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Abstract

Increasing pressures caused by negative consequences of transportation and traffic problems in
major cities, have resulted many attempts towards improvement of planning and management
of transportation systems, according to sustainability objectives. In this paper, a comprehensive
model is developed using a system dynamics approach to evaluate sustainable urban transporta-
tion. This model includes social, economical, environmental, and urban transportation variables.
Then, the validation of the model according to actual data for years 1994 to 2009 of City of Mash-
had are performed. The base year for simulation was 2009 and the horizon year was 2044. This
stage 1s very important because all of the analyses and decisions made in the following steps will
be based on the calibrated model. The sensitivity analysis of the parameters of the model showed
that the selected variables have considerable influences on urban transportation sustainability. The

proposed model can be used to find the optimal strategy for sustainable urban transportation.
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1. Introduction

Currently, considering sustainable develop-
ment issues in all decisions at different levels
is one of the most fundamental needs of the
managers and planners. The growing concern
regarding unleashed use of nonrenewable re-
sources as well as environmental and social
consequences of development especially in
transportation sector, which is one of the ma-
jor sources of different kinds of pollution, was
the genesis of paying attention to the concept
of sustainable development. Transportation
has a remarkable role in sustainability issues
in all scopes and levels of decision-making.
Transportation impacts on and, at the same
time, is affected by development and this
makes the decision-makers pay more attention
to the transportation as the most important el-
ement in sustainable development. Emerging
problems like increasing consumption of fos-
sil fuels, air pollution, water and soil contami-
nation, unequal use of transportation systems,
exposure to noise and air pollution, and also
increase in accidents have imposed severe
economical, social, and environmental dam-
ages to the society.

There are numerous works devoted to the
study of sustainability and transportation.
However, a small number of them analyze
sustainability quantitatively. Sustainability
in the current paper is a goal that is achieved
by concurrent paying attention to social, en-
vironmental, as well as economical aspects

of the system under study. The current study
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attempts to model sustainable transportation
using a system dynamics approach. System
dynamics models consider the causal relations
feedbacks of variables and apply delay or une-
qual effects of parameters in a better way than
static models. These are more suitable meth-
ods for long-term evaluations in future years.
In the current paper, the transportation, so-
cial, environmental, and economical indica-
tors and their mutual relations are considered
and modeled. Then, given the available data,
the calibrated model is validated. The data for
calibration and validation was gathered from
Mashhad (a major city located at the north
east of Iran) in different years.

The paper is organized as follows: First, the
concept of sustainable transportation and its
components is discussed and system dynam-
ics model is introduced. Then, the methodol-
ogy is presented and the transportation, social,
environmental, and economical subsections
of the proposed model is developed. After-
wards, the model validation as well as sensi-
tivity to its components is discussed. After the

concluding remarks, references are presented.

2. Concept and Components of Sustain-
able Transportation

The concept of sustainable transportation is
derived from that of sustainable development.
Understanding aspects and objectives of sus-
tainable transportation requires indentifying
the role of transportation in development of

urban systems. There are several definitions
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Table 1. Selected indicators to evaluate sustainability level of SUT model

Aspect No Indicator Unit sign
1 |value of time lost due to delayed passengers vehicles IRR -
Economical 2 |Ratio of environmental loss to annual income of transportation - -
3 [Annual uncompensated loss of transportation IRR -
1 [Equity in exposure of citizens to air pollution in regions Kg / person -
2 |Availability of public transportation in regions Minute +
3 |Ratio of mortal accidents to total trips by motor vehicles Accident / trip| -
4 |Ratio of injury accidents to total trips by motor vehicles Accident / trip]| -
5 |Ratio of non-injury accidents to total trips by motor vehicles | Accident/trip | -
6 |Ratio of total accidents towards total trips by motor vehicles [ Accident/trip | -
7 |Portion of trips using bicycle % +
8 |Portion of trips by walking % +
1 |Portion of noise pollution in urban regions db -
2 |Annual gasoline consumption towards total gasoline vehicles | Liter/vehicle | -
. 3 |Annual gas consumption towards total gas vehicles Liter/vehicle | -
Environmental - - - >
4 |Annual NOx production towards region of the region Kg/m -
5 [Annual HC production towards region of the region Kg/m® -
6 |Annual CO production towards region of the region Kg/m’ -
1 |Moved distance of the vehicles Vehicle km -
2 |Portion of public transportation towards traffic of private % +
3 Number Qf non-marginal parking lots towards private Number .
transportation
4 |Average speed of vehicles Km/hr +
Transportation 5 |Average t_rafﬁc cor_lgestion (v/¢) = -
6 |Average time of trip Minute -
7 |Daily moved passengers Person +
8 |Portion of trips by bus in daily trips % +
9 |Portion of trips by private vehicles in daily trips % -
10 |Portion of trips by taxi in daily trips % +
11 |Portion of trips by bicycle in daily trips %
for sustainable development and sustainable Committee., 1987]:
transportation [Rassafi et al., 2006; Rassafi “Economic growth, the alleviation of poverty
and Vaziri, 2007; Zhang and Wei, 2013]; how- and sound environmental management are in
ever their core idea relies on the definition of many cases mutually consistent objectives”.

World Commission on Environment and De-

velopment in the Brundtland Report [World The first definition implies that sustainability

Commission on Environment and Develop- is a long-term objective that involves more
ment, 1987]: than one generation, and the second one points
“Sustainable development is development that to three dimensions of economic, social, and
meets the needs of present generation without environmental for sustainable development.

compromising the ability of future genera- The current study defines sustainable trans-
tions to meet their own needs’, portation as an optimal strategy for develop-
As well as that of World Bank [Development ment in transportation systems while paying
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attention to social and environmental aspects
of society. Furthermore, due to the importance
of measurement techniques in sustainability
appraisal studies [Rassafi and Vaziri, 2005],
a great emphasis has been devoted to them.
Therefore, 28 indicators have been selected
and have been introduced to evaluate sustain-
ability level of the sustainable urban transpor-
tation (SUT) model. This selection is based
on availability of the information, possibility
of measurement, and also the accepted defini-
tion for sustainable transportation. As Table 1
shows, the number of economical, social, en-
vironmental, and transportation indicators is
3, 8, 6, and 11 respectively. It is notable that
in order to meet sustainability objectives, the
combination of indicators are deemed to be
evaluated, and synchronized improvement of
them is considered in the model. In the last
column titled “sign”, a positive sign for each
variable represents the affirmative influence of

that variable on sustainability and vice versa.

2.1 Economy and Transportation

The share of transportation sector in GDP
(Gross Domestic Product) is about 10% in
Iran in 2004 [Khalatbary and Atwan, 2008].
Formation of gross capital stock in transporta-
tion sector in constant price of 1997 has been
grown up 16.2 times in period of 1959 — 2003,
that is about 6.2% per year [Khalatbary and
Atwan, 2008]. Transportation plays a key
role in economical development from several

points of view. On the one hand transportation
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has a direct effect on the economy in terms of
value added. On the other hand, it connects
economic centers that are inevitably located
far from each other. This characteristic can-
not be directly measured but it is noticeable
that without transportation no economic firm
can survive. Furthermore, transportation pro-
duces externalities, including the costs such as
delays caused by congestion, environmental

costs and accidents.

2.2 Society and Transportation

Man builds vehicle and roads and is the main
user of transportation. Moreover, variety and
extensiveness of transportation systems have
affected the social life of the people. Popula-
tion, culture, equity, health, safety and acces-
sibility are effective social issues involved in
sustainable transportation. Transportation and
society have mutual interactions: transporta-
tion brings welfare, accessibility, and also
noise, pollution, delay and accidents to the so-
ciety, and in turn, society’s habits and lifestyle
affects transportation [Schade and Rothengat-
ter, 1999]. Cultural issues including level of
participation, and compatibility with new pol-
icies like using non-motorized transportation,
etc.... are also important. Equity has been one
of the major concerns of transportation deci-
sion-makers too. Providing the same services
for disabled or elderly as the same as others,
as well as availability of public transportation
to underprivileged are of great importance

in equity issues [Habibian and Ostadi Jafari,



Amir Abbas Rassafi, Mahdi Ostadi Jafari, Hassan Javanshir

2013].

2.3. Environment and Transportation

Despite of its remarkable benefits, transporta-
tion has negative consequences and irreversi-
ble losses to the society and environment. The
main impacts of transportation on environ-
ment are basically categorized into two major
groups: consuming non-renewable resources,
and environmental pollution. In energy sector,
transportation has consumed about 30.4 %
of total energy consumption of Iran in 2003,
which shows 5.7% increase comparing with
the previous year [Deputy of Energy Affairs,
2003]. Among oil products in 2004, 21986.3
billion liters gas and 15802.4 billion liters gas-
oline have been used by transportation sector,
which is the most consumption rate in whole

country [Deputy of Energy Affairs, 2003].

3. System Dynamics Model

System dynamics models have been intro-
duced before 1960s, when Forrester and
Sloan tried to present a management method
in a long term, and finally they succeeded to
publish a report called Industrial Dynamics in
1961 [ASTRA, 1999]. Then this idea was de-
veloped and it is widely used in several stud-
ies from different disciplines [ASTRA, 1999].
System is composed of elements and com-
ponents which form a unique entity and has
a specific and common objective [ASTRA,
1999]. In a systemic viewpoint, systems can

be either open or closed. Closed or Feedback
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Systems do not have any connection with the
elements outside the system’s boundary and
the behavior of the system is only affected by
its behavior in previous time steps, means that
it consists of a loop or loops relating the re-
sults of previous actions to next action.
Elements of causal loops include independ-
ent variables (cause), dependent variables (ef-
fect) and arrows showing the relation between
cause and effect [Bakhshandeh et al., 2013].
By forming diagrams of causal loop, a concept
called polarity of the loop, arises [Wang et al.
2008]. When the loop has a feedback contrary
to its origin, the loop is negative, and when the
loop has a feedback which amplifies its ori-
gin, the loop is called positive. As an example,
Figure 1 shows two kinds of feedback loops.
The left loop in Figure 1, a positive one, states
that increase in population, amplifies the land
development, and the latter has a positive im-
pact on economic activities of the city which
in turn causes population growth. The right
loop shows that population growth increases
the number of vehicles in urban regions. The
emissions of these vehicles gradually result
in a long-term accumulation of polluted air
and thus reduce urban air quality, which has
a negative impact on population [Chen et al.,
2006].

Variables and parameters of a system dy-
namics model are divided into 5 categories:
state, rate, constant, auxiliary, and exogenous
[Sterman, 2000]. State variable represents the

value of variable level at a particular time.
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Economic
+ Activities

Urban Land &
Development

3 +
L Population

Number of Vehicle

+

_l’_
O Pollutant Emission

Air Pollution

Figure 1. Positive and Negative Feedback loops [(Chen et al., 2006]

The increases or decreases of the state vari-
ables are determined by rate variables. Con-
stants will remain unchanged during the time
and exogenous variable is independent and
at not affected by variable inside the model.
Auxiliary variables are simply computed by
the combination of aforesaid variables. The
current values of state variable are determined
according to increase or decrease of changes
in previous period. This is shown in equation
(1) [ASTRA, 1999]:

Z, =2, .+ (z -Dz )(DT) (D
Where:

Z: The current value of state variable Z at
time t (unit)

Z . The value of state variable Z at time t-t
(unit)

IZ, : Rate of in flow (unit/time)

DZ, : Rate of out flow (unit/time)

4. Methodology

This section describes the proposed model
regarding the above explanations. Firstly,
preparation stages of system dynamics model
and its usage to form the model are presented,

and then, sub-models of each section are de-
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scribed.

4.1 Preparation of System Dynamics Model
Generally, preparation of system dynamics
models includes three stages: creating con-
ceptual model, drawing flow diagram, and de-

veloping system dynamics model.

4.1.1 Conceptual Model of Sustainable Urban
Transportation

Causal diagrams have been used to prepare
conceptual model of SUT to show the rela-
tion between variables of model. These are
shown in Figures 2, 3, 4 and 5, and presenting
economical, social, environmental and trans-
portation cause-and-effect relations among
different variables, respectively. For example,
from conceptual loops of Figure 2, fuel con-
sumption of vehicles causes pollution produc-
tion. Producing air pollution causes creation
and increase in environmental costs which
will affect financial sources of transportation
in economical section. In order to decrease
costs and negative consequences of trans-
portation, pricing policies can affect usage of

public transportation.
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53 International Journal of Transpotation Engineering,
Vol.2, No.1, Summer 2014



An Appraisal of Sustainable Urban Transportation: Application of a System Dynamics Model

Environmental I

Renewable 4 ——_ CleanEnergy

Energy ,\ Demand
Fossil energy

sources Y Fuel

. 4
consumption
\ Noise F} Contaminators
Pollution Production
| —
Green Space S
per Capita
o _ People Exposed Pe(ﬁ}elfﬁl;0§ed
— to Noise Pollution to Air Pollution
Noise Pollutions Cost
Pollution
Waste Cost v
Productio Subsidy for
Fuel

ater and Soil

Consumption s
contamination

L Environmental Costs
\77

Figure 4. Conceptual environmental sub-model of SUT
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4.1.2 Flow Diagram of Sustainable Urban
Transportation
Flow diagram of the SUT has been created ac-
cording to a causal structure. Transportation
variables and those variables interacting with
it, have been chosen to model SUT. Figure 6
shows the structure of the SUT model con-
sisting of several positive and negative loops,
some of which are described in the following
as an example.
a) Tendency to tip by personal car (+) —Pri-
vate car demand (+)— traffic volume (+)
— traffic density (+) — average speed (-)
— travel time — fuel consumption (+) —
tendency to tip by personal car (-)
b) Public transportation demand (+) —
revenues from public transportation (+) —
incoms (+) — financial resources of trans-
portation (+) — improvement of public
transportation (+) — public transportation
demand (+)
The above-mentioned examples of loops have
been highlighted in Figure 6. Loop (a) (shown
with the red-line) has negative polarity and
loop (b) (shown with the green line) has posi-

tive polarity.

4.1.3 Development of the System Dynamics
Model

In this stage, mathematical equations between
variables are shown in flow diagram. In this re-
gard, using system dynamics software Vensim
[Ventana System, 2009], economical, social,

environmental, and transportation sub-models
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are modeled. Sub-models of SUT model in-
clude economy, environment, trip production
and attraction, trip distribution, and modal
split. These sub-models and their equations

are presented in the following sections.

4.2 The Study’s Sub-Models

4.2.1 The Economical Section of the System Dy-
namics Model

In this section, variables of financial resourc-
es of transportation, investment in intelligent
systems, supplying non-marginal parking lots,
and number of taxis are considered as state
variables. In financial resources of transpor-
tation, income and constant governmental
budget are presented as input rate variables,
and costs and investment in environment are
considered as output rate variables. Revenues
from transportation include public transporta-
tion (bus and taxi), marginal and non-marginal
parking lot, and giving tax and tolls and direct
costs of investment in transportation section
in improving public transportation fleet, cre-
ating pathways, investment of developing
intelligent systems, parking lot construction,
planning and studies, and labor cost sub-sec-
tions. It also assumed that investment in the
environment is to spend in development of
non-motorized transportation and renewable
energies.

Unrecoverable damages of transportation are
calculated from the damage has been incurred
to environment and the investment to reduce

negative consequences on environment. These
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damages are a combination of air and noise
pollution, as well as water and soil contamina-
tion and waste production whose 2009 values,

are shown in Table 2.

4.2.2 The Social Section of the System Dynam-
ics Model

In social section of model, accident and num-
ber of deaths caused by accidents have been
considered. Studies show that number of ac-
cidents is a function of produced and attracted
trips in traffic regions [Naderan and Shahi,
2010]. Thus, in this study, a linear regres-
sion model was used to predict the number of
crashes with the study’s data:
y =2.79x107 (x,) 2)

In which, x1 is the number of daily produced

trips and y is the number of daily accidents.

4.2.3 The Environmental Section of the System
Dynamics Model

Daily traffic volume in urban pathways can be
determined by calculating annual trip demand
for each vehicle and having average speed of
vehicles. By dividing total traffic volume of
pathways by its capacity, average traffic con-
gestion on urban regions is calculated. Calcu-
lated delay in this section of model affects on
fuel consumption of vehicles directly. Outputs
of environmental sub-model include fuel con-
sumption of gasoline and natural gas vehicles,
noise pollution of heavy and light vehicles,
and production of pollutants by bus, taxi, pri-
vate car and motorcycle. In this regard, vari-
ables of speed and traffic congestion have
been considered regarding their direct impact

on these items.

Table 2. Costs of environmental pollutants per vehicle-km for year 2009

Item no Variable Reference Cost (IRR)
Private car 119.78
1 Noise pollution [Litman, 2009] Bus 604.1
Motorcycle 1211.4
Private car 128.1
2 water pollution [Litman, 2009] Bus 128.1
Motorcycle 128.1
Dalls Private car Jed
3 ollution due to waste | ;50 on 2009] Bus 3.7
production
Motorcycle 3.7
4 NO, [Duffill Watts, 2012] 4800
5 CO [Duffill Watts, 2012] 1500
6 HC [Duffill Watts, 2012] 1700
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Fuel consumption and emission by vehicles
are functions of vehicle technology, fuel type,
speed, traffic congestion, and physical condi-
tions of pathway including linear slope and
surface of pathway. In this study, fuel con-
sumption of heavy and light vehicles has been
calculated according to speed that it has been
tabulated in Table 3. In Table 3, fuel consump-
tion is estimated based on vehicles’ speed, and
extra consumption caused by delay will be
added too. Furthermore, the functions that are
needed to estimate the emissions have been
acquired from studies on traffic and transpor-
tation of Tehran [ Tehran’s Transportationation
and Traffic Studies, 1996].

Amount of emissions of different pollutants
(NO2, HC, CO) by different vehicles is a
function of vehicle technology, fuel type, and
speed of vehicle. Functions used to estimate

emissions of pollutants for each km of path-

ways at speed v, in grams, are calculated ac-
cording to Equations (3) to (8):
Motorcycle CO = 76.7601/61v+0.0095v>+95.91/v  (3)

Motorcycle HC =25.47-0.43v+0.0024v> +178.48/v (4)

Car and taxi CO=127.64—2.68v+0.016v> +160.12/v(5)
Car and taxi HC =6.06—0.10v+0.00056v* +42.57 /v (©6)
Car and taxi NO, =0.7+1.92/[1+93.54¢%*"] )

Bus NO, =19.63-0.32v+0.0037v* +21.13/v 8)

In order to calculate the emission of pollut-
ants related to each vehicle in urban regions,
first, for each region, speed is determined, and
using above equations, the emissions for the
pollutant per km can be calculated. Then, this
quantity will be multiplied by traffic volume

of the vehicle and also the distance traveled.

Several methods have been introduced to cal-
culate noise pollution in urban areas. In this
study, noise pollution production model of

England is the basis of calculations. In this

Table 3. Fuel consumption of heavy and light vehicles according to speed

Light vehicle Heavy vehicle
Speed Gas Extra consumption gue tlo delay Gasoline Extra consumption cslue tlo delay
(km/hr) consumption Base Urpius consumption Base urpius
(liter/km) SosiEe consumption for (liter/km) e consumption for
each 30 sec each 30 sec
16.09 0.169 0.006 0.252 0.020
32.18 0.118 0.025 0.201 0.053
48.27 0.103 0.037 0.228 0.095
64.36 0.108 0.048 0.002 0.279 0.133 0.020
80.45 0.122 0.064 0.344 0.148
96.54 0.136 0.079 0.415 0.148
112.63 0.158 0.092 . =

International Journal of Transpotation Engineering,
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model, variables of traffic volume (Q), speed
(km/h) (V), percentage of heavy vehicles (P),
and noise pollution level (db) in 10m distance

(L10) regarding equation (9) are:
Ly= 10L0g10Q+33L0g10(V+40+5—20) +L0g10(1+57p)—27.6

(€))

4.2.4 The Transportation Section of the System
Dynamics Model

Classic 4-stage transportation model (UTPS,
Urban Transportation Planning System) has
been used to model and predict trip demand.
Forecasting future trips in these models is
trough four stages: trip production and attrac-
tion, trip distribution, modal split, and traffic
assignment. Mashhad has been divided into
5 regions (Figure 7). This number of regions
was selected so that the order of computa-
tions was reduced to a reasonable limits of
time and complexity in the system dynamics
model. Traffic assignment stage has not been
performed in this study, because the level of
aggregation of data (in only 5 regions), and
the study’s objective make it unnecessary.
Multiple linear regressions have been used to
model trip production and attraction for each
region. General form of the equation in mul-
tiple linear regression analysis is shown in
Equation (10):

T (10)

vi=aqta X, +a, X, +..+a, X,

Where:

T..: number of produced trips in region i or
i/j

59

number of attracted trips to region j
a, a,a,... an: parameters

X, X, ... Xn: dependent variables

Figure 7. Definition of traffic regions in Mashhad

In this study, long term trip productions and
attractions models created by studies of trans-
portation in Mashhad have been used and var-
1ables of trip productions and attractions are
shown in Table 4.
Trip distribution stage has been done using
the well-known gravity model ([Ortuzar and
Willumsen, 1998]. Generally, trip distribution
equation is determined by equation (11):
i Aj F; KJ'
Z Aj F; Kj

i=1

i

(11)

where:

T,: number of produced trips in region i and
attracted in region j,

P.: number of produced trips by region i,

A number of attracted trips toward region j,

International Journal of Transpotation Engineering,
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Table 4. variables of trip Production and Attraction models [The Institute for Transportationation
Studies & Research, 1995]

Number of workers in traffic region i

Employment level in traffic region j

Employment level in traffic region i

Car ownership of residents in traffic region j

Car ownership of residents in traffic region i

Number of students of universities in traffic
region j

E Number of students in traffic region i E Number of high school classes in traffic region j
§ Number of students of universities in traffic § Number of primary and secondary school classes
S |region i & in traffic region j

l:- Population of traffic region i 1 Number of hospital beds in traffic region j

E Population of Mashhad ﬁ Population of traffic region j

Family size in traffic region i

Population of Mashhad

Family size in Mashhad

Area of parks in traffic region j (hectares)

Air distance between traffic region i and Holy
Shrine (km)

Maximum air distance traffic region j and Holy
Shrine and 5 km

F.: deterrence function, usually Fij is used as
(lib) where trip duration between regions i and
Js /tij and also b are constant, and

K coefficient reflecting social and economi-
cal interrelationships between regions i and j
In the current system dynamics model of SUT,
it is assumed thatb =2 and K = 1.

Next stage of forecasting future trips, modal
split, is to determine percentage of users of
each existing mode. In each trip, passengers
choose one of the available modes including
private car, public transportation, bicycle,
and walking. The selection is a complicated
process which depends on characteristics and
type of trip, characteristics of passenger, and
the mode’s specification [Ortuzar and Wil-
lumsen, 1998; Khisty and Lall, 2003].

In modal split stage, firstly, demand for trips
by motor vehicles and non-motorized vehicles

separated. Demand for trip by non-motorized
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vehicles include walking and cycling, demand
for trips by motor vehicles is obtained by de-
ducting this amount from total trips between
region 1 and j. Then, users of motor vehicles
are divided into two categories: ones who
have private vehicle and ones who don’t have.
The reason of this division is to increase accu-
racy in changing indicators and trip utilization
due to change in foreseen policies for differ-
ent groups of passengers.

Transportation modes are divided into two
categories: public (bus and taxi) and private
(private car or motorcycle). Portion of usage
of each mode is determined by utilization of
each one. Effective factors (utilities) in ten-
dency to trip by each mode include travel
time, travel cost, and mode quality. Tendency
to trip by each mode is obtained by sum of
utility coefficient multiplied by utility weight.

According to other studies, time, cost, and
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quality weights are assumed 0.45, 0.33 and
0.22 respectively [Vakili et al., 2008].

5. Validation of the Model

In order to be able to validate a model, a wide-
spread way is to utilize real data. The valida-
tion of model is measured by coefficient of
determination (R2), and eventually year 2009
has been considered as base year of transpor-

tation planning in this study.

5.1 Model Validation

In this stage, the results of some model vari-
ables are validated in target year (2009). In
this regard, coefficient of determination (R2)
has been used. Evaluated variables include
population, working population, car owner-
ship, motorcycle ownership, number of pri-
mary and secondary school classes, and daily
produced and attracted trips. In Table 5, some

important variables of trip production and at-

traction are shown. Fitting coefficient for pop-
ulation, working population, car ownership,
motorcycle ownership, and number of primary
and secondary schools’ classes are calculated
0.867, 0.923, 0.924, 0.978, and 0.891 respec-
tively. Therefore, these variables are near 1,
results are evaluated appropriate. Figure 8 has
been determined coefficient of determination
of car and motorcycle ownership. Afterwards,
evaluation of daily produced and attracted
trips has been evaluated for work, education,
recreation, personal business, pilgrimage, and
also non-home-based objectives. Determina-
tion coefficient for total trip production and at-

traction in urban regions are 0.995 and 0.927.

5.2 Discussion

The objective of this stage is to determine the
sensitivity of the model to the variations of its
parameters. In this regard, average car occu-

pancy and salvage rate of vehicles have been

Table 5. Comparison between variables of trip production and trip attraction models, observed and resulted from

model in 2009
Rt el Workir_lg Car . Motorcy(_:le Number of primary and
population ownership ownership secondary school classes
1 324982 88619 0.114 0.158 3015
= 2 666238 159336 0.0595 0.163 4808
g 3 419538 104585 0.0636 0.166 3599
2 4 627786 170787 0.131 0.135 5096
© 5 689094 176538 0.081 0.089 4746
1 380652 97105 0.160 0.151 2852
2 2 694000 158231 0.041 0.172 5199
k3] 3 440955 102073 0.066 0.165 3304
'q'é 4 629840 161084 0.162 0.132 4719
- 5 581761 148788 0.065 0.079 4358
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Figure 8. Coefficient of determination value in car (left) and motorcycle (right) ownership per capita variables

chosen from sub-models of section 4, and val-
ues for two indicators from the validation year
(2009) to horizon (2044) have been evaluated.
Values of these variables are shown in Table
6 in five different options (policies). Environ-
mental index of annual gasoline consump-
tion, and transportation index of average traf-
fic congestion. Sensitivity analyses for these
indicators are shown in Figures 9 and 10. In
these figures, horizontal axis shows years
from zero to fifty. 1994 is considered as the
base year, 15th year as the current (validation)
year (2009), and 50th year as the long-term
forecast year (2044).

Annual gasoline consumption in Mashhad

has an approximately constant trend until

2014, and after that it has increased signifi-
cantly; and the reason is an increase in public
transportation fleet and tendency to use pub-
lic vehicles. Again, when the average private
car occupancy increases, annual gasoline
consumption decreases significantly; whilst
in analysis related to salvage rate of vehicle,
while this variable increases, annual gasoline
consumption is constant until 2014 and after
that decreases in a stepwise pattern.

Index for average traffic congestion increases
in both of the analysis, and by increase in av-
erage private car occupancy and salvage rate
of vehicles, it decreases gradually and in a

step manner respectively.

Table 6. Selected variables for sensitivity analysis of sustainable urban transportation model

Parameter Initial Value [ Optionl | Option2 | Option3 | Optiond | Option5
average car occupancy 1.7 1.87 2.21 2.74 3.4 4
salvage rate of vehicles 0.002 0.003 0.004 0.006 0.008 0.01
International Journal of Transpotation Engineering, 62
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Figure 9. Changes of indicators in time with respect to different options of average car occupancy
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6. Conclusion

Due to the growing concern about the un-
desired consequences of development in the
urban transportation, achieving a sustainable
transportation in cities is an accepted strategy
among the decision-makers. According to a
popular definition for sustainable develop-
ment, the concurrent interaction among eco-
nomic, social, and environmental features of
urban transportation should be equally consid-
ered in a sustainability study, and this makes
such studies more complicated. In the current
paper, the situation of Mashhad transportation
during 1994 to 2044 using a system dynamics
model has been portrayed. The system dynam-
ics models are able to consider the simultane-
ous influence of different variables on each
other. Therefore, they are good approaches for
monitoring the status of economy, environ-
ment, and social factors resulting from trans-
portation. In order to model Mashhad trans-
portation, firstly the city was partitioned to
five regions and the model was calibrated and
validated for the year 2009 (base year).
Monitoring 28 selected indicators in the
model showed that continuing the current
policies would result in the increase of vari-
ous problems and consequently non-sustain-
ability. Therefore, the effects of two policies
namely “increasing average car occupancy’,
and “increasing salvage rate of vehicles”
were analyzed. The assessments showed that
increasing salvage rate of vehicles had su-

perior effects on minimizing the annual fuel
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consumption. Because it increased the utility
of public transportation, reduced traffic con-
gestion, and consequently reduced travel time
and fuel consumption. The other policy that
1s increasing average car occupancy didn’t
show comparatively promising results in the
sustainability indicators.

The proposed approach in the current paper,
has the capability of assessment of different
transportation policies in the extent of mini-
mizing negative indicators and maximizing
positive ones (according to Table 1). The au-
thors suggest that the combination scheme of
different policies is analyzed for further re-

search.
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