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Abstract: In line with globally shared environmental sustainability goals, the shift towards citizen-
friendly mobility is changing the way people move through cities and road user behaviour. Building
a sustainable road transport requires design knowledge to develop increasingly green road infras-
tructures and monitoring the environmental impacts from mobile crowdsourced data. In this view,
the paper presents an empirically based methodology that integrates the vehicle-specific power (VSP)
model and microscopic traffic simulation (AIMSUN) to estimate second-by-second vehicle emis-
sions at urban roundabouts. The distributions of time spent in each VSP mode from instantaneous
vehicle trajectory data gathered in the field via smartphone were the starting point of the analysis.
The versatility of AIMSUN in calibrating the model parameters to better reflect the field-observed
speed-time trajectories and to enhance the estimation accuracy was assessed. The conversion of an
existing roundabout within the sample into a turbo counterpart was also made as an attempt to
confirm the reproducibility of the proposed procedure. The results shed light on new opportunities
in the environmental performance evaluation of road units when changes in design or operation
should be considered within traffic management strategies and highlighted the potential of the smart
approach in collecting big amounts of data through digital communities.

Keywords: roundabout; vehicle-specific power; pollutant emission; microsimulation; road infrastructure

1. Introduction

Urban mobility is going through a time of great change and road user needs are
changing with it [1]. Since the Paris Agreement, sustainable urban mobility has become a
key concept to achieve the goals set with respect to climate change, economic growth and
road safety [2,3]. Owing to their predominant role in promoting the sustainable mobility
and transport, road infrastructure issues are of special concern. The new forms of personal
micro-mobility on the market, and new technologies in autonomous driving call for road
infrastructures suited to meet the industrial challenges posed by the decarbonization and
digitalization of the urban transport system [4,5]. The question is now whether the (invisi-
ble) network of digital technology systems may really be conceived as the “infrastructure”
of the (visible) networks of road infrastructures whose efficiency is increasingly linked to
the use of Internet of Things (IoT)-based devices and Information and Communication
Technologies (ICT) tools under normal or crises conditions [4]. Despite the perspective
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of a close link between the invisible network of digital technology in operational systems
and the visible networks of road infrastructures, the introduction of the new technologies
and services for smart roads and the penetration rate of modern vehicle technologies are
still slow; at the same time, the adaptation of vehicle fleet to new emission rules set at
national, European and international levels is still proceeding on the basis of the phys-
iological replacement rate of old vehicles by new ones [6]. Nowadays, there is a great
potential for the widespread development of computing platforms to support distributed
mobile sensing due to the extensive employ of always-connected smartphones and mobile
devices as a link between people and things also to monitor the health and environmental
impacts of air pollution from vehicles and to analyse risky driving events and road infras-
tructure conditions [7,8]. Although safer and environmentally friendly management of
urban mobility is recognized as crucial for contributing to a greener future, the impact of
new engineering solutions which are, individually and in combination, at different levels
of maturity is not entirely clear [9]. Hence a sustainable urban mobility strategy has to
incorporate a well-balanced set of policies, planning methods and measures to transit to a
carbon-neutral status [10,11].

For the reasons given, estimation of exhaust emissions of car engines is still an ac-
tive field of research. Road-related air quality management has based the estimation of
vehicular traffic emissions mainly on average speed-based approaches and instantaneous
(modal) models [12,13]. The average speed-based approaches rely on emission functions
derived from measurements of the emission rates over a wide range of driving patterns at
different levels of speed. Since these approaches do not capture the differences in emissions
estimates due to the changes in modal activity, their usual applications concern emission
inventories for large geographical areas at the road network level [12]. In turn, the instanta-
neous (modal) models describe the emissive behaviour of vehicles at the microscale level
by relating emission rates to vehicle operation over a short time interval; they usually use
vehicle activity parameters to estimate second-by-second emission rates and vehicle fuel
consumption [14,15]. The average emission rates derived from vehicles and integrated
into commonly used emission models, however, have returned in some experiences great
differences between the predicted and field-based measured emissions for individual vehi-
cles [13,16]. Recent experiences in connected eco-driving on signalised arterial corridors
have highlighted the advantages of real-time traffic sensing and cloud platforms for ap-
plications as well as information services for networked cars and infrastructure with the
purpose of reducing emissions and fuel consumption; thus, the integrated use of com-
munications technology can offset current (macroscale or mesoscale) emission models in
capturing differences among deceleration, acceleration, idling and cruising modes on the
same road unit [17]. Despite the extensive applications of mobile-source emissions models
at the macroscopic level (e.g., the Computer Programme to calculate Emissions from Road
Transport (COPERT) model [18]; the EMission FACtors (EMFAC) model [19,20], the Trans-
port Emission Model for Line Sources (TREM) [21]), or mesoscopic level (e.g., Signalised
and unsignalised Intersection Design and Research Aid software (Sidra Intersection) [22];
Mobile Source Emission Model [23]), the modal emissions models are sensitive to changes
in vehicle speed and acceleration and are used to evaluate operational level projects for
arterials and intersections [24]. In the case of the Comprehensive Modal Emissions Model
(CMEM) [25] second-by-second engine-out emissions, fuel consumption, and tailpipe emis-
sions of carbon monoxide (CO), carbon dioxide (CO2), hydrocarbon (HC), and nitrogen
oxides (NOx) can be predicted for different modal operations from driving cycle data of
light-duty vehicles in different driving conditions. However, the emission model should be
corrected to accurately calculate CO2 emissions on urban roads for a traffic speed below
20 km/h [26]. In turn, the Vehicle Specific Power (VSP) methodology is able of capturing
the dependence of emissions on speed and its changes, and the effect of roadway grade
on engine power demand [14]. In this view, the EPA’s MOtor Vehicle Emission Simulator
(MOVES) estimates emissions for mobile sources at the national-level, county-level and
project-level for criteria air pollutants, greenhouse gases and air toxics, and uses VSP and



Energies 2022, 15, 1371 3 of 28

instantaneous speed as basic variables [27]. Other models have been developed for passen-
ger cars with the purpose of linking real-world emissions to driving cycle characteristics
at a microscale level and have been already employed for traffic management, control
measures, air quality modelling; e.g., [28]. The use of Global Positioning System (GIS)
technologies and on-board diagnostics devices in collecting second-by-second trajectory
data give now great flexibility to calculate vehicle emissions in the real-world, since the
emissions estimates can be allocated spatially [29,30]. Literature also informs on capabilities
of microscopic traffic simulation models to produce emissions and fuel consumption data
related to dynamic traffic-flow conditions on the road entity or network [31]. However,
there is still not enough evidence to suggest that accurate vehicle speed and acceleration
data (or their probability distributions) may be provided due to inadequate car-following
equations and challenges with modelling the driver behaviour on multi-lane roadways [32].
Nevertheless, research efforts to improve both capability of microsimulation models to
replicate realistic traffic behaviour or vehicle trajectory data, and traffic generation accuracy
at the network or single node level, can be especially useful for managing traffic safety
and environmental issues on urban roads because microsimulation allows the modelling
of engineering solutions for road infrastructures and their traffic conditions, sometimes
difficult to observe in the real world or not yet implemented in the field.

The Aim of the Paper

Given the role played by the environmental impact assessment in raising awareness
of sustainability issues at the road design level, a research project was started having the
general objective to develop a methodological approach which combines the employ of the
VSP methodology and a microscopic traffic simulation model to estimate vehicle emissions
at urban roundabouts.

In this view, the paper investigated the following research question: can fine-tuning
adjustments of some vehicle attributes of a traffic model simulation be made to enable
a better match of speed profiles experienced through roundabouts and to improve the
emission estimations calculated by employing vehicle trajectory data? Trying to answer the
above question simultaneously represented the primary objective of the research reported
in this paper.

A sample of six roundabouts installed in the road network of Palermo City, Italy,
was the starting point to collect vehicle trajectory data and to test the proposed approach
also with reference to specific effects of the curvilinear design of the roundabouts on the
emissive phenomenon. The novel aspect of the research is that data collection was inspired
by a crowdsensing logic [7], where a “sentinel vehicle” here used as a test vehicle travels
through the selected road entities to acquire vehicle trajectory data by using a smartphone
installed on board. Thus, beyond being an economic data acquisition method, it allows that
the collected vehicle trajectory data can be processed immediately to return the observed
speed-time profiles and to obtain the vehicle acceleration and deceleration values.

To pursue the objectives outlined above, to start the calibration process of the mi-
croscopic traffic simulation model here used and to estimate emissions by applying the
VSP methodology [14], speed-time profiles both gathered in the field and simulated in
AIMSUN [33] were needed. The comparison between the second-by-second GPS trajec-
tories collected by a smartphone app in a test vehicle and individual second-by-second
vehicle speed profiles derived from AIMSUN called for model calibration. In relation to the
research objectives defined above, the versatility of the micro-simulation model to explain
emissions was explored. Another novel aspect was that the roundabout network models
were calibrated using the mean values of the 85th or 95th percentiles of the accelerations
and decelerations extracted from all the field observed trajectories regardless of driving
direction through the roundabouts.

A further important objective also involved the conversion of an existing roundabout
within the sample into a turbo counterpart; this was made as an attempt to confirm the
applicability and reproducibility of the proposed procedure. Insights gained from this
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model validation also included how to assess and compare alternative designs from an
environmental perspective.

Thus, the main considerations of the study concern the feasibility of the smart approach
which integrated the use of real-world and simulated vehicle activity data to estimate
emissions at urban roundabouts.

The paper is structured as follows. Section 2 presents a literature review on current
models and methods for estimating emissions at roundabouts, while Section 3 introduces
the sampled roundabouts, and traffic and trajectory data collection. Section 4 presents
AIMSUN modelling, calibration and results; the last ones will be discussed in Section 5,
while Section 6 gives some conclusive considerations.

2. Literature Review

The operating flexibility of roundabouts in urban settings where competing needs
of safety, capacity and costs coexist, is due to the aptitude of the curvilinear design to
reduce stops and delays compared to other forms of intersection control, and to moderate
speeds and to reduce speed changes of vehicles [34]. Planning a roundabout should include
potential trade-offs between design, operations, and safety issues based on an economic
feasibility study showing that a roundabout may compare favourably with alternative
design or control modes of intersection from a cost-benefit perspective [35]. However, a
transition toward greener road infrastructures also needs tools to assess the impact of new
road infrastructural projects from an environmental perspective; e.g., [36].

Literature reports some studies on the contribution of roundabouts to the emission
phenomenon, most of them relate to the employ of existing models using data from a
portable emissions monitor on a vehicle instrumented for calculating exhaust emissions;
e.g., [16,37–40]. It should be noted that macroscale-level models are not suitable for testing
objects on a microscale level such as roundabouts [16,38]; however, the employ of micro-
scopic traffic simulation models for estimating emissions on roundabouts is still limited.

Hallmark et al. [37] assessed the emission impacts of roundabouts along uncongested
corridors using a portable emissions monitor on an instrumented vehicle. Compared to
other types of traffic control, roundabouts either as isolated units or multiple schemes
increased the time spent in some modal states and the modal events at which emissions
were correlated; thus, they did not always provide lower emissions than unsignalised or
signalised intersections. Coelho et al. [38] proposed a VSP-based approach to assess emis-
sions at roundabouts. They assessed the role of the entry and exit geometry on differences
between the circulating and cruise speeds and found that high rates of acceleration to
reach the cruise speed increased the amount of emissions as the values of conflicting traffic
volumes increased. Salamati et al. [39] extended the employ of the VSP-based methodology
to multi-lane roundabouts. Findings showed higher emission rates in the right lane where
faster speeds and sharper acceleration or deceleration rates occurred at values less than 700
vph for the sum of entry and circulating flows; as demand increased, however, balanced
between the entry lanes, longer stop-and-go cycles suffered by entering vehicles from the
left lanes provided higher emission rates. However, the differences in emission estimates
between the left- and right-lanes should be redefined with greater depth with reference
to more homogeneous roundabout samples. Fernandes et al. [40] also employed the VSP
distributions derived from speed-travel time profiles detected throughout an arterial road
where roundabouts operated as isolated sites. Besides hotspots where high speeds caused
high emissions, acceleration, and deceleration events, and then emissions were mainly
affected by a high enough spacing between roundabouts rather than by the entry geometry.
They highlighted the need for further study to better characterize the spatial distribution of
emissions also in the cases of low or extremely high spacing between subsequent round-
abouts. Discrete models were also developed by [24] to relate distinct speed profiles of
vehicles driving through turbo or multilane roundabouts, and traffic conditions; however,
there was the need to gather further data on different roundabout configurations to perform
real-world testing for validation purposes. Jaworski et al. [16] proposed a methodology
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for creating an exhaust emission model for roundabouts based on emission data from the
Portable Emissions Monitoring System (PEMS) for real driving cycles of various types of
vehicles. They obtained results of emission calculations on roundabouts which may be used
to introduce and to prepare new roundabout design guidelines concerning emission data.
Guerrieri et al. [41] used the COPERT IV® software to assess environmental performances at
roundabouts with right-turn bypasses under increasing entering traffic volumes. Although
roundabouts may be a cost-effective solution, the macroscale level tools used did not allow
us to investigate in greater depth the dependence of emissions on driver behaviour. To
optimize roundabout modelling, Lakuari et al. [42] employed numerical simulation to
predict CO2 emissions. Repeated changes in vehicle speed in the ring resulted in greater
CO2 emission rates than at entry or exit lanes, whereas CO2 emissions reduced where many
circulating vehicles slowed down or stopped because of the vehicles entering the round-
about without a safe gap to the vehicles in the circulating lane. However, emissions caused
by frequent stops-and-go in high traffic conditions could be reduced by using traffic lights
at entries. Other experiences concerned the employ of a hierarchical Bayesian regression
analysis to model speed profiles of different drivers at roundabouts which can be useful
in determining individual or group-wise emissions estimates [43]. However, the above
papers concerned the emission testing at roundabouts based on previously developed
general emission models. Thus, given the specific characteristics of geometry and traffic
on roundabouts, there is still a need to develop emission models for exhaust gases for
roundabouts based on real data.

The literature also informs on a few studies that have studied the environmental
effects on roundabouts using microscopic traffic simulation models. Ahn et al. [44] applied
INTEGRATION and Verkehr In Städten – SIMulationsmodell (VISSIM) software [45] to
generate speed-time profiles through a roundabout along a high-speed road, and em-
ployed microscopic energy and emission models to estimate emissions and vehicle fuel
consumption. Despite a greater reduction in queue lengths and delays at roundabouts
than other intersection control strategies under free-flowing traffic, vehicle emissions and
fuel consumption increased as demand increased under unbalanced entering traffic flows,
reaching higher levels than a two-way stop-controlled or a traffic light-controlled alterna-
tive. However, the case study only allowed to test the capability of the microscopic traffic
simulation models to reproduce high-speed driving patterns as input for the employed
emission models and stressed the usefulness of combining traffic microsimulation models
with other emission models to assess design alternatives or traffic control strategies from
the perspective of environmental sustainability. Recent studies used the VSP model to
estimate emissions starting from on-field observed and simulated vehicle trajectories on a
corridor level. In this regard, Anya et al. [46] have explored the potential for calibration
of microsimulation models with a view to improve emissions estimates from simulated
vehicle activity for mixed corridors of traffic signals and roundabouts. Adjusting the pa-
rameters allowed the model to capture emissions hotspots along the routes more accurately
than under the model parameters with default values. Attempts to simulate emissions
driving along one mixed roundabout/traffic light/stop-controlled intersections corridor
were also made by [47] using microscopic traffic modelling and VSP methodology. Their
study showed that roundabouts could achieve lower emissions, however depending on the
pollutant, than the traffic light; they also searched for the optimal spacing for intersections
along a corridor, but the results can only be referred to the case examined. Thus, more
experience should be carried out both to generalize the results and to test the transferability
of the proposed methodology into other environmental contexts. In other case studies,
operational and environmental impacts of turbo-roundabouts were also analysed both
as isolated intersections [48,49] and along corridors [50]. Improvements in the estimates
of CO2 emissions and fuel consumption on arterial roads have been achieved coupling
dynamic micro traffic models with instantaneous emissions models; however, the large
computation times especially for large-scale urban networks is a drawback of this kind
of combination [51]. In turn, Stogios et al. [52] examined the effects of driving settings
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with Automated Vehicles (AVs) on greenhouse gas emissions (GHG) at urban corridors
by combining traffic microsimulation and emissions modelling. The results highlighted
that there is potential for up to 24 percent in GHG emission reduction when the effects of
vehicle powertrain technology are included; no significant reductions of GHG emission
were found when AVs alone characterized driving settings. Thus, the value of the study is
to open interesting scenarios on autonomous driving impacts on traffic.

Based on the above, this paper would like to address some gaps in the prior studies
that are related to the data collection, and to the employ of microscopic traffic simulation
models for estimating emissions with reference to urban roundabouts. As introduced in
Section 1, data collection here performed is inspired by a crowdsensing logic [7], where
a “sentinel vehicle” used as a test vehicle travelled through the sampled roundabouts to
acquire second-by-second vehicle trajectory data by using a smartphone installed on board.

Starting from the literature review as above reported, there is the clear need for
more economical and user-friendly systems of collecting instantaneous vehicle trajectory
data to make smart both the use of the available resources and then the subsequent data
process and analysis. In this regard, it should be noted as a further novel aspect that the
calibration process of the model parameters of AIMSUN used field data in order to ensure
that emissions were predicted accurately from simulated trajectories through the sampled
roundabouts.

The research also includes the following societal and scientific contributions:

(1) Societal—It allows to send the collected trajectory in a central management platform
able of processing a considerable amount of data, converting them into digital in-
formation to estimate traffic emissions from the mobile source, and then, returning
data to the community of users equipped with their smartphones to collectively share
information, for instance, about hotspot emission locations at urban roundabouts;

(2) Scientific—It identifies certain parameters of driving behaviour using a traffic mod-
elling approach aimed at accurately analysing and comparing road units (i.e., road
segments or road intersections, and so on) when changes in design or operation are
considered from an environmental point of view as the life cycle thinking approaches
strongly require.

At last, the further objective of the conversion of an existing roundabout of the sample
into a turbo counterpart as introduced in Section 1. represents as an attempt to test the
reproducibility of the empirically-based methodology here proposed, that integrates the
VSP model and AIMSUN to estimate vehicle emissions at urban roundabouts.

3. Materials and Methods

In accordance with the aim of the paper as introduced in Section 1, the field data
collection and the VSP methodology will be introduced below, before the section on the
infrastructure modelling in AIMSUN developed to generate the speed-time profiles for the
sampled roundabouts and to perform the calibration of the model. The reasons behind
the assumptions and choices made will also be described, as well as the obtained results
and the conclusions that were then drawn also in view of future research developments.
Figure 1 shows an overview of the proposed methodology.
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Figure 1. Overview of the proposed methodology.

3.1. Field Data Collection

A sample of six roundabouts installed in the road network of the City of Palermo, Italy,
was selected for this pilot study. Although the examined roundabouts are sited in areas
different from the urbanistic point of view, they were selected for the similar operating
conditions observed in the field (i.e., no commercial area, similar entry traffic distribution
between major and minor roads, analogy among the curvilinear paths experienced by the
test vehicle in the two driving directions through each roundabout). Geometric dimensions
were obtained from a combination of design plans and field measurements. Figure 2 shows
the schematic drawings of the sampled sites, whereas Table 1 summarizes the main sites’
geometric characteristics and details on the speed and traffic data. The geometry of entry
(exit) lane, circulatory roadway width and deflection angles were consistent with the Italian
standards on geometric design of interchanges and intersections [53]. The roundabouts
were classified as conventional roundabouts for an outer diameter below 50 m, while large-
diameter multilane roundabouts were recognized in the other cases. Despite the constraints
of existing roadway alignments or buildings on roundabout design, and the large size of
the outer diameter of some sampled roundabouts, speed control objectives could still be
met. Entry design provided appropriate view angles to users and deflection angles on the
whole comparable among the sites; however, the higher the deflection angle, especially
over 41 degrees, the higher the reduction in approach speeds [34]. In the cases where the
approach alignments are offset to the left of the roundabout centre, entry deflection and the
exit radius on the same approach increased slightly, thus reducing the control of exit speeds
and acceleration; e.g., Figure 2b,d (Roundabouts 2 and 4, respectively). Field observations
confirmed that all the two-lane entries operated with a shared through-right lane in the
right lane and a shared left-through lane in the left lane; both the inside lane and outside
lane at entries often had sporadic queuing under traffic conditions observed during surveys.
In this regard, the geometric alignment of the entry relative to the circulatory roadway
encouraged drivers to handle the left-turns, right-turns, and through-movements under
balanced entry lane-use patterns, and to avoid path overlap between adjacent lanes, thus
reducing uncertainty in exiting from the circulatory roadway. Neither the spacing between
subsequent intersections nor the destinations downstream of each roundabout influenced
the lane choice behaviour at the entry so that each sampled roundabout operated as an
isolated intersection. Since each roundabout is installed in a flat area where the grade is
less than 2 percent, the effect of this parameter was neglected when the VSP methodology
was applied (see next section).
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Figure 2. Schematic aerial view of Auto-Cad figures for the sampled roundabouts in the road
network of Palermo City, Italy, each of them named as follows: (a) Roundabout 1; (b) Roundabout 2;
(c) Roundabout 3; (d) Roundabout 4; (e) Roundabout 5; (f) Roundabout 6. Note: each image contains
the origin or destination (A, B) of through movements travelled by the test vehicle in the driving
directions from A to B and from B to A.

Table 1. Summary of geometric, kinematic and traffic data of the sampled roundabouts.

No Entry
(Exit)

Outer
Diameter [m]

Entry (Exit) Lane
Width 1 [m]

Ring
Width [m]

Entry Traffic
2 [vph]

Conflicting
Traffic 3 [vph]

Entry (Exit)
Speed 4

[km/h]

Circulating
Speed
[km/h]

1 3 (4) 48.0 3.50 (3.50) 7.00 1576 1508 22.1 (30) 18.2
2 4 (4) 80.0 4.50 5 (4.50) 8.00 3984 3196 25.9 (36) 23.1
3 4 (4) 50.0 3.50 (3.50) 9.00 2336 1904 23.3 (31) 19.9
4 4 (4) 60.0 4.75 6 (4.75) 10.00 1306 1372 29.8 (42) 24.8
5 4 (4) 80.0 4.00 (5.00 7) 9.00 3992 2971 25.1 (35) 23.1
6 4 (4) 80.0 5.00 (4.50) 10.00 988 972 30.0 (38) 25.5

1 Entry width before widening the entry roadway or before the by-pass for right turns. 2 Average values of
traffic volumes (in vehicles per hour—vph) from the right and left lanes videotaped during the morning peak
period (7:00–8:30 a.m.) where the entry traffic distribution of 60-40 between major and minor roads was observed.
3 Average values of traffic volumes (all circulating lanes) observed for the morning peak period (7:00–8:30 a.m.).
4 Average values of speeds at the entry and exit lines. 5 5.00 m (4.00 m) for the one-lane entry (exit) on minor
street. 6 3.50 m for the one-lane entry (exit) on minor street. 7 4.50 m for the one-lane exit on minor street.

Field surveys were done to record traffic counts and vehicle trajectory data. Traffic flow
data were videotaped on each entry and exit within the viewable area of each roundabout;
this investigation was also integrated by manual counts simultaneously done by two opera-
tors to create a complete picture of traffic flows and driving behaviour where observations
were difficult to be detected. The traffic flow data were recorded at each roundabout by
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driving direction, classified by manoeuvre and then computerized for processing as the
input Origin-Destination (O-D) matrixes so as to allow for their subsequent simulation
on each network model of roundabout built in AIMSUN (see Section 4). Hourly patterns
of traffic flows often showed a marked similarity having only two peaks in the morning
and the late afternoon without a significant peak at noon or in the late evening. Traffic
flow measurements were done during the morning (7:00–8:30 a.m.) and afternoon peak
hours (6:00–7:30 p.m.) on weekdays (Tuesday to Friday) from October 2018 to February
2019. In most cases the morning peak was reached over a longer time period than the
afternoon peak whose duration suddenly dropped to its lowest point; thus, the peak hours
observed during afternoons have not been considered in the subsequent analysis com-
pared to data recorded during the morning peak hours. Table 1 also shows the average
values of entering and circulating traffic volumes observed for the morning peak period
(7:00–8:30 a.m.) at the sampled roundabouts. Since effects of pedestrian impedance on the
vehicular entry capacity as a function of driver yielding behaviour were insignificant in the
surveyed time periods, pedestrian flows were neglected in the subsequent analysis [54];
in turn, heavy traffic did not exceed 10 percent at each roundabout during surveys and
it was also neglected. Data collection also covered the recording and retaining of vehicle
trajectory data through each sampled roundabout during 7:00 to 8:30 a.m. peak periods on
weekdays. According to the aim of the paper (see Section 1), reference was made only to
the trajectory data of the test vehicle. Specifically, vehicle trajectory data were measured
in sampling values per second at 1Hz frequency using the Speedometer GPS PRO for
Android smartphone, installed on a diesel light-duty vehicle complying with the Euro
IV emission standards and the specifications employed for deriving emissions rates for
the VSP modes [55,56]. Second-by-second GPS trajectories experienced by the test vehicle
entering each roundabout from the left lane covered about 15 km in 12 h of on-road surveys.
Based on [24,57], the number of runs per roundabout counted 7 to 10 replications per site
and travel direction for a total of 94 travel runs of through movements; it has been deemed
adequate to have appropriate results from the data collection. Longitudinal acceleration
(or deceleration) values have been determined from second-by-second GPS speed data
collected in the field using the following equation:

at2 =
vt2 − vt1

t2 − t1
(1)

where at2 is the acceleration or deceleration (m/s2) at time t2 (s), while v1 is the speed (m/s)
at time t1 (s), and v2 is the speed (m/s) at time t2 (s) [58]. According to [59], acceleration
manoeuvre ended in the event that the increment in speed between two consecutive data
points was less than 0.1 m/s2 for the next 5 s. Similarly, deceleration values have been
determined from the time onwards where its absolute values from Equation (1) were greater
than or equal to 0.1 m/s2 for 5 consecutive seconds [58,60]. The observed speed profiles
of all the sampled roundabouts were divided into two subsets depending on the driving
direction where the corresponding trajectories were experienced in the field (see directions
AB and BA in Figure 2). An analogy among the curvilinear paths of the test vehicle in the
two driving directions has been found. To test whether the direction AB was the same
as BA, statistical tests were performed to compare the two corresponding subsets of data.
The two-sample t-test was done to determine if the means of the two subsets of data were
significantly different from each other. The two-tailed F-test was also done to answer the
question whether the variances of the two samples were equal against the alternative that
they were not (see Tables 2 and 3 for the summary statistics). Based on the p-values in
the tables, it cannot conclude that a significant difference exists between the two driving
directions in all the sampled roundabouts; in turn, the F-test results show that there is not
enough evidence to reject the null hypothesis that the two sample variances are equal at
the 0.05 significance level.
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Table 2. Summary statistics for the distributions of key kinematic parameters collected in the field.

Parameter Maximum Speed
[m/s]

Maximum
Acceleration [m/s2]

Maximum
Deceleration [m/s2]

µAB
1 (s.e.) 14.459 (0.384) 1.770 (0.077) 2.498 (0.108)

µBA
1 (s.e.) 14.117 (0.357) 1.553 (0.074) 2.417 (0.111)

95% c.i. for difference
in means (−0.700, 1.385) (0.004, 0.430) (−0.227, 0.390)

t0.05,92 value 2 0.652 2.023 0.522
t-critical value 1.986 1.986 1.986

p-Value (α = 0.05)3 0.516 0.05 0.603
F0.05,46,46 value 4 1.158 1.102 0.946
F-critical value 1.796 1.796 1.796
F-probability 0.620 0.740 0.850

1 µAB and µBA stand for the mean values of the samples of the observations of each parameter in AB and BA
directions; 2 t-value is the result of the two-sample t-test done to compare the equality of the means (µAB and
µBA) of samples from two populations with equal sample size: reject the null hypothesis that the two means
are equal if |t| > t1-α/2,N where t1-α/2,N is the critical value of the t distribution with N degrees of freedom at
the significance level α = 0.05); 3 α is the significance level; 4 F-value is the result of the two-tailed F-test done
to answer the question whether two samples come from populations with equal variances (the hypothesis that
the two variances were equal is rejected if F > Fα/2, N1−1,N2−1, where Fα/2,N1−1,N2−1 is the critical value of the
F distribution with N1-1 and N2-1 degrees of freedom at the significance level of α = 0.05).

Table 3. Summary statistics for the distributions of the 85th or 95th percentile accelerations and
decelerations observed in the field.

Parameter 85th Percentile
Acceleration [m/s2]

95th
Percentile

Acceleration [m/s2]

85th Percentile
Deceleration [m/s2]

95th Percentile
Deceleration [m/s2]

µAB
1 (s.e.) 0.916 (0.030) 1.286 (0.039) 1.423 (0.082) 2.054 (0.089)

µBA
1 (s.e.) 0.868 (0.025) 1.195 (0.042) 1.251 (0.059) 1.882 (0.085)

95% c.i. for difference
in means (−0.031, 0.126) (−0.024, 0.205) (−0.022, 0.381) (−0.073, 0.417)

t0.05,92 value 2 1.205 1.56 1.76 1.393
t-critical value 1.986 1.986 1.986 1.986

p-Value (α = 0.05) 3 0.231 0.121 0.10 0.167
F0.05,46,46 value 4 1.362 1.18 1.76 1.081
F-critical value 1.796 1.796 1.796 1.796
F-probability 0.30 0.60 0.10 0.80

1 µAB and µBA stand for the mean values of the samples of the observations of each parameter in AB and BA
directions; 2 t-value is the result of the two-sample t-test done to compare the equality of the means (µAB and µBA)
of samples from two populations with equal sample size: reject the null hypothesis that the two means are equal if
|t| > t1-α/2,N where t1-α/2,N is the critical value of the t distribution with N degrees of freedom at the significance
level of α = 0.05); 3 α is the significance level; 4 F-value is the result of the two-tailed F-test done to answer the
question whether two samples come from populations with equal variances (the hypothesis that the two variances
were equal is rejected if F > Fα/2,N1−1,N2−1, where Fα/2,N1−1,N2−1 is the critical value of the F distribution having
N1-1 and N2-1 degrees of freedom at the significance level of α = 0.05).

3.2. Characterisation of the Speed-Time Profiles

The speed profiles collected in the field were classified in three main groups whose
probability of occurrence was closely depending on the traffic level [24,38,61,62]: (1) speed
profiles without stopping and yielding to circulating traffic, where the test vehicle entered
the roundabout, negotiated the circulating area and accelerated back to cruise speed as
it exited the roundabout; (2) speed profiles with one stop experienced by the test vehicle
before finding a useful headway to enter the roundabout, accelerated to move along the
ring and exited the roundabout; (3) speed profiles with multiple stops during queueing
on the entry approach before the test vehicle entered the roundabout, faced the circulating
traffic and then accelerated to exit. In this study, the speed profiles with or without one
complete stop were considered, while those with multiple stopping on the entry approach
were removed due to their low relative occurrence (less than 5% of the cases) under the
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observed traffic conditions ranging from free flow traffic to a saturation degree of 0.85 to
0.90. Characterization of the speed profiles obtained from processing GPS data collected
for roundabouts in Palermo City, Italy, is reported in [62] to which we refer. During traffic
surveys it was observed that the number of cases of the driver negotiating the roundabout
without a stop decreased as the sum of entry and circulating flows (the total traffic flow)
increased: for values of the total traffic flow below about 800 vph, the greater the probability
of the driver that enters the roundabout without a stop; for higher values of the total traffic
flow, the greater the probability for at least one stop. The result is consistent with what
was detailed in [24]. Each speed profile extracted from the raw data was trimmed and
adjusted as having about 60 data points distributed along the trajectory; thus, a direct and
punctual comparison of the profiles has been done by referring to their order numbers. In
order to have consistency among the speed profiles and then extract a contribution to the
emissive phenomenon comparable among the sampled roundabouts, an average influence
area of 250 m [24,62], corresponding to around three times the diameter was chosen for
each roundabout; the influence area included the deceleration distance of the vehicle from
the cruise speed to the entry line of the roundabout, and the acceleration distance of the
exiting vehicle up to the section where the cruise speed is about to be reached again. A
representative speed profile was chosen for each roundabout within the average influence
area as introduced above. By way of example, Figure 3 shows all second-by-second speed-
time profiles through Roundabout 2 in Figure 2b and Roundabout 4 in Figure 2d where the
dashed black line identified the representative profile employed to compare the speed-time
profiles then simulated in AIMSUM. There was a large number of profiles that seemed to be
somewhere between the two forms identified above (i.e., speed profiles with or without a
stop), especially in the case of atypical layout where not all the profiles fitted the identified
shapes perfectly (see Figure 3b). Consistent with the objectives set above for this paper,
one single sentinel vehicle interacted with other vehicles in traffic; the driving style was
consistent with the characteristics of curvilinear design dominated by slight speed changes
and intentional speed corrections by the driver to maintain his desired speed [63]. The
vehicle adopted different initial speeds before entering due to differences in the upstream
geometry or operational conditions at each sampled roundabout.

Figure 3. Cont.
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Figure 3. Second-by-second speed-time profiles of through movement observed in direction AB:
(a) profile without stopping at Roundabout 2 in Figure 2b; (b) profile with one stop at Roundabout 4
in Figure 2d.

3.3. The VSP Methodology

In order to characterize vehicle driving profiles by using real-world data, the VSP
methodology has been employed [14]. This methodology was selected since its suitability
on emission estimation at roundabout level analysis [24,38,61]. Equation (2) expresses the
instantaneous power that is generated by the engine and is used to overcome the rolling
resistance Fr and aerodynamic drag Fa, and to increase the potential Pe and kinetic energies
Ke of the vehicle as follows [14]:

VSP =
d
dt ·(Ke + Pe) + Fr·v + Fa·v

m
(2)

where m and v are the mass, in metric tons, and the speed of the vehicle, in m/s, respectively.
The US Environmental Protection Agency (USEPA) modal emissions model MOVES [27]
employs a simplified form of Equation (2) where the VSP is calculated as a function of the
vehicle’s speed, acceleration, and grade:

VSP =
1
m
·
(

A·v + B·v2 + C·v3
)
+ (a + g·sinθ)·v (3)

where VSP is expressed in kW/t; v is the instantaneous vehicle speed (m/s), a is the vehicle
acceleration (m/s2); A is the coefficient associated with tire rolling resistance (kW·s/m),
and B is the coefficient associated with the mechanical rotating friction and higher-order
rolling resistance losses both expressed (kW·s2/m2); C is the coefficient associated with
the aerodynamic drag (kW s3/m3); m expresses the mass for the specific vehicle type in
metric ton; g is the acceleration due to gravity; sin θ is the road grade. Thus, the VSP can
be equal to zero under zero vehicle speed or idling, while the VSP is positive (or negative)
during acceleration (or deceleration). Given the impact of various factors influencing VSP
and the variability in instantaneous vehicle emissions on road segments of different types
of roads, there is the need to promote the development of a binning process in order to
reduce variability found in the cases examined [15].

A further simplified form of the VSP equation has been developed for a typical light
passenger vehicle as follows [64]:

VSP = v·[1.1·a + 9.81·sin(arctan(grade)) + 0.132] + 0.000302·v3 (4)
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where grade is the road grade (decimal fraction), while VSP, v and a are as introduced above.
For light-duty vehicles, each second of driving is categorized into 14 modes that represent
the different driving regimes [64]. While VSP modes 1 to 2 correspond to deceleration
modes or downhill road, VSP mode 3 represents idling or low-speed situations. Finally,
VSP modes 4 to 14 correspond to cruising, acceleration modes or uphill road sections [64].
Although a 14 mode VSP-based approach is not unique in its ability to predict tailpipe
emissions, it allows us to simplify the design of a modelling system in comparison to
other emission methods [65]. Each mode is associated with an emission factor of CO2, CO,
NOx, and HC that is fixed for a specific vehicle type (regulation class, fuel, model, year,
mileage, or weight). Since a Light Passenger Diesel Vehicle (LPDV) was used as a test
vehicle in this study, Table 4 depicts each interval of power requirements corresponding
to each 14 VSP mode, and CO2, CO, NOx, and HC emission factors by VSP mode for
diesel powertrain [24,55]; the emission rates for light passenger gasoline vehicles and light
commercial diesel vehicles can be found in [24]. Figure 4 shows the relative frequencies
of time spent in each VSP mode for representative speed-time profiles experienced by
the “sentry” test vehicle through the sampled roundabouts. The time percentages in both
driving directions have been shown to be broadly consistent with each other both in the
VSP modes 1 to 2 (deceleration) and 4 to 5 (acceleration); the vehicle spent a high proportion
of time in VSP mode 4 or 5 as it exited the roundabout to reach the cruise speed, while the
proportion of time sensibly appears to reduce from VSP mode 5 onward. In some cases,
a low proportion of time still appears in 10 to 13 VSP modes denoting high acceleration
events. Based on the speed-time profiles and the distribution of time spent in each VSP
mode, emissions by source pollutant were estimated [24]:

Eij = ∑Nk
k=1 Fkj (5)

where Eij is the total emission for the speed-time profile i and pollutant j (g); k is the label for
second of travel (s); Fkj is the emission factor for each pollutant j in label for second k (g/s);
Nk is the total seconds (s). Equation (5) was used to calculate second-by-second emission
rates for each speed-time profile experienced by the test vehicle; the total emission by
pollutant at each roundabout can be calculated as average of emissions for each pollutant
and speed-time profile [62].

Table 4. The VSP modes, power requirements and mean emission rates by VSP mode for LPDV 1.

VSP Mode Kw/ton 2 Mean Modal Emission Rates (g/s)

CO2 CO NOx, HC

1 VSP < −2 0.21 0.00003 0.0013 0.00014
2 −2 ≤ VSP < 0 0.61 0.00007 0.0026 0.00011
3 0 ≤ VSP < 1 0.73 0.00014 0.0034 0.00011
4 1 ≤ VSP < 4 1.50 0.00025 0.0061 0.00017
5 4 ≤ VSP < 7 2.34 0.00029 0.0094 0.00020
6 7 ≤ VSP < 10 3.29 0.00069 0.0125 0.00023
7 10 ≤ VSP < 13 4.20 0.00058 0.0155 0.00024
8 13 ≤ VSP < 16 4.94 0.00064 0.0178 0.00023
9 16 ≤ VSP < 19 5.57 0.00061 0.0213 0.00024

10 19 ≤ VSP < 23 6.26 0.00101 0.0325 0.00028
11 23 ≤ VSP < 28 7.40 0.00115 0.0558 0.00037
12 28 ≤ VSP < 33 8.39 0.00096 0.0743 0.00042
13 33 ≤ VSP < 39 9.41 0.00077 0.1042 0.00040
14 VSP ≥ 39 10.48 0.00073 0.1459 0.00042

1 LPDV stands for Light Passenger Diesel Vehicles; 2 as calculated by Equation (5).
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Figure 4. Relative frequencies of time spent in VSP modes at the sampled roundabouts in Figure 2 as
follows: (a) Roundabout 1; (b) Roundabout 2; (c) Roundabout 3; (d) Roundabout 4; (e) Roundabout 5;
(f) Roundabout 6. Note: direction AB means the through movement from A to B in Figure 2; direction
BA means the through movement from B to A in Figure 2.

By way of example, Figure 5 shows the cumulative percentages of CO2 emissions from
the time spent in each VSP mode and the second-by-second emission rates for the speed
profiles through the Roundabouts 2 and 4 in Figure 2 along the entire distance travelled on
the field. The distributions of CO2 emissions for the other roundabouts exhibited similar
patterns. The relative increase in the percentage of CO2 emissions with the distance from
the entry resulted highest in acceleration and short stop-and-go events, the slope being
the steepest. In this regard, Figure 5a shows that the test vehicle while interacting with
the other vehicles in traffic experienced short stop-and-go and produced high percentages
of total CO2 emissions during the acceleration from zero to the cruise speed. Repeated
speed changes in the circulatory roadway caused greater CO2 emission rates than at entries.
The relative increase of CO2 emissions percentage with the distance was higher in the
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acceleration mode especially when the test vehicle got in the circulatory roadway with a
minimum speed and started accelerating to reach the desired speed to exit (see Figure 5b).
According to previous experiences on roundabouts in Palermo City, Italy [62] acceleration
events in the circulating and exiting areas contributed to more than 25 percent of the
emissions for a given speed profile.

Figure 5. Spatial distribution of CO2 emissions based on speed profiles for: (a) Roundabout 2 in
Figure 2b and (b) Roundabout 4 in Figure 2d.

4. AIMSUN Modelling

The AIMSUN software was employed to model the sampled roundabouts and to
investigate their contribution to the emission phenomenon [33]. Currently, it is known that
AIMSUN allows to code the roundabout model among different roundabout types within
its project window; this ensures simulated driving behaviour and lane usage corresponding
as much as possible to the area under examination and real levels of traffic flow [66]. In the
implementation stage of AIMSUN the roundabouts in Figure 2 were converted into the
corresponding abstract network models, each of them represented by a system of links and
connectors suited for microscopic simulation. Since roundabouts can have multiple turning
movements, subpaths between each entry and exit were built to identify the roundabout
turns and then extract the manoeuvres to be examined [33]. The urban speed limit of
50 km/h was set as the maximum speed at which each roundabout can be travelled under
free-flow conditions. The traffic demand was given as a total O-D matrix of the traffic
counts; thus, centroids were defined for each roundabout model. In order to build the traffic
demand scenario and then feed each roundabout network model, two further matrices,
one for cars and another for heavy vehicles were extracted from each O-D matrix. The
vehicle attributes of AIMSUN were set by a class of vehicles and O-D pairs of through
movements so as at extracting speed-time profiles of an individual vehicle quite similar
to the test vehicle driven during surveys [33]. Traffic scenarios were built considering the
same morning peak-hour data collected in the field. Each dynamic scenario was located
into the 7:30–8:30 a.m. slot with a single replication of 5400 s and warm-up time of 1800 s.
Once carried out the i-th replication in AIMSUN, imposing a resolution time scan per
second, trajectory data useful for building the speed-time profiles were stored in the output
database (with *.sqlite extension); the usable information was referred to the previously
selected O-D pair and to the class of vehicles which have travelled the roundabout in
a given time interval [33]. The vehicle trajectory data from AIMSUN were aggregated
based on 30 replications by through movement and driving direction on all the roundabout
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network models; they were plotted as a curve with speed on the Y-axis and travel time
on the X-axis. By way of example, Figure 6 shows the observed speed-time profiles and
those simulated under default parameters for Roundabout 1 (movement AB in Figure 2a)
and Roundabout 3 (movement BA in Figure 2c). The comparison between the speed-time
profiles experienced in the field and those simulated under default parameters of AIMSUN
was made to figure out whether (or not) adjusting the model parameters was needed to
better reflect the field data and then obtain greater accuracy in emission estimates.

Figure 6. Observed vs. simulated speed-time profiles at: (a) Roundabout 1 (movement AB) in
Figure 2a; (b) Roundabout 3 (movement BA) in Figure 2c.

4.1. AIMSUN Calibration

The comparison between the GPS trajectories collected in the field and speed-time
profiles simulated in AIMSUN under default parameters required model calibration. Ac-
cording to the calibration procedures proposed by [46,67], a vehicle attribute calibration
was made to enable the model to better match the field measurements and to estimate
emissions with better accuracy. Two vehicle attributes of AIMSUN were selected: the
maximum acceleration having a default value of 3 m/s2, and normal deceleration having a
default value of 4 m/s2. A sensitivity analysis explored the effects of different combinations
of model parameters on the modelled outputs so that they matched or were compara-
ble with the real-world observations. Calibration under the mean values of the 85th or
95th percentiles of accelerations and decelerations extracted from all the field-observed
trajectories travelled through the sampled roundabouts regardless of the driving direction
best fitted the observed data (see Table 3); it also provided VSP distributions closer to
field data than the distribution under default parameters. No distributions of 85th or
95th percentile desired speeds were defined since the maximum speeds from empirical
data appropriately represented the maximum speeds desired by drivers under normal
circumstances. By way of example, Figure 7a shows the comparison between the observed
and simulated speed profiles for Roundabout 5 in Figure 2e under default parameters
and calibration with 85th and 95th percentile parameters. Figure 7b shows, in turn, an
example of scattergram analysis done to compare the observed versus simulated speeds
under calibration with the 95th percentile parameters extracted from all the field-observed
trajectories experienced by the test vehicle through the roundabouts regardless of driving
direction. The same figure shows the regression lines of observed versus simulated speeds
at the detection stations plotted along with the 95% prediction interval; the R2 values and
the fact that only a few points fall outside the confidence band in both graphs imply that
the model could be accepted as significantly close to the reality. The results confirmed
improvements in vehicle speed after calibration, while traffic volumes resulted slightly
modified. Encouraging results under calibrated parameters were also obtained in terms
of Geoffrey E. Havers’ statistic (GEH) [31]. With reference to Figure 7b, the GEH values
of 100% for each driving direction meant that the deviation of the simulated speed values
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under calibrated parameters with respect to the corresponding measurements resulted in
less than 5 in 100% of the cases and the model could be accepted.

Figure 7. Observed vs. simulated data at Roundabout 5 (directions AB and BA in Figure 2e): (a) speed
profiles; (b) regression line of observed vs. speeds simulated under calibration with 95th percentile
parameters. Note: observed stands for observed data; simulation (default) stands for default data;
simulation (85th percentile) or simulation (95th percentile) stand for simulation under parameters
calibrated with the mean values of the 85th or 95th percentiles of the values of acceleration and
deceleration observed in the field.

A two-sample t-test was done to see if the means (i.e., µobs and µsim) are equal for the
two samples made by VSP distributions based on the observed and simulated speed-time
profiles for the movements AB (or BA) through each roundabout; the null hypothesis that
the two means are equal is rejected if |t| > t1-α/2,N, where t1-α/2,N is the critical value of
the t distribution with N degrees of freedom at the significance level of α = 0.05. Table 5
shows the results of the t-test for the observed and simulated VSP distributions in the
driving direction AB through each roundabout in Figure 2. Specifically, it can be deduced
that there is no significant difference in the two distributions of the observed and simulated
VSP values by driving direction; analogous results have been also obtained for the opposite
direction BA.

Figure 8 shows, by way of example, the distributions of time spent in the VSP modes
both under the default parameters of AIMSUN and the parameters calibrated with the
mean values of the 85th or 95th percentiles of the accelerations and decelerations extracted
from all trajectories experienced by the test vehicle through the roundabouts 2 and 4
in Figure 2. Figure 8a shows that the distribution of time spent in VSP modes under
parameters calibrated with the mean values of the 95th percentiles of the acceleration
and deceleration matched the VSP distribution from empirical data more closely than the
distribution under default parameters or under calibration with the mean values of the 85th
percentiles of the acceleration and deceleration. The simulated vehicle appears to spend a
high proportion of time in VSP mode 4 under the default parameters; the proportion of time
sensibly appears to reduce from VSP mode 5 onward, but it still appears in VSP modes 11 to
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13 denoting high acceleration events. Under the default parameters of AIMSUN, simulated
vehicle activity from roundabouts was not representative of real-world vehicle activity.

Table 5. The results of the two-sample t-test for the observed vs. simulated VSP distributions for the
sampled roundabouts (direction AB in Figure 2).

VSP µobs
1

(s.e.)
µsim

1

(s.e.)
95% c.i. for

Difference in Means
t(α = 0.05)

(d.f) 2 t-Critical p-Value
(α = 0.05) 3

Roundabout 1
obs. vs. default 1.90 (0.80) 3.15 (1.48) (−4.628, 2.135) 0.73 (55) 2.004 0.46

obs. vs. 85th percentile 0.98 (0.60) 1.80 (1.09) (−3.313, 1.667) 0.66 (71) 1.993 0.51
obs. vs. 95th percentile 1.67 (0.77) 1.96 (1.24) (−3.228, 2.654) 0.20 (55) 2.004 0.85

Roundabout 2
obs. vs. default 3.52 (3.06) 5.11 (2.69) (−9.747, 6.571) 0.39 (58) 2.002 0.69

obs. vs. 85th percentile 3.56 (2.36) 2.54 (1.23) (−2.340, 8.371) 1.13 (53) 2.005 0.27
obs. vs. 95th percentile 3.09 (2.02) 2.80 (1.30) (−3.135, 7.366) 0.39 (64) 1.997 0.43

Roundabout 3
obs. vs. default 1.60 (1.75) 3.31 (2.57) (−7.969, 4.557) 0.55 (49) 2.009 0.58

obs. vs. 85th percentile 1.52 (1.69) 2.40 (1.47) (−5.372, 3.621) 0.39 (57) 2.002 0.69
obs. vs. 95th percentile 1.14 (1.48) 1.44 (1.58) (−4.630, 4.019) 0.14 (68) 1.995 0.88

Roundabout 4
obs. vs. default 1.60 (1.57) 5.99 (2.66) (−10.51, 1.942) 1.39 (46) 2.014 0.17

obs. vs. 85th percentile 1.75 (1.32) 0.82 (1.05) (−4.288, 2.420) 0.55 (72) 1.993 0.58
obs. vs. 95th percentile 2.47 (0.85) 2.32 (1.09) (−2.607, 2.899) 0.10 (88) 1.980 0.91

Roundabout 5
obs. vs. default 2.08 (1.21) 3.67 (3.33) (−8.749, 5.573) 0.44 (39) 2.023 0.66

obs. vs. 85th percentile 2.75 (0.79) 1.73 (0.80) (−1.220, 3.259) 0.90 (104) 1.983 0.37
obs. vs. 95th percentile 2.46 (0.96) 1.77 (1.71) (−3.242, 4.606) 0.35 (68) 1.995 0.73

Roundabout 6
obs. vs. default 1.98 (1.21) 1.09 (1.58) (−3.089, 4.881) 0.45 (74) 1.994 0.65

obs. vs. 85th percentile 2.01 (1.22) 0.22 (1.22) (−1.722, 5.294) 1.01 (74) 1.992 0.31
obs. vs. 95th percentile 1.86 (1.28) 0.98 (1.67) (−3.331, 5.080) 0.41 (70) 1.996 0.68

1 µobs and µsim stand for the mean values of the samples of the observed vs. simulated VSP distributions for each
roundabout in direction AB; 2 |t|value of the two-sample t-test done to compare the equality of the means of
samples of two populations with equal sample size; 3 α = 0.05 is the significance level.

Figure 8. The relative frequencies of time spent in VSP modes under simulation with the default
parameters and calibration with 85th or 95th percentile values of the selected vehicle attributes of



Energies 2022, 15, 1371 19 of 28

AIMSUN for: (a) Roundabout 2, movement AB, in Figure 2b; (b) Roundabout 4, movement AB, in
Figure 2d. Note: simulation (default) stands for default data; simulation (85th) or simulation (95th)
stand for simulation under parameters calibrated with the mean values of the 85th or 95th percentiles
of the values of acceleration and deceleration observed in the field.

Since emissions are strongly associated with vehicle speed and acceleration, the process
of high speed and aggressive acceleration can produce higher emissions than the process
of braking [42]. Under the parameters calibrated with the mean values of 95th percentiles
of acceleration and deceleration with reference to the sampled roundabouts, the time
percentages were more realistic in the VSP modes 1 to 2 (deceleration), mode 3 (idle)
and modes 4 to 7 (acceleration and cruising). Similar considerations can be drawn from
Figure 8b where the more pronounced curvature of the trajectories, together with an
atypical design of Roundabout 4, accentuated the effect of speed moderation; however,
compared to scheme with a more typical design (see Figure 8a), greater variability of the
relative frequencies by VSP mode was observed even in relation to short stop-and-go cycles
on entry or in the acceleration phase.

According to Anya et al. [46], sampling from the 85th percentile distribution of ac-
celerations and decelerations measured in the field limited the maximum values of the
accelerations or decelerations obtainable in AIMSUN. Based on data observed in the field,
85 percent of the accelerations were below about 1.0 m/s2 (that is the mean value of the
distribution of the 85th percentile accelerations observed in the field); thus, there would
be modelling no realistic scenario for a vehicle entering the simulated roundabout net-
work model, if it could not achieve any instantaneous accelerations greater than 1.0 m/s2

when travelling unconstrained below the speed limit. Among other things, the vehicles
took a longer time to travel the circulatory roadway without significant changes in speed.
Calibrating the model with 95th percentile values of the relevant parameters observed in
the field at the existing roundabouts, in turn, tended to be more effective in producing
VSP distributions enough consistent with what was drawn from the observed trajectory
data. However, in this study, the absolute values of emissions were not of much concern
given the potential for differences depending on the test vehicle characteristics; among the
other things, the intent of this paper was not to derive definitive emission inventories but
to explain the relative emission differences associated with various values of acceleration
and deceleration.

4.2. Results

The speed-time profiles detected in the field by smartphone through the existing
roundabouts and those simulated by AIMSUN were the starting point for estimating
emissions of CO2, CO, NOx and HC. Emissions for each source pollutant and representative
speed profile by driving direction were calculated employing Equation (5) based on the
time spent by the test vehicle in each VSP mode and the second-by-second emission rates
in Table 4.

A two-sample t-test was performed for comparing average emissions between the
observed and simulated data (default, 85th and 95th) by pollutant and by driving direction
through the sampled roundabouts. Table 6 shows the results which confirmed that there is
no significant difference between the emissions calculated using observed and simulated
data in directions AB and BA through the roundabouts; the results also confirmed the need
of calibrating the model to improve the accuracy of emission estimates.
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Table 6. The results of the two-sample t-test for comparing average emissions between observed and
simulated data (default, 85th and 95th) by pollutant and by driving direction AB and BA.

Pollutants µAB
1

(s.e.)
µBA

1

(s.e.)
95% c.i. for

Difference in Means
t(α = 0.05)

(d.f) 2 t-Critical p-Value
(α = 0.05) 3

CO2
default (AB) 66.54 (4.89) 69.41 (4.17) (−17.20; 11.46) 0.45 (10) 2.228 0.66
default (BA) 76.85 (8.78) 74.64 (3.87) (−19.19; 23.60) 0.23 (7) 2.364 0.82

85th percentile (AB) 66.54 (4.89) 64.27 (6.77) (−16.36; 20.90) 0.27 (9) 2.262 0.80
85th percentile (BA) 76.85 (8.78) 65.99 (6.05) (−12.92; 34.63) 1.01 (9) 2.262 0.34
95th percentile (AB) 66.54 (4.89) 71.26 (6.66) (−23.14; 13.70) 0.57 (9) 2.262 0.60
95th percentile (BA) 76.85 (8.78) 67.80 (5.66) (−14.24; 32.33) 0.86 (9) 2.262 0.42

CO
default (AB) 0.011 (0.001) 0.012 (0.001) (−0.005; 0.002) 0.76 (10) 2.228 0.46
default (BA) 0.010 (0.001) 0.011 (0.001) (−0.003; 0.001) 0.84 (10) 2.228 0.42

85th percentile (AB) 0.011 (0.001) 0.010 (0.001) (−0.003, 0.004) 0.44 (10) 2.228 0.67
85th percentile (BA) 0.010 (0.001) 0.010 (0.001) (−0.002; 0.003) 0.36 (10) 2.228 0.73
95th percentile (AB) 0.011 (0.001) 0.012 (0.001) (−0.004; 0.003) 0.23 (10) 2.262 0.82
95th percentile (BA) 0.010 (0.001) 0.010 (0.001) (−0.002; 0.003) 0.15 (10) 2.262 0.88

NOx
default (AB) 0.29 (0.03) 0.41 (0.04) (−0.247, 0.009) 2.06 (9) 2.262 0.07
default (BA) 0.27 (0.04) 0.38 (0.04) (−0.233, 0.013) 1.99 (10) 2.228 0.07

85th percentile (AB) 0.29 (0.03) 0.26 (0.03) (−0.064, 0.133) 0.78 (10) 2.228 0.45
85th percentile (BA) 0.27 (0.04) 0.26 (0.03) (−0.093; 0.114) 0.22 (9) 2.262 0.83
95th percentile (AB) 0.29 (0.03) 0.28 (0.04) (−0.108, 0.117) 0.10 (10) 2.228 0.93
95th percentile (BA) 0.27 (0.04) 0.27 (0.03) (−0.098; 0.109) 0.12 (9) 2.262 0.90

HC
default (AB) 0.007 (0.001) 0.006 (0.001) (−0.001; 0.003) 0.87 (8) 2.306 0.41
default (BA) 0.006 (0.001) 0.005 (0.001) (−0.001, 0.002) 0.85 (8) 2.306 0.42

85th percentile (AB) 0.007 (0.001) 0.006 (0.001) (−0.003; 0.003) 0.27 (10) 2.228 0.80
85th percentile (BA) 0.006 (0.001) 0.007 (0.001) (−0.002; 0.0006) 1.23 (10) 2.228 0.25
95th percentile (AB) 0.007 (0.001) 0.006 (0.001) (−0.002; 0.003) 0.46 (9) 2.262 0.65
95th percentile (BA) 0.006 (0.001) 0.006 (0.001) (−0.001; 0.0012) 0.03 (9) 2.262 0.98

1 µAB and µBA stand for the mean values of the samples of the observed and simulated emissions for each pollutant
and driving directions AB and BA; 2 |t|value of the two-sample t-test done to compare the equality of the means
of samples of two populations with equal sample size; 3 α = 0.05 is the significance level.

The calculated emissions were then averaged in the two driving directions AB and BA
for each relevant speed-time profile as introduced before, to obtain the total emissions for
source pollutant and roundabout (see Figure 9).

Figure 9. Cont.



Energies 2022, 15, 1371 21 of 28

Figure 9. Observed versus simulated emissions at sampled roundabouts (through movements):
(a) CO2; (b) CO; (c) NOx + HC.

The results concerning CO2 emissions in Figure 9a show that the percentage variations
between the observed data and those simulated with the default parameters of AIMSUN
were significantly higher than 5% (in the case of Roundabouts 1, 3 and 4 even higher than
15%); under simulation with the 85th percentiles of the acceleration and deceleration, the
simulated values underestimated the observed ones and also showed percentage reductions
greater than or equal to 5% (Roundabouts 1, 2, 4, 5). Emission values simulated with the
95th percentiles of the acceleration and deceleration were close to the observed ones
(Roundabouts 1 and 6) and showed percentage increases less than 5%; only a percentage
reduction of 1% resulted on Roundabout 2, however less than the reduction percentage
found under 85th percentiles of the acceleration and deceleration (approximately equal to
11% on the same roundabout).

Concerning CO emissions in Figure 9b, the percentage variations between the ob-
served data and those simulated with the default parameters resulted significantly higher
than 5% (but higher than 15% on Roundabouts 1 and 4); under simulation with the 85th per-
centiles of the acceleration and deceleration, the percentage reductions between observed
and simulated data were greater than or equal to 5% (intersections 1, 2, 5, 6), while under
simulation with the 95th percentiles of the acceleration and deceleration, the simulated val-
ues met the observed data (Roundabouts 4, 5 and 6), with percentage increases less than 3%
on the other roundabouts. In turn, Figure 9c shows the aggregated results for (NOX + HC)
emissions: under simulation with the default parameters of AIMSUN, the percentage
increases between the observed and simulated data were significantly higher than 25%,
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while under simulation with the 85th percentile values of the acceleration and deceleration,
the percentage reductions were greater than or equal to 5% (Roundabouts 2, 4, 5) or the
percentage increase was around 7% for Roundabout 6. In turn, under simulation with the
95th percentiles of the acceleration and deceleration, the simulated values showed a certain
variability by roundabout where they were close to the observed data or having slight
percentage reductions (e.g., on Roundabouts 2 and 4), however less than under simulation
with the 85th percentile values of the relevant parameters on the same roundabouts. In
order to ensure the validity of the methodological approach proposed in this paper and
to confirm its applicability and reproducibility, the conversion of the Roundabout 2 in
Figure 2b into a turbo counterpart was conceptualized based on [68]. This roundabout was
chosen as an example with reference to its typical design. Speed profiles were collected
again at Roundabout 2 during the morning (7:00–8:00 a.m.) and afternoon peak hours
(6:00–8:00 p.m.) on weekdays (Tuesday to Friday) in July 2020.

Traffic flow data were recorded by travel direction and classified by manoeuvre so
that they can be identified in the roundabout network models built in AIMSUN. Speed
profiles were simulated for the existing roundabout and the turbo roundabout based on
the procedure developed by [69]. Table 7 shows the elements of the geometric design of the
turbo roundabout here designed and used as a term of comparison; by way of example,
Figure 10 shows the outcome of the comparison between the CO2 emissions for the two
roundabout layouts which will be discussed in the next section.

Table 7. Geometric conceptualization of the turbo roundabout.

Cross Section [m]

Radius of the inside roadway, inner edge R1 15.00
Radius of the inside roadway, outer edge R2

1 20.40
Radius of the outside roadway, inner edge R3

2 20.70
Radius of the outside roadway, outer edge R4

3 25.95
Inner or outer edge line offset 0.45

Inside lane 4.35
Divider inner or outer line offset 0.20

Divider 0.30
Outside lane 4.25

Inside roadway width 5.50
Outside roadway width 5.25
Shift 1—inside to middle 5.15

Shift 2—middle to outside 4.95
Bias 1 for R1 (Bias 2 for other radii) 2.58 (2.48)

Arc centre bias for R1 (Bias 2 for other radii) 2.60 (2.45)
1 R2 = R1 + inside roadway width-bias difference (differences match roadway widths); 2 R3 = R2 + divider width;
3 R4 = R3 + outside roadway width.

Figure 10. Cont.
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Figure 10. Turbo roundabout versus roundabout: (a) speed-time profiles; (b) simulated CO2 emis-
sions for through movements.

5. Discussion

The research is referred to a case study of six roundabouts installed in the road net-
work of Palermo, Italy, where pre-existing conditions of the built environment may have
constrained the entry and exit geometry, or approach alignment, and consequently driving
behaviour through the roundabouts. Examination of the speed profiles as shown in Figure 3
highlighted that each type of situation had a quite distinctive shape but, not all the profiles
completely fitted the typical shapes as literature presents [38]. There was a large group of
profiles that appear to be somewhere “in between” the two typical shapes. After identifica-
tion of the main characteristics of trajectories driven through the sampled roundabouts,
the data were interpreted in terms of representative speed profiles provided by the test
vehicle by roundabout to use them in the subsequent simulation, and in indirect estimation
of emissions based on the VSP methodology. The comparison between individual GPS
trajectories collected in the field and second-by-second speed profiles derived from AIM-
SUN as shown in Figure 6 called for model calibration. The speed-time profiles simulated
under calibrated model parameters exhibited a better match with the second-by-second
trajectories experienced in the field than those ones simulated under default values of
AIMSUN. In turn, the comparison in Figure 9 showed that accuracy in emission estimates
tended to be improved under calibration with the 95th percentiles of the acceleration and
deceleration values extracted from vehicle trajectory data collected in the field. Consistent
with literature [46], sampling from the 85th percentile distribution of accelerations and
decelerations measured in the field limited the maximum values of the accelerations or
decelerations obtainable in AIMSUN. In turn, calibrating the model parameters with 95th
percentile values showed to be effective in producing VSP distributions more consistent
with the VSP distributions derived from field-collected vehicle activity data (see Figure 8).

The results in Figure 9 also confirmed the versatility of AIMSUN in estimating emis-
sions employing instantaneous speed-time profiles. Improvements in the predictive capac-
ity of AIMSUN can be observed under calibration with the 95th percentiles of accelerations
and decelerations; in this case, indeed, the simulated emissions resulted closer to the ob-
served emissions with differences between the simulated values of CO2 and CO emissions
lower than other cases. Specifically, the results concerning CO2 and CO emissions in
Figure 9a,b show that the percentage variations between the observed data and those ones
simulated with the default parameters of AIMSUN were significantly higher than 5%, and
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in some cases even higher than 15% (Roundabouts 1, 3 and 4 for CO2 and Roundabouts 1
and 4 for CO). Under simulation with the 85th percentiles of the acceleration and decelera-
tion, the percentage reductions between observed and simulated data were greater than or
equal to 5% (Roundabouts 1, 2, 4, 5 in the case of CO2; Roundabouts 1,2, 5,6 in the case of
CO). Simulation with the 95th percentiles of the acceleration and deceleration provided
simulated values close to those observed (Roundabouts 1, 2 and 6 in the case of CO2 and
Roundabouts 4, 5 and 6 in the case of CO) with increases from about 1 to 3%. The results
for (NOx + HC) emissions, in turn, showed a certain variability by roundabout where
simulations with the 95th percentiles of the acceleration and deceleration have returned
both slight percentage increases and reductions between observed and simulated data,
but, in the complex, smaller in absolute value than simulation under the 85th percentile
values of the relevant parameters. However, the results may have been influenced by the
selected test vehicle driven in the field, the geometric design of the sampled roundabouts
not always corresponding to typical layouts, or the calibration process done to adjust those
parameters which allowed the model to better match the observed emissions.

Having in mind the purpose to validate the methodological approach proposed in this
paper and to confirm its applicability and reproducibility, the conversion of the roundabout
2 into a turbo counterpart was conceptualized [68]. For validation purposes, the values
of the calibrated parameters were employed again to quantify the similarity between the
observed and simulated trajectory data. In this regard, Figure 10a compares the simulated
speed-time profiles under calibration with the 95th percentile values of the relevant pa-
rameters for both roundabouts within the influence area of 250 m identified by the vertical
dashed lines; the speed profile from field data concerned the existing roundabout and
was introduced just as a term of comparison. In turn, Figure 10b shows the simulated
CO2 emissions only through the existing roundabout and turbo roundabout. According to
the literature [70], the results showed that higher time was spent in acceleration through
the turbo roundabout than the roundabout as typical standard for turbo roundabouts.
However, under the low traffic volume conditions surveyed in the field, the conversion
of a two-lane roundabout to a turbo roundabout gave a comparable amount of emissions;
thus, the two-lane roundabout still remains as the more appropriate layout in the context
of installation under examination. In general, the turbo roundabout option still represents
the best solution from a safety point of view when a two-lane roundabout instead of a
single-lane roundabout should be designed unless a multi-lane roundabout remains the
preferred option if a maximum output of capacity is expected [71].

6. Conclusions

The paper gives a contribution that covers the topic of estimating the vehicle emissions
on urban roundabouts based on the integrated use of vehicle trajectory data collected in
the field by a smartphone app, the VSP methodology, and AIMSUN.

Data collection was inspired by a crowdsensing logic, where a “sentinel vehicle”
namely the test vehicle travelled through the sampled roundabouts to acquire vehicle trajec-
tory data by using a smartphone installed on board. This system of collecting instantaneous
vehicle trajectory data, beyond being economic and user-friendly, made smart both the use
of the available resources and the subsequent data process and analysis. Thus, the collected
vehicle trajectory data were processed immediately to return the observed speed-time
profiles and to obtain the vehicle acceleration and deceleration values then used in the
calibration process. In addition to this, two further aspects have been also met: (a) using
measures of kinematic parameters from vehicle trajectories collected in the field in order to
calibrate the modelling parameters of AIMSUN; (b) using individual vehicle trajectories
simulated in AIMSUN under calibrated parameters in order to increase the accuracy in
the emission estimation. In this view, since the paper is focused in demonstrating the
versatility of AIMSUN in estimating emissions on roundabouts, the application of the VSP
methodology can be considered as supplemental to the methods of calibration already
used in practice. For validation purposes, the paper also introduced the conversion of
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an existing roundabout into a turbo roundabout giving insights into how to assess the
impacts of alternative roundabout designs from an environmental perspective. In spite
of the research efforts done to pursue the stated objectives, limitation of the implemented
methodology cannot be denied and can be associated with:

(1) The selected test vehicle driven in the field;
(2) Interactions with pedestrians or cyclists;
(3) Variability in driving behaviour profiles experienced in the field;
(4) Comparison of emissions just for one diesel car;
(5) Roundabouts located in flat roads;
(6) The selected driving movements here considered.

Although the pilot study here reported reflects local conditions, it can be repeated in
the simulation environment.

A few suggestions can be also outlined regarding future research:

• the chance to expand the roundabout sample in order to afford the general validation of
the proposed methodology and to make a correlation between the prevailing geometric
characteristics and the results obtained in terms of emissions; this is closely linked
both to the use of more sentinel vehicles to better characterize the speed profiles
experienced through the road units, given that the relative occurrence of each possible
profile may be sensitive to the prevailing traffic levels or entry demand;

• the calibration process that should also include the “global parameters” or further
“local parameters” of AIMSUN for their possible effects on the simulated vehicle
activity, however in combination with the “vehicle attributes” that were here fine-
tuned based on the percentile values extracted from the parameter distributions
surveyed in the field;

• the transferability of the methodology should be tested with reference to other design
alternatives to assess the environmental effects due to the conversion of an existing
layout to another with similar space footprint, and to estimate the life-cycle costs of
intersection design alternatives before the installation in the real world.

However, the study underlines the potential of new attitudes in the performance
evaluation of road units in order to align infrastructural projects with the long-term ambi-
tions about low-emission urban mobility. The proposed methodological approach has also
proved to be friendly in collecting data via smartphone and in the subsequent data analysis
and addressed novel opportunities to collect large-scale data through digital communities
of users equipped with their smartphones to collectively share data and to derive some
conclusions on any processes of common interest in order to optimize their current and
future conditions of mobility.
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