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At conventional pay tolls, vehicles joining a queue must come to a stop
and undergo several stop-and-go cycles until payment is completed. As
a result, emissions increase because of excessive delays, queuing, and
speed change cycles for approaching traffic. The main objective of this
research is to quantify traffic and emission impacts of toll facilities in
urban corridors. As a result of experimental measurements of traffic and
emissions, the impact of traffic and emission performance of conven-
tional and electronic toll facilities is presented. The approach attempts
to explain the interaction between toll system operational variables (traf-
fic demand, service time, and service type) and system performance vari-
ables (stops, queue length, and emissions). The experimental data for
validating the numerical traffic model were gathered on pay tolls located
in three main corridors that access the city of Lisbon, Portugal. The
emissions model is based on real-world onboard measurements of vehi-
cle emissions. With the appropriate speed profiles of vehicles in pay tolls,
onboard emission measurements were carried out to quantify the rela-
tionships between vehicle dynamics and emissions. The main conclusion
of this work is that there are two different types of stop-and-go driving
cycles for vehicles joining the queue at a conventional toll booth: short
and long. The length of each cycle depends on the expected queue length
at the toll booth and the frequency of each cycle directly affects the level
of vehicle emissions. The greatest percentage of emissions for a vehicle
that stops at a pay toll is due to its final acceleration back to cruise speed
after leaving the pay toll.

Conventional toll booths located on a roadway require drivers to
come to a complete stop to pay the toll. One concern about this type
of tolls is that vehicle emissions will increase because of the occur-
rence, under certain operational conditions, of excessive delays,
queue formation, and speed change cycles for approaching traffic.
These occurrences could have a strong impact on congestion and air
quality in the surrounding urban area. Therefore, a quantification of
these effects would be of interest to environmental agencies and traf-
fic managers (1), leading to adoption of strategies aimed at minimiz-
ing traffic congestion and environmental impacts of toll collection
facilities.

Electronic toll collection (ETC) has been touted as one of the
promising technologies aimed at decreasing traffic congestion and

pollution levels in pay tolls. ETC is an automated system that allows
drivers to pay tolls without stopping or by slightly slowing down. A
typical ETC system works as follows. A transponder placed inside
the vehicle is activated each time the vehicle passes a roadside sen-
sor. The tolling agency maintains an account for each vehicle, which
is debited with each use of the toll facility. Another variation uses a
“smart card” of a certain value placed inside the transponder. Each
time the vehicle passes a roadside reader the appropriate fee is deb-
ited from the card account. Portugal was the first country in the
world to implement an integrated network of ETC systems for pay
tolls (2). Currently, the system includes 90 toll plazas in the coun-
try, covering pay toll freeways, highways, bridges, parking lots, and
vehicles’ pricing schemes to access specific zones in cities (2).

In this paper, an approach based on experimental measurements
and on the modeling of traffic and emission performance of toll facil-
ities is presented. A mesoscopic traffic model approach is proposed
for this study. It uses stochastic queuing theory (3) to estimate the
queue length. Pollutant emissions were estimated by using a modal
emissions approach, based on onboard measurements of vehicle emis-
sions by driving mode (4, 5). Using the speed profile of vehicles in
pay tolls, onboard emission measurements were carried out to obtain
relationships between vehicle dynamics and emissions for each
driving mode. The combination of the traffic and emission estimation
models provides an overall pollution estimate for a toll facility under
any control configuration and traffic demand patterns. The region of
influence of the toll plaza was defined as the sum of the deceleration
distance from cruise speed, maximum queue distance, and accelera-
tion distance to cruise speed. The experimental data for validating the
numerical traffic model were gathered on pay tolls located in three
main corridors that access the city of Lisbon, Portugal. The authors
are not aware of any current method that can quantify the impact of
toll facilities on traffic and emission performance based on observed
stop-and-go behavior and measured emission rates.

Thus, the objectives of this research are as follows:

1. To quantify traffic and emission impacts of toll facilities in
urban corridors;

2. To develop a methodology that can quantify the traffic perfor-
mance at a pay toll facility (with conventional payment and ETC),
especially those parameters related to stop-and-go behavior that may
have an influence on the added emissions and fuel consumption—
through carbon dioxide (CO2) emissions—in the system;

3. To explain the relationship between variables characterizing
stop-and-go behavior (e.g., length and number of stop-and-go cycles)
with environmental and traffic performance variables—in particu-
lar, carbon monoxide (CO), nitric oxide (NO), hydrocarbons (HC),
and CO2 emissions and queue length; and

4. To explain the interaction between toll system operational
variables (traffic demand, service time, and number of booths) and
system performance variables (stops, queue length, and emissions).
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REVIEW OF TECHNICAL LITERATURE

Research in this field has focused on the development of traffic mod-
eling tools for toll facilities and to a more limited extent on their
impact on emissions. Lin and Su (6 ) developed a detailed method-
ology for the level of service analysis of main-line toll plazas, in
which the operating characteristics of toll plazas are examined
through field observation and simulation. Burris and Hildebrand (7)
developed a discrete-event, stochastic, microsimulation computer
model to determine the impact of ETC on traffic operations; sub-
models were developed to examine all aspects of the toll collection
process, including vehicle deceleration, queuing, lane selection logis-
tics, service time, and vehicle acceleration. Polus analyzed an urban
toll plaza with a simulation model and developed a methodology
for the planning of toll facilities (8–11). Al-Deek et al. (12) analyzed
the improvements in traffic operations at ETC plazas. In later work,
Al-Deek (13) investigated the sensitivity of the peak-hour plaza
delay to market penetration of the ETC system using the toll plaza
simulation model TPSIM, which is a stochastic object-oriented
discrete-event microscopic simulation model for toll plazas. Astarita
and Musolino (14) developed a microscopic simulation model for
the evaluation of traffic impacts on toll systems; queuing theory and
simulation are applied to determine the performance of a toll system
and its optimal configuration as a function of traffic conditions.
KLD Associates, Inc. (15) developed a commercial package entitled
WATSIM (Wide Area Traffic Simulation Model) to analyze traffic
operations along the approach and departure roadways for toll plazas
at bridges and tunnels; it provides a stochastic integrated simulation
at microscopic detail.

Recent research related to the analysis and modeling of emission
impacts on tolls appears to be focused mainly on the impact of ETC.
Lovegrove and Wolf (16 ) discussed toll plaza design concepts that
have been developed to achieve lower air pollutant concentrations
while minimizing required additional right-of-way acquisition. Wang
(17 ) proved the reduction of vehicle emissions using an ETC sys-
tem with the MOBILE5a emissions model (18). A simple toll plaza
system was studied by Lennon (19), who investigated the imple-
mentation of ETC lanes in a toll plaza and the consequences on
vehicles emissions. Guensler and Washington (20) examined CO
emission impacts of ETC systems compared with a normal toll
plaza. Robinson and Van Aerde (21) showed how ETC could pro-
vide potential benefits to the toll systems (in terms of travel time,
delay, fuel consumption, and emission levels) using the INTEGRA-
TION microscopic simulation model (22). Sisson (23) quantified
the nitrous oxide, HC, and CO production from decelerating a vehi-
cle to 0 km/h and then reaccelerating to the same speed on a toll
plaza. With the assistance of video techniques, investigation of the
relationship between ETC and emissions was conducted by Lampe
and Scott (24). Similar research was done by Klodzinski et al. (25),
who investigated the reduction of CO, HC, and nitrogen oxide vehi-
cle emissions at toll plazas with the implementation of ETC tech-
nology. Saka et al. (26 ) conducted a study to assess the impact of
the ETC system in terms of the reduction of HC, CO, and NO emis-
sions; the analysis involved the development of simulation and deter-
ministic models used to generate traffic flow parameters and then to
quantify emissions, using the emission models Mobile5b (18) and
CMEM (27 ).

The state-of-the-art review of toll facilities operation and research
revealed that several models have been developed to describe traf-
fic behavior at tolls. One of the most recognized models in this field
is TPSIM (13). However, TPSIM does not currently contain a vehi-
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cle emission estimation module. Other models on toll facilities do
not take into account the additional impact of each stop-and-go
cycle (each cycle is composed of a stop, acceleration, and decelera-
tion) that a vehicle performs at a conventional pay toll for emission
estimation. Instead, emission rates are calculated based on standard-
ized driving cycles as opposed to real-world measurements (26 and
references therein). The use of standardized driving cycles makes
macroscopic models such as COPERT III, MOBILE6, and EMFAC—
from the European Environment Agency, U.S. Environmental Protec-
tion Agency, and California Air Resources Board, respectively—less
appropriate per se for evaluation of the microscale impact of traffic
interruptions (1) such as pay tolls. Variability in vehicle emissions as
a result of variation in vehicle operation on a toll facility can be repre-
sented and analyzed more reliably with onboard emission measure-
ments than with the other methods such as dynamometer tests and
remote sensing devices (1).

METHODOLOGY

The proposed methodology consists of three steps: experimental
measurements of traffic parameters, emission measurements and
calculations, and implementation of the method.

Traffic Measurements

To assist in the development and validation of the numerical traffic
model, measurements of traffic parameters were taken at three dif-
ferent toll facilities in the Lisbon Metropolitan Area, in Portugal:
Bridge 25th of April, Bridge Vasco da Gama (both bridges cross the
Tagus River), and Carcavelos (located on Freeway A5, which con-
nects the cities of Lisbon and Cascais). There are 16, 12, and six toll
booths at each of the three sites, respectively. At the same sites six,
four, and two booths operate in ETC mode, respectively. The ETC
has a speed limit of 60 km/h (about 38 mph). The 1998 average
annual daily traffic at the three sites is about 68,000, 19,000, and
37,000 vehicles per day, respectively (28). The Carcavelos toll facil-
ity is located on Freeway A5, which is about 30 km (19 mi) long and
has two approach lanes in this zone. The maximum speed (vcruise) at
the study sites is 120 km/h (75 mph).

Several traffic parameters are needed to calculate the performance
variables, such as approach traffic flow, service time, and vehicle
dynamics. Field measurements of variables were gathered with video
cameras over several days at each site. The duration of videotaping
was evaluated using statistical significance tests to enable the esti-
mation of a 95% confidence interval in relation to the average and
standard deviation of the traffic stream parameters. Field measure-
ments of the dynamic behavior of vehicles on toll facilities were also
performed along each route, with the purpose of characterizing the
typical stop-and-go situations, using a microwave Doppler sensor for
speed and distance measurement combined with data treatment soft-
ware (DLS, from DATRON-MESSTECHNIK GmbH). The times
and distances of the main deceleration and acceleration were obtained
from experimental measurements (5). These were considered the
most detailed and most suitable to describe the acceleration and
deceleration modes in toll plazas for application to emission esti-
mation. To ensure uniformity in comparing emissions under various
scenarios, the region of influence of the toll plaza was defined as the
sum of the deceleration distance from cruise speed, queue length, and
acceleration distance to cruise speed.
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The characterization of stop-and-go cycles was taken from video-
taping and vehicle dynamics measurements. The typical stop-and-go
cycle at a conventional toll facility was characterized by measuring the
elapsed time and distance traveled between successive acceleration–
deceleration cycles and the corresponding number of stop-and-go
situations. From the experimental measurements, it was also possi-
ble to correlate the measured queue length with the number of stop-
and-go situations per vehicle. It was noted that there are two types of
stop-and-go situations: short (SSG) and long (LSG) (29). The long
cycles represent the initial process of queue move-up times (relevant
only for long queues), and short cycles represent the final process of
queue move-up times when a vehicle reaches the front of the queue
(payment at the toll booth). The space headway (sum of vehicle
length and clear spacing between vehicles) was the unit chosen to
define the threshold between these two types. Based on the work of
Bell (30) and considering the average vehicle length in Portugal as
well as the minimum and maximum distances between vehicles
(taken from the measurements of the dynamic behavior of vehicles),
a queue space headway value of 6 m (about 20 ft) per passenger car
unit was chosen to distinguish between SSG and LSG. Figure 1 pre-
sents two typical speed profiles for a vehicle approaching a conven-

tional toll booth and an ETC system. Table 1 gives the characteris-
tics of the components of the typical profile on conventional toll
booths (namely, the characterization of a stop-and-go unit), taken
from videotaping and vehicle dynamics measurements.

Figure 2 presents the relationship between the observed queue
length and the number of stop-and-go cycles (total and short). It is
evident that, when the queue length is short, there are very few LSG
situations. On the other hand, as the queue increases, the number of
LSG situations becomes significant. In addition, at very long queues,
the number of SSG cycles stabilizes.

Emission Measurements and Calculations

The emission estimation method adopted in this work parallels the
modal emissions approach presented by Frey et al. (4), in which
vehicle operation conditions are categorized into modes, such as
idle, acceleration, deceleration, and cruise. Each of the categories is
assumed to generate a fixed emission rate for each pollutant. Typical
speed profiles of vehicles at pay tolls were gathered as the first step
of the methodology. Subsequently, onboard emission measurements
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FIGURE 1 Typical speed profile of vehicle traveling through ETC system or conventional
pay tolls with stop-and-go cycles.

TABLE 1 Characterization of Typical Profile for Conventional Toll Booths

Typical Parameter LSG SSG 120-0 kph(*) 0-120 kph(*)

Maximum speed—kph (mph) 8.6 (5.3) 5.4 (3.3) 120 (75) 120 (75)

Acceleration distance—m (ft) 4.5 (14.8) 1.2 (3.9) NA 832 (2730)

Cruise distance—m (ft) 5.3 (17.4) 2.6 (8.5) NA NA

Deceleration distance—m (ft) 4.5 (14.8) 1.2 (3.9) 300 (984) NA

Acceleration time—s 3.8 1.5 NA 36

Cruise time—s 2.3 1.7 NA NA

Deceleration time—s 3.8 1.6 20 NA

Idle time—s 9.7 6.8 NA NA

(*)Gonçalves and Farias (5).
NA = not applicable.



were used to obtain relationships between vehicle dynamics and
emissions for each driving mode. In this work, the average emission
rates are based on onboard measurements performed by Gonçalves
and Farias (5) for a EURO 4, 1.2-L gasoline-powered vehicle. The
pollutants considered in this study are CO2, CO, NO, and HC.

The driving modes for conventional tolls were initial deceleration
from cruise speed (one mode, from 120 to 0 km/h), stop and go (two
modes, LSG and SSG), idle (one mode, service time), and final accel-
eration to cruise speed (one mode, from 0 to 120 km/h). For ETC,
one mode was considered (from 120 to 60 km/h and then again to
120 km/h). Emissions under the cruise mode (120 km/h, about 
75 mph) were also considered. To reiterate, all emission comparisons
were made over a reference distance that is equivalent to the sum of
the main deceleration distance, queue length, and acceleration distance
for a conventional toll booth.

Table 2 presents the experimental characterization and classifica-
tion of vehicle emissions and fuel consumption by driving mode (5).
All values are given in grams per event, with the exception of the val-
ues related to the service time and cruise (g/s). The number of mea-
surements reported by the authors (5) was 100 for each one of the
stop-and-go types (short and long) and 10 for each one of the remain-
ing modes. The measurements of fuel consumption and CO2 emis-
sions vary between 1% (for idle) and 20% (for the remaining modes)

of the average values. CO varies between 40% for acceleration and
cruise modes up to 140% for deceleration, ETC cycle, and SSG.
Because of the very low concentrations of CO for LSG cycles, the
variability reported is 700%. Finally, for HC, it varies between 85%
and 150%, while for NO, variations reported fall in the range between
50% and 200% of the average values. For conventional pay tolls, the
emissions per vehicle due to main deceleration, stop-and-go situa-
tions (LSG and SSG), idle (service time), and main acceleration can
be estimated as follows (Econv):

where

E and EF = emissions and emission factors for driving
modes, in units of g and g/s, respectively (from
Table 2);

NLSG = number of LSG cycles (from Figure 2);
NSSG = number of SSG cycles (from Figure 2);

tidle = time spent in idle mode for payment (service
time) [for example, average payment times at
conventional booths measured were 6.5, 8.9,
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conv cruise cruise_until_deceleration deceleration LSG LSG

SSG SSG idle idle acceleration
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TABLE 2 Measured Vehicle Emissions by Driving Mode

Pollutant

Driving Mode CO NO HC CO2 Fuel

Main deceleration 120–0 kph 1.4 × 10−2 7.3 × 10−4 1.3 × 10−4 8.5 2.3

Main acceleration 0–120 kph 4.0 2.6 × 10−2 1.1 × 10−2 245.5 78.7

LSG cycle 1.1 × 10 −4 9.5 × 10−4 8.5 × 10−4 17.8 5.0

SSG cycle 1.9 × 10 −3 5.8 × 10−4 2.9 × 10−4 12.4 3.4

Idle—service time(*) 5.1 × 10 −4 0(+) 0(+) 6.8 × 10−1 2.1 × 10−1

Cruise 120 kph(*) 1.8 × 10 −2 1.9 × 10−4 1.9 × 10−4 5.4 1.6

ETC cycle 120–60–120 kph 1.4 1.1 × 10 −2 8.5 × 10−3 195.9 62.2

1 mph = 1.61 kph.
All values are given in grams, with the exception of the values related to the service time and cruise expressed in g s−1(*).
(+) Below the detection limits of the gas analyzer.
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and 14.4 s, respectively, for the tolls of Bridge
25th of April, Bridge Vasco da Gama, and
Carcavelos (29)]; and

tcruise_until_deceleration = time spent in cruise mode required to cover
the difference between the total influence area
of a conventional toll plaza and the distance to
perform the deceleration from cruise speed,
queue length, and acceleration.

To compare emissions for conventional and ETC systems, the
entire influence area of the toll facility must be considered. This
includes the emissions due to the speed profile 120–60–120 km/h as
well as the cruise emissions over the remaining influence area
corresponding to a conventional toll:

where E120–60–120 and EFcruise are taken from Table 2, and tcruise_ETC rep-
resents the time spent in cruise mode required to cover the differ-
ence between the total influence area of a conventional toll plaza and
the sum of the deceleration distance from cruise speed (ddeceleration),
maximum queue length (QL, expressed in meters), and acceleration
distance to cruise speed (dacceleration) − the distance to perform the
120–60–120 km/h speed profile (d120–60–120). tcruise_ETC is computed as
follows:

where ddeceleration and dacceleration are taken from Table 1, d120–60–120 =
888 m (5), and vcruise = cruise speed (120 kph).

The difference in emissions experienced at conventional pay tolls
and ETC systems can then be calculated. Finally, concerning the
case in which no tolls are considered, the total travel time by the
vehicle is assumed at cruise speed, so the emissions are computed
as follows (Eno_tolls):

where tcruise represents the time spent in cruise mode required to
cover the total region of influence of the toll plaza.

E tno_tolls cruise cruiseEF= � ( )4

t d d d vcruise_ETC deceleration acceleration cruiseQL= + +( ) −[ ]− −120 60 120 3( )

E E tETC cruise cruise_ETCEF= +− −120 60 120 2� ( )

Implementation of the Method

Because queue length appears to be a good predictor of the num-
ber and type of stop-and-go cycles for the average vehicle, imple-
mentation of the approach requires estimation of the average
queue length. This can be done through direct queue length mea-
surements or it can be estimated from stochastic queuing theory
models (3) or by well-established traffic models such as TPSIM
(13) taking into account the approach volume and service time. In
this research, a time-dependent approach of predicting queue
lengths was adopted (31). This approach considers time-dependent
vehicle arrivals and service times and produces time-dependent
probabilities of queue lengths at the end of each time interval in
which either demand or service time varies. The profile of the
expected value of queue length is then determined. Videotaping
allowed for the quantification of average queue length to compare
with model predictions. An example is presented in Figure 3,
which represents a comparison between observed queue lengths
and the time-dependent results in a 1⁄2-h period. The experimental
queue lengths were observed in one of the conventional toll
booths of the Carcavelos pay toll plaza, between 8 and 8:30 a.m.
From experimental measurements, and with an initial queue of
four vehicles, the arrival rate and service time were allowed to
vary on a 1-min basis in order to be introduced in the model as
inputs. The model appears to be adequate for describing the evo-
lution of the queue length over time (the statistical correlation is
R2 = .54), with a slight overestimation of queue length toward the
end of the 1⁄2 h. After calculation of the queue length, the number
of LSG and SSG cycles can be determined (from Figure 2).
Finally, emissions are calculated with Equations 1 through 4 as
described previously.

RESULTS

First, the increase in unit emissions [grams per vehicle (g/veh)]
associated with conventional tolls compared with ETC systems
and the no-toll situation for various queue lengths (i.e., traffic
congestion levels) is presented. Next, a comparison of emissions
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for manual, ETC, and the no-toll cases is presented. This com-
parison focuses on the contribution of each mode to the overall
emissions per vehicle due to conventional tolls. Finally, a repre-
sentation of the daily emissions (g/day) for the three sites analyzed
(Bridge 25th of April, Bridge Vasco da Gama, and Carcavelos)
comparing conventional tolls with ETC systems and the situation
of no tolls is shown.

Figure 4 presents the increase in emissions (g/veh) caused by con-
ventional tolls compared with ETC systems (Figure 4a) and a no-
toll situation (Figure 4b) for various queue lengths (i.e., congestion
levels). The queue length represented is the average queue length
over a certain time period. The main conclusion of Figure 4 is that
the increased emissions caused by the presence of conventional
tolls, when compared with ETC systems, are 0.015, 0.001, and
28.7 g/veh (for NO, HC, and CO2, respectively) when the queue
length is one vehicle but increase to 0.022, 0.007, and 178.6 g/veh
(for the same pollutants, respectively) for a queue length of 20 vehi-
cles. The increased emissions caused by the presence of conven-
tional tolls, compared with the situation in which there are no tolls,

is 0.020, 0.005, and 81.1 g/veh (for NO, HC, and CO2, respectively)
when the queue length is one vehicle but increases to 0.028, 0.010,
and 231.0 g/veh (for the same pollutants, respectively) for a queue
length of 20 vehicles. CO emissions are virtually independent of
queue length, because the final acceleration effect dominates all other
modes (as discussed later), but CO emissions are affected by chang-
ing from ETC to conventional tolls: compared with ETC systems,
the increased emissions caused by the presence of conventional tolls
is equivalent to 151% for CO of the total ETC emissions (while for
NO, HC, and CO2 they are 179%, 62%, and 70%, respectively),
when there is a queue of 20 vehicles.

A comparison of emissions between the two types of collection
system (conventional versus ETC) and without the presence of tolls
is presented in Table 3 (all values are given in g/veh). The percent-
age of each mode on the overall emissions per vehicle due to con-
ventional tolls is also presented. For conventional tolls, an average
queue length of 20 vehicles and a service time of 15 s were assumed.
From Table 3, it can be concluded that the greatest percentage of emis-
sions of a vehicle that stops at a pay toll is due to the final acceleration
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back to cruise speed after leaving the pay toll. The stop-and-go
cycles are responsible for 39% of CO2 emissions, 35% of HC emis-
sions, 24% of NO emissions, and less than 1% of CO emissions. The
point where the effect of stop-and-go cycles overlaps the effect of
acceleration is 134, 60, and 47 vehicles in the queue, for NO, HC,
and CO2, respectively. Also noted is that the main acceleration is
responsible for more than 99% of the CO emissions at conventional
toll booths. This explains the indifference of CO emissions to queue
length.

Figure 5 presents the estimated daily emissions (expressed in
megagrams per day) of CO and CO2 for the three sites, assuming
that all daily traffic is serviced in conventional tolls (with queues of
one and 20 vehicles), by ETC system or always in cruise situation
(no tolls). A similar trend is noticeable for NO and HC (not pre-
sented). For CO, reductions in emissions of 61% and 84% would
result if all daily traffic circulates in the ETC system and if there
were no tolls, respectively. As previously discussed, CO emissions
are independent of queue length, so only one column is presented
for conventional tolls in this case. For CO2, emissions decrease
about 41% and 53% when conventional tolls with 20 vehicles in the
queue are compared with ETC systems and no tolls, respectively.

CONCLUSIONS

The main motivation of this research was to quantify the traffic per-
formance and local pollutant emissions for a toll facility (with
conventional payment and ETC) using real-world emission mea-
surements and a traffic model. The parameters related to stop-and-
go behavior (such as length of the queue, elapsed time between two
successive acceleration–deceleration cycles, and number of stops
until a vehicle departs the toll booth) were characterized. The devel-
opment of this methodology involved videotaping, traffic charac-
terization, onboard emission measurements (based on speed profiles),
and emission calculation. With this methodology, a comparison of
vehicle emissions for each one of the systems (conventional, ETC,
or no tolls) can be performed. The main conclusions of this work can
be summarized as follows:

1. On conventional pay tolls, vehicles are subjected to two types
of stop-and-go situations: short and long.

2. The greatest percentage of emissions for a vehicle that stops
at a pay toll is due to its final acceleration back to cruise speed after
leaving the pay toll.

3. CO emissions are virtually independent of queue length,
because the final acceleration effect dominates all other modes
(in terms of percentages of total emissions for each mode). The
final acceleration is also predominant in NO and HC emissions but
to a smaller extent (e.g., for a queue length of 40 vehicles, the
effect of acceleration on the fraction of total emissions decreases
to 68% and 56%, for NO and HC, respectively). It is important to
emphasize, however, that in terms of absolute values (total emit-
ted grams of pollutant) longer queue lengths will produce overall
higher emissions.

4. Compared with ETC systems, the increase in emissions caused
by the presence of conventional tolls is equivalent to 151%, 179%,
62%, and 70% (for CO, NO, HC, and CO2, respectively) of the total
ETC emissions, when there is a queue of 20 vehicles. For a queue
of one vehicle, the corresponding values are 154% for CO, 117% for
NO, 12% for HC, and 11% for CO2.

The proposed methodology can be viewed as a decision support
tool for decision makers in the following areas: optimal locations of
toll facilities, reducing toll values for vehicles that use automated
systems where no stopping is required, and selection of the number
of open conventional toll booths to achieve balance in predefined
objectives concerning service time without unduly causing exces-
sive delay for drivers, while minimizing the deleterious effect of the
stops on pollutant emissions. In areas with various geometric con-
figurations, more measurements need to be performed to address
differences in speed limits and grades.
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TABLE 3 Comparison of Emissions Estimates for Two Types of Collection System (Conventional and ETC) and Without Tolls 
for a Single Vehicle

CO NO HC CO2

Mode Value (g/veh) % Total Value (g/veh) % Total Value (g/veh) % Total Value (g/veh) % Total

Main deceleration 120–0 kph 1.4 × 10−2 0.4 7.3 × 10−4 2.1 1.3 × 10−4 0.7 8.5 2.0

LSG cycle 5.4 × 10−4 ≈ 0 4.6 × 10−3 13.1 4.1 × 10−3 23.8 85.7 19.8

SSG cycle 1.3 × 10−2 0.3 3.9 × 10−3 11.2 2.0 × 10−3 11.4 83.6 19.3

Idle—service time 7.7 × 10−3 0.2 0 ≈ 0 0 ≈ 0 10.1 2.3

Main acceleration 0–120 kph 4.0 99.1 2.6 × 10−2 73.6 1.1 × 10−2 64.1 245.5 56.6

Overall conventional 4.1 100 3.5 × 10−2 100 1.7 × 10−2 100 433.4 100

Overall ETC 1.6 NA 1.3 × 10−2 NA 1.1 × 10−2 NA 254.9 NA

No tolls 6.6 × 10−1 NA 7.0 × 10−3 NA 7.1 × 10−3 NA 202.4 NA

1 mph = 1.61 kph.
NA—not applicable.
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