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ABSTRACT

Most urgent transport related problems in India are traffic congestion and concomitant air pollutant
emissions. During traffic flow, the common causes of congestion in urban centres are pedestrian
interruption, unregulated traffic signals, unregulated bus stoppages and unauthorized roadside parking,
which together, particularly during peak hours, create erratic traffic pattern causing higher emissions.
In this study, we characterized auto-rickshaw driving dynamics by instantaneous measurements of
speed and emission at different times of the day. Traffic speed is an important factor that is perceived
by commuters. The speed variables and traffic volume are used as a base variable to examine the traffic
flow patterns. The speed variables such as average speed (AS), velocity noise (VN, standard deviation
of speed), and the coefficient of variation of speed (CV, the ratio of VN and AS) were examined with
respect to traffic volume. The polynomial fit of CV shows three distinct zones of variations with increasing
traffic volume, explaining the dynamics of traffic flow. Further, time, speed and mileage variable were
investigated for the emission rate analysis in different traffic flow pattern. The analysis depicted that the
combined factor of lower speed (speed <12 km/h) and higher time of travel in correspondence cause
higher emission rate. Similarly, vehicle mileage of 252,000 km has significant impact on emission for
pollutants CO, HC and NOx. The results provide real-time information on traffic flow characteristics and
impacts of dynamic and age variables on emission rate in on-road driving condition, which may be useful
for the public and transport related agencies.
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INTRODUCTION created due to stopping or standing taxis, buses, trucks

and parking vehicles generates disturbance in traffic-flow.
These complex characteristics of urban roadway aid to the
development of congestion, like interruption of traffic flow,
especially during peak hours it is very significant, causing
significant rise of emission (Chen et al. 2007, Choudhary

Road traffic is one of the primary sources of air quality
deterioration (Gulia et al. 2015). Due to increasing
urbanization and economic development, number of trips per
day are increasing (Guttikunda & Mohan 2014). Urban streets

are characterized as intense roadside development and intense
traffic density at access point of signalized intersection,
no lane discipline that cause frequent interruption and
congestion (Asaithambi et al. 2016, Choudhary & Gokhale
2019a). These conditions result in higher traffic conflicts. The
speed of vehicles on urban streets is influenced by three main
factors, street environment, interaction a.m. Ong vehicles,
and traffic control (Mohapatra 2012). As a result, these
factors affect quality of service (Grote et al. 2016). Traffic
flow can be interrupted due to various conditions such as road
work, peak hour traffic, accidents, and weather conditions.
The pedestrians also create conflicts and lane obstructions

& Gokhale 2019b). Traffic interruption and congestion is
a regular phenomenon on urban roads, and it becomes critical
at traffic intersections and junctions. It increases commuting
time, fuel consumption and cause higher pollutant emissions.
Vehicular emissions depend on vehicle speed, vehicle-km,
age of vehicle, and emission rate (Pandian et al. 2009). The
quantity of major air pollutants, such as NO,, HC, CO and
CO, drastically increases with reduction in motor vehicle
speeds. For example, at a speed of 75 km/h, emission of CO
is 6.4 g/veh-km, which increases by five times to 33 g/veh-km
at a speed of 10 km/h (Singh 2012). Problem is aggravated
due to high average age and poor maintenance of vehicles.
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Auto-rickshaws (the three-wheeler vehicle) are important
in the Indian traffic as they are used as an intermediate public
transport. They fill a vital niche in developing cities between
private vehicles ownership and fixed-route and large-capacity
public transit systems (i.e. bus and metro) (Reynold et al.
2009). Auto-rickshaws are the popular mode of private
transportation because of the low initial and low running
cost (Singh 2006, Reddy & Balachandra 2012, Iyer 2003).
Because of its small size it negotiates the smaller streets and
weaves through the mixed traffic (Iyer 2003). Different types
of auto—rickshaws are found on Indian roads, but the auto—
rickshaws of capacity less than 4 persons including the driver,
occupy roads are more in number and also have the largest
market share, close to 80% (Iyer et al. 2013). Considerable
share of auto-rickshaws in Indian traffic fleet and lack of
adherence to lane marking (no-lane discipline) are unique
and important features. Auto-rickshaw generally undergoes
large wear and tear of the engines due to overloading, idling,
and operating at less than ideal conditions, and lack of timely
engine maintenance (Reynold et al. 2011). In real-word,
auto-rickshaws consume 15% more fuel and emit 49%
more HC and 16% more P.M., 5 (Grieshop et al. 2012). The
present study will analyse the real-world driving dynamics of
auto-rickshaw and impacts of dynamic variables on exhaust
emission rate.

EXPERIMENTAL DESIGN

A highly trafficked stretch of an urban traffic corridor in
Guwahati was selected for the study. This road segment
represents typical urban traffic-flow with high traffic volume,
mix vehicles, no-lane discipline, frequent interruption and
congestion due to interaction with pedestrians and vehicles.
The test-run was of 4 km long, double lane, of 16 m wide
each. The road segment does not have traffic lights and both
the lanes are heavily trafficked, particularly, during peak
hours. Field work was carried out to collect traffic volume
data, tail-pipe instantaneous emission data of the test vehicles
(auto-rickshaws) along with the driving profile. The traffic
volume count was done with a video camera recording. It
was done for a full week, each day twelve hours from 7 a.m.
to 7 p.m. The videotapes were analysed manually for a 100
m stretch on the road. Such method has also been followed
by Robertson (1994). The traffic count data were analysed to
determine traffic-flow patterns and traffic composition. The
videotapes analysis revealed that traffic volume, commercial
activity, and roadside parking on the both lanes were similar.
The traffic composition was classified into four categories-
two-wheelers (scooters, motorbikes and moped; 2W), three-
wheelers (auto-rickshaws; 3W), four-wheelers (cars, jeeps

and medium-utility vehicles; PC-MUV), and light-heavy
commercial vehicles (bus, minibus and small trucks; LHCV).
The speeds were estimated for each category vehicle for 5
min travel time.

The real-world measurements of instantaneous speed,
acceleration, and deceleration and tail-pipe emissions of
auto-rickshaws were measured with an auto-gas analyser
and a V-Box. Different mileage test vehicles were selected,
each test vehicle was run at three different times of the day
to capture the real characteristics of the range of speed and
acceleration, deceleration of urban traffic. During each time,
test-run was repeated to produce at least two sets of data and
each run lasting for 25 to 45 min depending upon the traffic on
the road. Tests were carried out during 7:00-8:30 a.m., which
is an off-peak time, during 10:30-11:30 a.m., which covers
the morning peak time and 4:30-5:30 p.m., which covers
the evening peak time. These time periods are described
as off-peak hours (OPH), morning peak hours (MPH) and
evening peak hours (EPH) respectively. Thus, collected data
were analysed for the traffic composition, traffic flow pattern
analysis, correlation of speed, time of travel and mileage with
the emission. The detailed methodology of data analysis is
described by Choudhary & Gokhale (2016).

RESULTS AND DISCUSSION
Traffic-Flow and Traffic Composition

The traffic-flow on working days exhibits a typical trend
with two peaks, around noontime and in the evening. The
lowest traffic was observed during 7-8 a.m. and higher traffic
during 10 a.m.-12 noon and 4-7 p.m., however, the traffic
composition changed every hour, especially the proportion
of two-wheelers and three-wheelers. Fig. 1 shows the hourly
variation of traffic-flow of different category vehicles on
working days, averaged from Monday to Friday. Table 1
shows the descriptive statistics of hourly traffic volume
and traffic speed for working days. The positive value of
kurtosis coefficient of hourly traffic volume indicates that
data distribution has heavier tails and a sharper peak than
the normal distribution and the negative value of skewness of
traffic volume suggest that distribution is toward left, whereas
traffic speed data is slightly skewed toward right. It has been
observed that about 87% of the total traffic was comprised
of two and four-wheelers 2W+PC-MUYV) followed by 9
to 10% of three-wheelers (3W) and mere 3 to 4% of buses
(LHCV). During the OPH, PC-MUV and 2W shared 52%
and 28%, respectively, while during the PH, it was observed
to be 34%, and 53%, respectively (Figs. 2d, e, f).
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Table 1: Descriptive statistics for hourly traffic composition and traffic fleet speed.

Working days
Descriptive Parameters Hourly traffic volume (veh/h) Hourly traffic speeds (km/h)
Mean 7676.0 335
Std. error 621.4 32
Median 8245.0 32.2
Std. deviation 2152.4 11.1
Sample variance 4632925.8 123.9
Kurtosis 2.4 0.4
Skewness -1.8 0.9
Minimum 2591.0 19.7
Maximum 9368.0 57.5
Count 12 12
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Fig. 1: The hourly variation of the proportion of traffic composition for working days (average of Monday to Friday).

Traffic-Flow vs Speed

Traffic speed and volume are two important characteristics,
which directly affect the traffic-flow on roads (Anjaneyulu
& Nagaraj 2009). Therefore, the time variation of speed
due to traffic volume has been used to describe and define
the traffic—flow patterns. The videotapes were analysed for
traffic volume (veh/5 min) and traffic speed (km/h) analysis
were done for defining the various traffic-flow patterns. Three
descriptive statistics were used to represent the relationship,
viz.-average speed (AS) in km/h; velocity noise (VN) a
standard deviation of speed in km/h and the coefficient of
variation of speed (CV), the ratio of VN and AS. Fig. 3-1
(a, b, ¢) shows the relationships of-AS, VN and CV with

traffic volume (veh/5 min) in which the minimum volume
suggests the free-flow condition and higher volume suggests
the density near roadway capacity. As the traffic volume
increased, the AS decreased and VN and CV increased, which
after reaching the volume of about 400, dropped continuously
indicating the higher level of vehicle to vehicle interactions,
which further increases.

As traffic volume increases, the interaction between the
vehicles increases, i.e. the speed of a vehicle is affected by the
vehicles plying together with it, which results in the increase
of variation in the speed, as has been observed from the
sharp rise in CV and VN. Further, increase in volume forces
a vehicle to reduce its speed. In this condition, fluctuation
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Fig. 2: The vehicle composition for (a) working days, (b) non-working days (c) a whole week, (d) morning off-peak 7-8 a.m., (e) morning peak,
10 a.m. to 12 noon, and (f) evening peak, 4-6 p.m.

in average speed is less, which decreases the standard
deviation and decreases the ratio of VN/AS. Thus, these
three characteristics (AS, VN and CV) together with traffic
volume describe the three different traffic-flow conditions.

1. Traffic-flow condition 1: Shows slow increase in CV
and VN at lower traffic volume and higher traffic speed.

2. Traffic-flow condition 2: Shows sharp increase in CV
and VN with increasing traffic volume and decreasing
traffic speed.

3. Traffic-flow condition 3: As traffic volume approaches
to near roadway capacity CV and VN decrease sharply
that forces vehicles to crawl.

The Fig. 3-II shows the best polynomial fits to the AS,
VN and CV, which distinguish the traffic-flow patterns.
The R? values were 0.95, 0.96, and 0.97 for AS vs traffic
volume, AN vs traffic volume and CV vs traffic volume,
respectively. The adjusted R? values were 0.94, 0.95 and
0.96 for AS vs traffic volume, AN vs traffic volume and CV
vs traffic volume, respectively. The three distinct zones have
been identified from the CV and traffic volume relationship
by taking tangents at the points of inflection, which resulted
into two break points classifying into three distinct levels
of traffic-flow (Anjaneyulu & Nagaraj 2009). It has been
observed that the speed characteristics show distinct zones

with the increasing traffic volume. The best polynomial fits
of AS, VN and CV with traffic volume show three distinct
zones marked as Level 1, 2 and 3 based on speed gradient.
The Level-1 represents the free-flow condition in which
initially the traffic volume is less, the vehicular speed is
more and the variation of speed (CV) is low indicating the
least vehicle to vehicle interaction. As the traffic volume
increases the CV sharply increases. This represents Level-2
in which a higher fluctuation in speed occurs due to phase
transition from free-flow to random stop-and-go. The
frequent stop-and-go causes higher deviation from mean
speed and, therefore, a higher CV is observed. The Level-2
represents the interrupted traffic-flow condition. After this,
vehicle to vehicle interaction increases and traffic volume
approaches to roadway capacity, which forces the vehicles
to crawl, leading to the decrease of CV. This represented the
congested-flow condition, Level-3.

Travel Time and Speed vs Emission

The vehicular exhaust is influenced by many operating
variables of which particularly important in urban driving
are, speed, period and number of sharp acceleration and
deceleration, number and time of the stop-and-go pattern
(Faiz et al. 1996). The air to fuel ratio also changes with
mode of operation, for example, whether it is cruising,
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Fig. 3-1: Relationship of traffic volume and speed for the test runs.

accelerating, decelerating or idling (Joumard 1999, Marsden
2001). In this study, travel time during PH was increased
more than twice the travel time of OPH due to reduction
in operating speed. The operating speed directly affects the
vehicular exhaust emissions. Therefore, the relationship
of exhaust emissions in different traffic-flow conditions
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Fig. 3-1I: Different levels of traffic-flow patterns observed in the test runs.

corresponding to the travel time spent in those conditions for
the span of 60s has been analysed for a period of 10 minutes
of the test-runs. Fig. 4 shows the correlation of travel time
and corresponding emission for 10 consecutive minutes of
test-run for auto-rickshaw in different traffic-flow patterns
respectively. The one stacked bar represents the span of 60s/
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minute, so total 10 stacked bar, each representing one minute,
were analysed (Fig. 4). The stacked bar colours indicating the
different traffic flow patterns and the height of stacked bar
depicting time spent in each traffic flow patterns. To study
the correlation of operating speed and corresponding travel
time, the vehicle speed categorized into 0 —2 + 2,3 - 15
+ 3, 16 — 30 + 3 and above 31 + 3 km/h corresponding to
idle—flow, congested flow (CF), interrupted flow (IF) and
free-flow (FF), respectively. It was found that during the
test-run auto-rickshaws travelled for over 80% of the time
in the speed range 10-30 km/h.

Fig. 4 also depicting the emission rate of CO, HC, NO,
and CO, corresponding to different traffic-flow patterns and
time spent in particular traffic-flow. It has been observed that
the magnitude of emission rate in auto-rickshaw is higher
due to longer time of travel and lower operating speed for the
pollutants CO and HC. The emission rate of NO, significantly
increased for speed of > 30 km/h but did not show any effect
for time of travel. The magnitude of CO, emission rate was
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found higher for IF condition as compared to the combination
of higher travel time and lower speed.

Combined Effect of Speed-Time on Emission Rate

To determine the combined effect of travel time and
associated speed on exhaust emission, a speed-time spent
factor, which is a multiplication of average speed of particular
speed interval and the time spent of that traffic flow, was
used. Details of speed-time spent factor are tabulated in Table
2. The Fig. 5 shows the relationship of pollutants emission
rate with the speed-time spent factor for auto-rickshaw. It
was observed that CO, HC and CO, emission increase as
the speed-time factor increases. It indicates that the speed at
which vehicles run and the time they spend directly affects
the emission rate. However, the emission of NO, shows
opposite trends; has higher emission for combination of
higher speed and lesser time spent and similarly very low
emission was observed for combination of lower speed and
higher time spent.
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Fig. 4: The variation of pollutants emission in different traffic-flow pattern corresponding to time spent in each traffic-flow pattern during
pH in auto-rickshaw.
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Table 2: Speed-time factor analysis.
Speed range (km/h)  Speed (m/s) Frequency Factor (V*frequency) HC (g/s) CO (g/s) NO, (g/s) CO, (g/s)
0-5 0.72 69 49.68 0.004 0.052 0.020 0.599
5-10 2.14 60 128.40 0.009 0.121 0.013 1.601
10-15 3.50 83 290.50 0.008 0.149 9.00e-3 1.698
15-20 4.82 81 390.42 0.010 0.192 7.20e-3 2.422
20-25 6.24 84 524.16 0.014 0.158 1.21e-3 2.256
25-30 7.51 49 367.99 0.012 0.174 9.21e-4 3.273
30-35 9.03 36 325.08 0.010 0.171 1.92¢e-4 3.000
35-40 10.35 27 279.45 0.012 0.147 5.00e-4 2.536
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Fig. 5: The relationship of speed-time spent with the emission of pollutants (a) HC, (b) CO, (c) NO, and (d) CO,,
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Table 3: The Tukey-Kramer emission-mileage matrix.
Test Vehicles Test vehicle mileage
9,200 km 52,000 km 142,000 km
Test vehicle mileage 9,200 km - CO, HC CO, HC, NO,
52,000 km - CO, HC, CO,, NO,
142,000 km -
Table 4: Summary of mean emission values ANOVA analysis.
Test vehicles Mileage cO HC NO, CO,
in km (g/s) (g/s) (g/s) (g/s)
9,200 0.12 0.0002 0.0006 9.50
52,000 0.17 0.002 0.0005 5.18
142,000 0.22 0.012 0.018 8.40

Mileage vs Emission

The vehicle mileage is another factor that determines the
amount of emissions from a vehicle (Ntziachristos et al.
2000). The one-way ANOVA analysis was used to analyse
the effect of mileage on exhaust emission. The completely
randomised single-factor analysis of variance test (ANOVA)
was applied to identify the statistically significant effects
of vehicle mileage on emissions (Ntziachristos & Samaras
2000). Using this test, the average emission values of
different mileage classes of test vehicles were compared to
find any statistically significant differences between them
(rejection of the null hypothesis of equal means). With the
Tukey-Kramer emission mileage matrix (Barnes 1994),
correlation of mileages with different mean values can be
revealed. The double input matrix in Table 3 presents the
results of this procedure. The cells of the matrix correspond
to pair-wise comparison of different mileage classes of test
vehicles found in the same row and column of the cell.
This matrix has been built with 189 observations for auto-
rickshaws. According to these results, it has been observed
that for 52,000 km and above, mileage has significant impact
on emission for pollutants CO, HC and NO,. Summary
of the mean emission values obtained from ANOVA for
each mileage class is given in Table 4, which leads to the
conclusion that there is a statistically significant correlation
of CO, CO, and HC emissions with mileage.

CONCLUSIONS

Urban traffic-flow governed by many factors which mainly
resulted from the poor traffic management, an unregulated
roadside parking and a frequent pedestrian to vehicle
interaction. These factors restrict the urban mobility and
the most severe outcomes of the restricted urban mobility
are increased pollutant emissions. The study identified three

traffic-flow patterns classified as free-flow, interrupted-flow
and congested-flow from the on-road traffic volume and
traffic speed. The variable composition of vehicles on road
governs the rate of exhaust emissions. The dynamic and
age-related variables such as, time, speed and mileage were
analysed for analytically categorized traffic-flow patterns.
The analysis depicted that the combined factor of lower
speed (speed 12 km/h) and higher time of travel cause
higher emission rate, especially for pollutants HC and CO.
NO, emission is higher with increasing speed irrespective of
time of travel. The magnitude of CO, emission rate mostly
found higher for interrupted flow condition as compared
to the combination of higher travel time and lower speed.
Similarly, vehicle mileage of 52,000 km has significant
impact on emission for pollutants CO, HC and NO,.

The effective transport planning and environmental
policies depends on the accurate assessment of vehicle
exhaust emissions. Therefore, the finding of this study can be
handy for the consideration in policy formulation and worthy
for differentiation between measured and modelled results.
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