented by the 
sustainability indicators. Sustainability indicators were grouped in these five sustainability 
dimensions. The complete fuzzy sustainability assessment method consists of Levels I and II 
as shown in Figure 1. The output of each fuzzy method in each level is a corresponding 
sustainability index. Fuzzy logic provides the flexibility to change the indicators in the 
sustainability framework with indicators that represent different features of the assessed 
transportation mode or system. 
 
2.6.1 Fuzzification 
Fuzzification is used to compute the degree to which an input value belongs to a specific 
fuzzy set; it is performed by using fuzzy sets and membership functions. Each input value x 
belongs to one or more fuzzy sets with certain membership grades. A membership function 
shows graphically a fuzzy set and provides the degree to which an input value x belongs to a 
fuzzy set in a range 0 to 1.  
 
At Level I, normalized input variables (i.e., sustainability indicators) are fuzzified by being 
transformed to linguistic values that have two fuzzy sets: “Unsustainable” (UNS) and 
“Sustainable” (SUS). The “UNS” is defined for normalized indicator values ranging between 
[0, 0.499] for which unsustainability is greater than sustainability; and the “SUS” is defined 
for normalized values ranging from [0.5, 1] for which sustainability is greater than 
unsustainability. The equivalent grade of membership for value 0.5 between unsustainable 
and sustainable levels reveals the uncertainty of appraising correctly the sustainability level of 
an indicator (Figure 2a).  
 
Similarly, primary sustainability components (i.e., ENV, TECH, ENR, ECON and USER) are 
defined by using linguistic values with three fuzzy sets “Low” (L), “Medium” (M) and 
“High” (H) as shown in Figure 2b.  The Overall Sustainability Performance is defined by 
using three fuzzy sets: “Weak” (W), “Acceptable” (A) and “Strong” (S) as shown in Figure 
2c.  

 
 

 

(a) Membership Function for the Indicator 
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(b) Membership Function for the Primary Component 

 

(c) Membership Function for the Overall Sustainability Performance 

Figure 2. Fuzzy Sets and Corresponding Membership Functions µ(x). 
 
The shape of the membership functions can be linear or nonlinear; however linear ones are 
usually used (Andriantiatsaholiniaina et al., 2004; Kikuchi and Kronprasert, 2013; Paz et al., 
2012; Ren et al., 2013; Rossi et al., 2012). Similarly, in this study triangular and trapezoidal 
membership functions µ(x) are used for simplicity. The triangular function is defined by 
parameters; a lower limit α, an upper limit β, and a value m, where a < m < b.  For a 
triangular membership function each input value belongs to a fuzzy set S with grade:  
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For example, in Figure 2a the triangular function’s parameters for “UNS” and “SUS” are [-1 0 
1] and [0 1 2], respectively. For an ICEV the input normalized value xFuel  frequency equals to 
0.753. This value belongs to the fuzzy set “UNS” with a membership grade 
 

	 	 0.753
1 0.753
1 0

0.247 

 
and to the fuzzy set “SUS” with a membership grade: 
 

	 	 0.753
0.753 0
1 0

0.753 

 
A trapezoidal fuzzy set is used to represent the range of uncertainty for the Overall 
Sustainability Performance. Trapezoidal functions represent an increased uncertainty in the 
estimation of the Overall Sustainability Performance. The extent of the overlap between the 
Overall Sustainability Performance values is described by the membership functions in Figure 
2c. The trapezoidal function is defined by four parameters (a, b, c, d) where  a < b <c < d.   
For a trapezoidal membership function each input value belongs to a fuzzy set S with grade: 
  
 

0																																														

																															

1																																									
					

																															 	
		

0																																														

																																		 				

  
 
2.6.2 Inference Step 
Each inference step of the fuzzy model has a unique rule base and combines inputs into fuzzy 
outputs as shown in Figure 1. The inference step is applied five times for inputs of the ENV, 
TECH, ENR, ECON and USER components and one time for inputs of the Overall 
Sustainability Performance, generating five plus one sustainability scores.    
 
The rules used in each inference step express linguistically the dependence of a primary 
component on another, more elementary component (Andriantiatsaholiniaina et al., 2004); or 
in the case of the sustainability framework the dependence of a sustainability dimension on 
corresponding indicators. Rules of “If-Then” are used to generate an output from combined 
input values; the outputs from Level I are used as inputs at Level II. In this study the 
minimum inference method is used to estimate the outputs of each level. The minimum 
operator is expressed by the term “and” in the set rules. The “and” connective represents the 
interdependencies between sustainability indicators and the knowledge of the overall system 
(Andriantiatsaholiniaina et al., 2004). Each rule is assigned a positive weight, which measures 
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its relative importance on the implication process. For this study all rules are assigned the 
weight of one. 
 
The rule base is obtained by assigning integer values to fuzzy sets (Pislaru and Trandabat, 
2012; Phillis and Davis, 2008). The fuzzy sets for sustainability indicators at Level I are 
assigned integer values of 0 and 1, where 0 is assigned to the fuzzy set “UNS” and 1 to the 
fuzzy set “SUS”. Similarly for primary sustainability components, the fuzzy sets are assigned 
integer values of 0, 1 and 2, where 0 is assigned to the fuzzy set “Low”, 1 to “Medium” and 2 
to “High”.   
 
The estimated sum is assigned to a specific fuzzy set from “Low”, “Medium” and “High” for 
the ENV, TECH, ENR, ECON and USER components and to the fuzzy sets “Weak”, 
“Acceptable” and “Strong” for the Overall Sustainability Performance. Estimated sums of 
inputs for component and corresponding fuzzy sets are shown in equation 6:  
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For example, the rule base for component TECH is comprised of 16 rules (24 with 4 input 
variables of the fuzzy sets “UNS” and “SUS”). The sum of inputs is estimated for each rule 
and finally assigned to the corresponding fuzzy set where the value in parenthesis represents 
the assigned value per fuzzy set:  

If ‘fuel frequency’ is Unsustainable (0) and ‘Maintenance frequency’ is Unsustainable (0) 
and ‘Space occupied’ is Sustainable (1) and ‘Engine power’ is Unsustainable (0) then TECH 
is Low (= 0 + 0 + 1 + 0 = 1). 
 
Similarly, all sums for each rule are estimated and assigned to fuzzy sets “Low”, “Medium” 
and “High” of the primary components at Level I. The number of rules per output is: 

 ENV – 128 rules (7 input variables) 
 TECH – 16 rules (4 inputs variables) 
 ENR – 16 rules (4 inputs variables) 
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 ECON – 32 rules (5 inputs variables) 
 USER – 64 rules (6 inputs variables) 

To reduce fuzzy rules for the component ENV, the indicators CO2, CH4 and N2O were 
replaced by the greenhouse gases (GHG) indicator reducing the rules to 27= 128 from 
210=1024. When there is a strong relationship between two or more indicators, elimination 
and replacement with a new one makes the fuzzy method a more practical tool (St. Flour et 
al., 2014). 
 
The final outcome at Level II is an evaluation of a vehicle’s Overall Sustainability 
Performance as “Weak”, “Acceptable” or “Strong”. The rule base for estimating Overall 
Sustainability Performance is comprised of 35=243 rules. The Overall Sustainability 
Performance may have more fuzzy sets to aggregate the five primary components more 
precisely because the minimum and maximum sum of input components is zero and ten, 
respectively as shown in equation 6. For this application, five or ten fuzzy sets would increase 
the number of rules to 55 and 105 respectively which would result in a tedious sustainability 
score estimation. 
  
2.6.3 Aggregation  
Fuzzy inputs were matched to their membership functions by using the “if-then” rules and 
then the outputs were aggregated. The fuzzy sets that represent the outcomes of each rule are 
combined into a single fuzzy set in the aggregation step. In this study the maximum 
aggregation method is used. For the outcomes of two rules represented by the produced fuzzy 
sets μ1(x) and μ2(x) the aggregated fuzzy set is represented by a membership curve (Fuzzy 
Logic Fundamentals, 2014): 
 

max 																																																								 		 
 
2.6.4 Defuzzification 
Defuzzification is the final step of the fuzzy method, in which a single crisp value is 
estimated. The input to the defuzzification step is a single fuzzy set produced in the 
aggregation step. The defuzzification technique of the center of gravity or centroid was used 
(equation 8). This technique takes the center of gravity of the membership function of the 
conclusion, which combines the membership function of each set rule. 
 

∗ 	 	
		

																																																																				  

 
Where x* is the defuzzified output, µi(x) is the aggregated membership function and x is the 
output variable.  
 
2.7 Application and Discussion 
The fuzzy logic described above was applied for the sustainability assessment of five 
transportation vehicle types over five sustainability dimensions. The outcomes in Figure 3 
provide a comparison of scores for each dimension. These estimates in turn can be used to 
assess any fleet mix that contains these five vehicle types. Some applications may omit a 
vehicle type (e.g., no hybrid bus available) and others may include additional vehicle types 
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such as compressed natural gas or liquefied natural gas or fuel cell vehicles, some of which 
were demonstrated in Mitropoulos and Prevedouros (2013). 
 

  

 

 

 

  
 

Figure 3. Results for Vehicle Sustainability Indices with Weighted Sum Model (bars) and Fuzzy 
Method (line and markers.) 
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Among the five vehicles types examined, the most sustainable vehicle is the hybrid bus with a 
score of 57.8 followed by the diesel bus with a score of 55.7. The overall sustainability 
performance for the EV, the HEV and the ICEV was 55.0, 51.1 and 48.2, respectively. 
Propulsion systems that depend exclusively or partially on electric drive did better than the 
traditional internal combustion engine technology when buses and passenger cars are 
compared separately.  
 
The EV achieves the highest sustainability level among passenger cars due to its lower life 
cycle costs and environmental impact compared with the ICEV and the HEV. EV’s score for 
Users was the lowest among passenger vehicles due to the assumption that 10% of the annual 
charging requirements obligate the user to stop to charge the vehicle, and due to the 
undeveloped network of charging stations compared to the gasoline dispensing network. Both 
the weighted sum model analyses in Mitropoulos and Prevedouros (2013) and the fuzzy set 
analysis herein provide similar estimates for all sustainability dimensions.  

 
The results of scenarios describing 1995, 2010 and 2015 vehicle fleet mixes are similar for 
both methods as shown in Figure 4. The weighted sum model gravitates to larger scores 
because the range is set by the minima and maxima of the sets available for analysis.  The 
fuzzy method provides lower estimates that even with normalized data sets indicate that there 
is more room for improvement. 
 
Although the results appear to be identical, in fact they are not. For the Technology 
dimension, with the fuzzy method, the HDEB ranks first with 65.9 and the DB second with 
65.3 but with the weighted sum method, the DB ranks first with 55.2 and the HDEB second 
with 49.7. Different rankings were also in the dimensions of Economy and Users.  
 
For the Economy dimension,  

With the fuzzy method, the vehicle ranking from best to worst is:  
EV (70.8), HDEB (52.0), DB (50.0), HEV (49.5) and ICEV (43.7).  
With the weighted sum method, the vehicle ranking from best to worst is:  
EV (73.0), HDEB (58.6), HEV (47.7), ICEV (42.9) and DB (40.8).  

 
Similarly, for the Users dimension,  

With the fuzzy method, the vehicle ranking from best to worst is:  
HEV (40.8), ICEV (29.6), DB (23.6), EV (40.8) and HDEB (8.2).  
With the weighted sum method, the vehicle ranking from best to worst is:  
ICEV (36.8), HEV (36.0), EV (16.0), DB (15.1) and HDEB (8.3). 
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Figure 4. Results for Sustainability Scenarios with Weighted Sum Model (bars) and Fuzzy Method 
(line and markers.) 

 
Both methods provide ranking on a continuous scale. The weighted sum method uses 
normalized values of indicators bounded by zero and one, and results tend to gravitate to 
either of these extremes, depending whether an index is positive or negative for sustainability. 
On the other hand, the results from the fuzzy method are not affected as much by the 
normalized values of zero and one.  
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The application of fuzzy logic in sustainability assessment was evaluated by comparing it 
with the weighted sum method in terms of 1) Ranking sustainability performance of 
transportation vehicles, and 2) Consistency of final results. The results from the fuzzy method 
are summarized as follows: 

 The sustainability index results were found to follow the trend of indices generated by 
using the weighted sum method, although there were occasions when the results were 
different.  

 The results present a smoother trend along all sustainability indices and have narrower 
ranges, since extreme values of 0 and 1 that are the case of weighted sum method are 
eliminated from the estimation of the Overall Sustainability Index. 

 Based on the Overall Sustainability Index, vehicle sustainability performance is 
comparable.  

 The highest and lowest overall sustainability scores were estimated to be 58 (HDEB) 
and 48 (ICEV) with the fuzzy method, compared with 55 (HDEB) and 30 (ICEV), for 
the weighted sum method. The fuzzy method parameters used in this study resulted in 
a narrower range of sustainability scores and these scores are more stable when 
indicators with extreme values (i.e., “best” or “worst” relative to other alternatives) are 
present. 

 The fuzzy set method produced more reasonable overall sustainability scores for the 
network sustainability assessment for various vehicle mixes. 

 Inclusion of uncertainty in a decision making tool that employs inherently uncertain 
variables is a desirable model feature.  

The fuzzy method used herein is useful for a small number of variables but the development 
of a fuzzy model becomes more complex because the number of rules increases exponentially 
when the number of indicators increases. A large number of rules may conceal the true 
relationship between the first and the second part of the rule. Bias of the “rule maker” in this 
study is decreased by considering all possible rules for a given number of fuzzy sets and 
inputs and by using equal weights for set rules.  
 
The fuzzy logic method used herein produces comparable and more realistic outputs by 
incorporating uncertainty in the sustainability assessment. From a practitioner perspective, 
fuzzy logic indicators have the potential to be used in the assessment of transportation 
proposals and projects. This method enables comparisons by mode type (e.g., private vehicle 
with technology X vs. bus), by broad class (e.g., motorized vs. non-motorized vehicles), by 
system (e.g., BRT vs. Light Rail), by corridor (e.g., HOT lanes vs. Mass Transit), and by area 
(comparisons of sections in the same city, or comparisons among cities or metro areas). The 
results are both technology and policy sensitive, thus useful for both short and long term 
planning. 
 

3. Conclusions 
 
New vehicle technologies and fuel types come with limited short and long term data. They 
introduce additional uncertainty which must be accounted for in transportation planning and 
in sustainability assessments for policy development on energy, environment and 
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transportation. The sustainability framework used in the assessment disaggregates vehicle 
characteristics by technology and fuel type and provides the flexibility to rank the 
sustainability performance of vehicles by using different methodologies.   
 
The sustainability framework was used to assess five vehicle types and was applied to a 
corridor case study. Vehicle types examined included light duty vehicles powered by an 
internal combustion engine, a hybrid electric power plant, an electric drive, as well as two 
heavy duty vehicles, a diesel bus and a hybrid diesel electric bus.  
 
Based on the fuzzy logic method presented herein, the most sustainable vehicle is the hybrid 
diesel electric bus. The electric car was found to have the best sustainability performance 
among light duty vehicles. Propulsion systems that depend exclusively or partially on electric 
drive did better than the traditional internal combustion engine technology when bus and 
passenger cars are compared separately.  
 
The fuzzy logic method was found to be flexible to use qualitative or linguistic values and 
generate sustainability indices for sustainability assessment. Sustainability assessment results 
by using the fuzzy and the weighted sum method were compared. Both methods are suitable 
tools for assessing sustainability in transportation planning by integrating vehicle technology 
and fuel characteristics in the assessment. Overall sustainability performance final rankings 
for vehicle and case study scenarios are consistent for both methods. Some changes in the 
order of the sustainability indices were observed but these occur due to underlying features 
that each method uses to produce the final outcome.  
 
The extension of the original sustainability tool which used deterministic analysis to include 
fuzzy logic analysis produced comparable and more realistic outputs. The fuzzy logic method 
provides a more stable platform relative to the weighted sum method and enables the 
utilization of qualitative indicators or indicators that are difficult to quantify in the 
sustainability assessment. The fuzzy method provides a comprehensive approach to 
supplement engineering judgment and enhance transportation evaluations and decision 
making in the face of uncertainty. 
 
The sustainability assessment method can readily accommodate electric buses, CNG/LNG-
powered vehicles and motorcycles and it can be expanded to assess other urban modes of 
transportation including bicycles, light and heavy rail, and ferries for comprehensive 
multimodal assessments. It may also be used to assess proposed long distance competing 
modes such as high speed rail and airplanes. However, all non-highway mode expansions also 
require the explicit sustainability assessment of the underlying infrastructure such as 
bikeways, roadways, rail guideways, stations and terminals, piers, runways, storage and 
related structures, etc.)  
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