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Introduction
Pollution is a major contributor to the dangers posed to both 
human health and the natural state of the environment.1 
About 1.2 million people per year die as a direct result of 
exposure to environmental pollution.2 This is exacerbated by 
the use of automobiles, which are generally accepted as single 
largest contributor to air pollution3 and it has necessitated a 
push to decrease vehicular pollution.4 Emissions from auto-
mobiles have emerged as a major concern in recent years5 and 
rising number of automobiles on roads has made the situa-
tion grimmer.6 Also, the evolution of traffic flow, traffic 
speed and traffic density play important roles in air pollu-
tion.7 Emissions of carbon monoxide (CO), nitrogen oxides 
(NOx ), Total HydroCarbons (THC), particulate matter 
( PMx ) and greenhouse gases like Carbon Dioxide (CO2 ) 
are the primary constituents of vehicle exhaust.8

Introduction of electric vehicles is seen as a major step in 
reducing air pollution as well as noise pollution.9 Requia et al10 
in their review concluded that the introduction of electric vehi-
cles resulted in a reduction in emissions, particularly PM and 
SO2. Authors reported that almost all studies show a reduction 
in emissions but attribute the reduction to several factors which 
include the type of electric vehicle. In India, a similar trend has 
been seen but the type of electric vehicle adopted in India for 
public transport is not the same as seen in developed econo-
mies. The present study aims to study the impact of slow-mov-
ing Electric 3-Wheelers (E3Ws) on sections with weaving 
traffic. The study investigates whether the low-speed capabili-
ties of E3Ws negatively impact traffic performance. In the last 
decades, it has been observed that the population of E3Ws, 
also known as e-rickshaws, has increased rapidly.11 This is due 
to factors like affordable cost, low maintenance, low operating 
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margin and ease of driving on narrow urban roads.12 They have 
medium to low-speed capability and are designed to replace 
manual pulling rickshaws. The presence of these E3Ws was 
limited to the sub-urban area only and not on the major city 
roads13 but this trend has been changing.

Background
To reduce the pollution due to vehicles, electric vehicles are 
being introduced in cities.14 Electric vehicles reduce the emis-
sion of greenhouse gases such as carbon dioxide (major), nitrous 
oxide and methane (minor) in the environment of the city and 
address the issue of global warming.15 Twenty-five percent of 
PM and one-third of India’s PM pollution are caused by the 
transportation industry with a rise in levels of PM2 5.  in Indian 
towns.16 Recently, world leaders have agreed (Paris Climate 
Agreement) to move towards achieving a net zero level of car-
bon emissions in the future.17 One of the major steps towards 
this goal will be replacing fuel-driven vehicles with electric 
vehicles.18 Electric vehicles have multiple advantages, such as 
zero emissions, simplicity, reliability, cost efficiency, comfort, 
efficiency and accessibility. Over the past 5 years, E3Ws have 
been used in Lucknow’s public transportation system. For 
vehicle propulsion, these vehicles use brushless DC motors 
that are powered by traditional lead-acid batteries.19 Since they 
transport passengers, e-rickshaws are environmentally benign 
and have the potential to lower carbon emissions.20 The main 
concern with these E3Ws is that they were not permitted to be 
used as a form of public transportation.21 Technical issues per-
sist such as the need to meet safety requirements in the produc-
tion and design of the E3Ws, which are assembled in poorly 
equipped factories. Moreover, their slow speed at the traffic 
junctions causes congestion in the city and slows down the 
movement of other vehicles. Since e-rickshaws were not even 
covered by the Motor Vehicles Act of 1988, it was impossible 
to legalize them as a form of public transportation. To guaran-
tee the legalization of these vehicles, the Indian government 
passed additional modifications in December 2014, during the 
most recent legislative session.19

Methodology
The objective of this study is to study the impact of slow-mov-
ing E3Ws on overall emissions and traffic performance in 
mixed conditions. In this study, a busy road section of 170 m is 
considered for investigating the potential impacts of E3Ws. 
The study aims to present findings from a preliminary investi-
gation of a small section with merging traffic from high-speed 
National Highways and traffic from local arterial roads in a 
simulated environment using SUMO. The Traffic Data for the 
simulation model is collected from an elevated overpass and 
extraction of traffic volume (vehicles per hour) and speed (kilo-
metre per hour) is done using a semi-automatic Traffic Data 
Extractor22 developed by Transportation Systems Engineering, 
Department of Civil Engineering Indian Institute of 
Technology, Bombay. For the simulation model, the network is 

developed by importing an open street map file of the study 
area and converting it to a .net file using the netconvert Python 
script. The simulation model parameters are defined and are 
explained in the section Mixed Traffic Modelling. The meth-
odology for this study is shown in Figure 1. A total of 6 sce-
narios are developed to understand the impact of the E3Ws on 
the environment. A similar approach for scenario development 
has been used by Lertworawanich and Unhasut23 for CO emis-
sion study as well as by Chandra et  al (2016)24 for highway 
capacity study. For scenario 0, the E3Ws are removed com-
pletely from the traffic stream. Scenario 1 represents the actual 
field conditions with 9.9% E3Ws. For scenario 2 and scenario 
3, the percentage of E3Ws is taken as 19.8% and 29.7% respec-
tively. In scenario 2 and scenario 3 the percentage of E3Ws is 
doubled and tripled respectively to capture the future traffic 
composition especially due to the exponential growth of slow-
moving E3Ws which has a negative impact on traffic speed as 
platooning by slow-moving E3Ws can lead to substantial 
speed drops in traffic stream25 In scenario 4, E3Ws were 
replaced by Modified Electric Three-Wheelers (ME3Ws) 
which have powerful motors and have a higher maximum 
speed comparable to cars. Lastly, for scenario 5 all E3Ws are 
replaced by electric buses, and their volume is adjusted as per 
the passenger carrying capacity of the E3Ws. Scenario 4 repre-
sents any intervention of policymakers to amend the minimum 
power requirement of electric vehicles before granting com-
mercial operation licences. Scenario 5 represents the possible 
electrification of the bus fleet due to their advantages over fos-
sil fuel-powered buses.26 Mean traffic flow and mean harmonic 
speed of the traffic stream were considered measures of effec-
tiveness in terms of mobility. The average emission per unit of 
time was considered a measure of effectiveness in terms of 
environmental impact. In the next section study area is 
explained followed by the mixed traffic modelling wherein the 
traffic model used and vehicle characteristics are explained. It is 
followed by model calibration and validation. The emission 
model is discussed in the next section. The penultimate section 
presents the findings of the study and in the last section con-
clusions are presented.

Study Area
Lucknow is the capital city of the state of Uttar Pradesh, 
which has the largest population among all states in India.27 It 
is also one of the fastest-growing cities in India. There are 
many public transportation modes available in the city, such as 
the metro, city bus, autorickshaw, electric 3-wheelers, 2-wheel-
ers, etc.28 The road section taken for this study is a 170 m two-
lane road which widens to 4 lanes, with a maximum width of 
14.5 m, before meeting an intersection. The road is the con-
nection between the National Highway, connecting the 
regional capital city Lucknow with the national capital city 
New Delhi, and the ring road in Lucknow. There is an on-
ramp joining an arterial road with the main road. The criteria 
used to select the section was the weaving of traffic due to an 
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on-ramp,29 a continuous undisturbed section with 4 possible 
exit routes which results in mixed traffic and lane-changing 
manoeuvres. This mixing of fast-moving traffic with slow-
moving E3Ws leads to decreased speed for fuel-driven vehi-
cles. Due to the presence of educational institutes, hospitals, 
commercial outlets and residential areas, there is a substantial 
presence of slow-moving E3Ws. This creates a situation of 
merging traffic streams, especially during evening peak hours 
and is the worst-case scenario for this road. Traffic data was 
collected at the 4-lane stretch from 17:30 to 18:30 hours on 
weekdays by installing a camera at a pedestrian overpass. The 
classwise traffic flow and speed values were extracted using the 
Traffic Data Extractor (IIT Bombay). The percentage of 
2-wheelers was found to be 56.61%, and for cars, it was 
25.81%. The percentage of Light Commercial Vehicles (LCV) 
and buses was 6.6% and 1%, respectively. The percentage of 
E3Ws stood at 9.9%. The network model was developed by 
importing the open street map of the study road section. The 
osm file from the open street map was converted to a network 
file using the netconvert module of SUMO using the com-
mand netconvert-osmfilesmap.som-test.net.xml on the com-
mand prompt. The plan of the study area and the corresponding 
network file are shown in Figure 2.

Mixed Traffic Modelling
Simulation of Urban MObility (SUMO), developed by 
German Aerospace is an open-source microscopic traffic 
simulation software used to model and simulate traffic 
behaviour in urban areas. It is a widely used tool in transpor-
tation research, urban planning and traffic management. It is 
highly portable and can be used to create detailed models of 
road networks, simulate the movement of vehicles and pedes-
trians, and analyse various aspects of traffic flow and conges-
tion. Mixed traffic here refers to a composition of traffic 
where heterogeneity exists in dimension as well as speed 
characteristics. Figure 3 shows the lack of lane discipline and 
the presence of E3Ws in the traffic stream. Munigety and 
Mathew30 discussed the suitability of traffic modelling 
approaches for mixed traffic conditions. For car following, 
they found that collision avoidance approaches were best 
suited for mixed traffic conditions. The car-following model 
considered for the study is the Krauss model as it satisfies the 
criteria for a collision-free car-following model.31 The Krauss 
model was proposed by Stefan Krauss and is a stochastic ver-
sion of the Gibbs model. It belongs to the category of models 
which are based on ‘safe distance’. The safe speed Vs  is cal-
culated as follows:

Figure 1. Flow chart showing the methodology of the study.



4 Environmental Health Insights 

 
V v t

g t v t T
v t v t

b
T

s l
n t

f l

= ( ) + ( ) −
( ) + ( )










+

( )

2

 (1)

Where v tl ( )  is the speed of the leader vehicle at time t, g tn ( )  
is the spacing between the leader and follower vehicle at time t, 
v tf ( )  is the speed of the follower vehicle at time t, b  is the 
maximum deceleration and T  is reaction time. Equation (1) 
gives a speed which can be too conservative therefore desired 
speed vdesired  is calculated as:

 v Min v t at v vdesired f safe limit= ( ) +( ), ,  (2)

Where a  is acceleration, t  is time and vlimit  is the maximum 
speed capability of the vehicle. Equation (2) satisfies the safety, 
legal and vehicle-linked constraints. To add randomness in 

driver behaviour and thus achieve variation in speeds of drivers 
two terms for noise amplitude (∈  ) and a random number (η ) 
are added for the calculation of speed as shown in equation (3).

 v v at T
f

desired+ = −∈max( , )0 η  (3)

The Maximum Speed (vlimit ) refers to the absolute physical 
speed limit or capability of a vehicle in perfect conditions, in 
which traffic flow, congestion, or driver behaviour are not 
taken into consideration in any way. It is a value that is often 
unchangeable and indicates the maximum speed that a vehicle 
is capable of reaching due to the combination of its design and 
its power. On the other hand, the driver’s or driving popula-
tion’s preferred or desired speed in the presence of traffic and 
other conditions is represented by the maximum desired speed. 
It is frequently impacted by a variety of factors, including driv-
ers’ attitudes, the amount of traffic on the road, traffic density 

Figure 2. Aerial view of the study area and modelled network file in SUMO.

Figure 3. Snap from the traffic recording showing the use of sub lane and presence of E3Ws.



Sadat et al 5

and road conditions. The maximum desired speed is generally 
lower than the maximum speed. Since the considered study 
section is only 170 m boundary conditions need to be defined 
for exit and entry of vehicles. The parameter departlane32 is set 
to ‘free’ and departspeed is set to ‘desired’ for entry of vehicles 
mimicking the field conditions as vehicles entering the 170 m 
length have no external disturbance due to the preceding 
grade-separated section. A similar approach is adopted for 
vehicles entering via the on-ramp. For exiting the section, 
vehicles have 4 major and 2 minor roads. Since the congestion 
at the intersection is beyond the scope of this study it is 
assumed that vehicles exit by slowing down and moving to the 
desired road.

For the lane change model, SL2015 is used which is an 
advanced version of LC2013 which in turn is based on MOBIL 
(Minimizing Overall Braking Induced by Lane Change) pro-
posed by Triber. The equation is given by:

 a a p a a a aaf f f bias
  





α α− + − +( ) > +∆  (4)

Where aα  is the acceleration function of the leader vehicle 
after lane change, aα  is the acceleration function of the leader 
vehicle before lane change, a f� �  is the acceleration function of 
a new follower after lane change, a

f
 is the acceleration func-

tion of the follower, a f  is the acceleration function of the 
new follower in the old situation,  ∆a  acceleration threshold 
for lane change. abias  is an Asymmetry term (keep-right 
directive) and p  is the politeness factor. Typical values for 
 ∆a , abias  and p is 0 1 2. / ,m s 0 3 2. /m s  and 0 1 0− .  respec-
tively.31 It has been found that the driver’s response to chang-
ing traffic conditions is oriented towards minimizing braking 
which has been captured in equation (4). Since the traffic 
composition is mixed and non-lane-based traffic is prevalent 
in Indian conditions changes were made to replicate field 
conditions. The sublane model was used by setting the ‘lateral 
resolution’ parameter equal to the width of the vehicle which 

has the least lateral dimension. This allows for the use of 
space available between the lanes. It has been observed in 
traffic data collected that vehicles tend to encroach upon 
adjacent lanes while driving. For lane change behaviour the 
eagerness for lane change parameter ‘speedgain ’ was set to 2 
as increased lane change was observed due to sublane behav-
iour. The value of sigma, which is the parameter for driver 
perfection, is taken as 0.40 for 2-wheelers as the drivers in the 
Indian scenario stay alert due to non-lane movement, non-
homogenous traffic composition low compliance with traffic 
rules, and a tendency to use sublanes. The value of the time 
step for simulation is taken as 0.50 as it allows for lower time 
headway (tau). If the value of time headway is lower than the 
simulation time step collisions occur which is unrealistic. It 
was observed from the data that 2-wheelers maintain lower 
time headways in urban virtual lane formation in mixed traf-
fic conditions. The Krauss model used for this study is not 
time-continuous and using a higher value of time steps can 
lead to unexpected stops and crashes of vehicles. Using lower 
values results in a better representation of the field conditions. 
Krauss model allows time step as low as 0.05 seconds which 
can encompass very low reaction times of drivers. However, 
such a low-time step will require higher computational power. 
The parameters which were modified in SUMO for model-
ling mixed traffic are shown in Table 1. The dimensions of the 
vehicles have been adopted from INO HCM.33 To reduce 
computational time Standard Car and Big Car are merged. 
Similarly, the Mini Bus and Bus category is merged as they 
have similar width dimensions.

The dimension E3Ws vehicle, characteristics were used as 
shown in Figure 4. Values were calculated by conducting a pilot 
survey and random sampling of E3Ws as there is variation in 
dimension and power. These vehicles are powered by DC 
motor (brushless) electric motor having power ranging from 
0.75 to 0.85 kW.19 For vehicles other than E3Ws, values were 
adapted from Amanand Parti.34

Table 1. Dimension and vehicle characteristics.

PARAMETERS 2W CARS LCV BUS E3W ME3W ELECTRIC 
BUS

Acceleration ( m s/ 2 ) 0.78 0.80 0.80 0.80 0.114 1.0 0.90

Deceleration ( m s/ 2 ) 0.83 1.00 1.00 1.00 0.285 1.0 1.00

Vehicle length ( m ) 1.87 4.58 6.10 10.10 2.9 3.20 10.10

Vehicle width ( m ) 0.64 1.77 2.10 2.5 1.05 1.4 2.5

Emergency deceleration ( m s/ 2 ) 10 10 10 10 10 10 10

Minimum time headway ( s ) 1.00 1.0 1.0 1.0 2.0 1.0 1.0

Driver’s imperfection (sigma) 0.40 0.50 0.50 0.50 0.50 0.50 0.50

Maximum speed, vlimit  ( m s/ ) 14 19 12 12 5.5 12 12

Minimum safety distance ( m ) 2.5 2.5 2.5 2.5 2.5 2.5 2.5
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Model Calibration and Validation
Krauss Model needs to be calibrated to ensure that they repre-
sent field-observed traffic conditions closely. For calibration, 
trial and error methods were adopted since the objective func-
tion does not have a closed form. Using an optimization 
method for such a scenario is difficult.35 The values of accelera-
tion for vehicles other than E3Ws have been adopted from 
Mahapatra and Maurya.36 For speed, normal distribution has 
been adopted for vehicles. The parameters varied are Tau 
(headway), driver imperfection Sigma, lateral resolution value, 
lane change parameter speedGain and the normal distribution 
factors namely speedDev and speedFactor. The simulated vol-
umes and real volumes for the main freeway are used to calcu-
late GEH statistics.37,38

 GEH
M M

M M

obs n sim n

obs n sim n

=
−( )
+( )

( ) ( )

( ) ( )

2

2/
 (5)

Mobs n( )  represents the field volumes and Msim n( )  represents 
the simulated volumes obtained from the simulation in 
Equation (5). According to the UK Highways Agency’s 
Design Manual for Roads and Bridges (DMRB), 85% of vol-
umes in the simulated model should have GEH less than 5 
for an accurate representation of real-field traffic flow.39 A 
total of 87% of GEH values have errors less than 5% for the 
simulated traffic. Table 2 shows the descriptive statistics for 
GEH values.

Emission Model
Most exhaust emissions in metropolitan areas come from tra-
ditional internal combustion engines.40,41 Several factors 
affect the exhaust emissions from vehicles which complicates 
the task of estimating emissions. The size of the scale used to 
measure the emissions from vehicles42 is one such factor. 
When it comes to modelling, the amount of exhaust emis-
sions produced is dependent, among other factors, not only 
on the type of vehicle but also on the number of vehicles that 
a specific class of car experiences.43 The elements that influ-
ence these emissions include, but are not limited to, the type 
of fuel (petrol or diesel) used, the sophistication of the emis-
sion control system, and the vehicle’s operation along with 
environmental settings.44 It has been observed that E3Ws ply 
on the major roads of cities and slow down traffic in them.45 
Their slow speed restricts the movement of other fast-mov-
ing vehicles.46 Moreover, due to the low speed, frequent gear 
shifts are required, which increase the consumption of fuel 
and result in increased pollution. To reliably predict emissions 
from vehicular traffic, emission models are employed. Inputs 
can come in the form of precise information on the vehicle, 
such as its engine specifications, the conditions of the drive 
and the qualities of the fuel.47 Simulations of traffic can be a 
useful supplement to emission models in some cases.48 A vir-
tual depiction of real-world traffic scenarios can be created 
using traffic simulation software. This makes it possible to 
study the interactions between vehicles as well as the effects 
those interactions have on the surrounding environment and 
the well-being of people who use roadways.49 Simulators can 
generate a specific set of vehicle traffic data, allowing valuable 
information to be provided on the amount of vehicle emis-
sions in comparison to, for instance, air quality. This informa-
tion may then be used to advise decision-makers in the 
process of reducing air pollution.50

The models that are used to predict the emissions from 
vehicles are becoming increasingly complex and comprehen-
sive.51 There is no question that this is linked to the ever-
increasing number of vehicles as well as the wide variety of 

       

Parameter Value

Length 2.9 m 

Width 1.05 m 

Projected area 3.045 m2 

Acceleration (without passengers ) 0.275 m/sec2

Acceleration ( with passengers) 0.114 m/sec2

Deceleration 0.285 m/sec2

Maximum Speed, ( with passengers) 5.55 m/sec

Figure 4. Illustration of electric three wheeler and its attributes.

Table 2. Descriptive statistics for GEH.

DETECTOR MEAN STANDARD 
DEVIATION

MAxIMUM 
VALUE

MINIMUM 
VALUE

1 3.05 1.93 5.78 0

2 3.01 1.87 8.1 0

3 3.18 1.53 9.05 0

4 2.17 0.85 6.5 0
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emissions, modifications and fuel types that are being used.52 
Differentiating between cold start, hot running and other 
engine thermal states is equally crucial for emission models. In 
the 1980s and 1990s, researchers worked to build emission 
models that could estimate emissions from a vehicle’s warmed-
up engine for a select few significant emission components 
using verified test data.53 Modern emission models are based 
on data from actual road tests conducted under varying driving 
situations, predict fuel consumption and allow for the estima-
tion of all known exhaust components, both regulated and 
unregulated.54 Early emission models relied on data from only 
a few dozen automobiles, whereas modern models incorporate 
information from thousands.55 The approach has evolved over 
the years to include other factors in addition to the traditional 
modelling for driving mode (acceleration, deceleration, idle 
and cruise). These variables include information from car 
engines regarding engine load, speed, temperature, air-to-fuel 
ratio and other parameters.56

HBEFA4 (Handbook Emission Factors for Road Transport) 
is the latest version of the emission model used for estimating 
vehicular emissions. It provides factors for pollutants like 
CO CO NO PMx2 , , ,  and VOCs  based on vehicle charac-
teristics like fuel, speed and vehicle class. HBEFA4 is currently 
used by SUMO as an emission model. There are various emis-
sion models available for estimating emissions in traffic simu-
lation models. They are mainly classified as being macroscopic, 
mesoscopic and microscopic. The emission models which can 
be used with the microsimulation model are HBEFA and 
PHEM. HBEFA is chosen for this study as PHEM does not 
estimate some important emissions like CO NO SO2 2 2, ,  and 
N O2  which can be estimated using HBEFA.43 Also, the 
PHEM model cannot be used to estimate the emissions from 
2-wheelers. The high percentage of 2-wheelers in the present 
study presents the need to use the HBEFA model along with 
the microsimulation model. As per the findings of Mądziel43 it 
is possible to use a macroscopic emission model like HBEFA 
along with a microscopic traffic model like the Krauss Model. 
Each vehicle is modelled individually but traffic data is aggre-
gated over a certain fixed duration of time in SUMO. 
Generating and plotting data for each vehicle for every time 
step will generate huge data which can time taking to process. 
The data collected from detectors and cameras are also in 
aggregated form and it is convenient when calibrating and vali-
dation of the model is done. The power demand of vehicle in 
HBFA is calculated using:

 P c c va c va c v c v c v= + + + + +0 1 2
2

3 4
2

5
3  (6)

Where co-efficient of cn  are dependent on vehicle type and 
engine type of vehicle. Emission factors are selected from 
HBEFA4 data for power demand calculation.

Results and Analysis
For the sake of simplicity Scenario 0, Scenario 1, Scenario 2, 
Scenario 3 Scenario 4 and Scenario 5 will be referred to as S0, 
S1, S2, S4, S4 and S5 respectively. After running the simula-
tions it is found that the mean traffic flow falls as the percent-
age of E3Ws increases on the road. The maximum flow is 
observed in S0, followed by S5. The minimum value of average 
traffic flow is observed in S3 (with maximum E3Ws) with a 
reduction of 49.8%. A similar trend is observed with mean har-
monic speed, with a reduction of 28.8% when compared to S0. 
Mean Harmonic speed is increased by 2.6% for S4 while reduc-
tion of HC is maximum for S5 scenario. Figure 5a and b show, 
respectively, the time series plot of average flow and harmonic 
mean speed as the percentage of E3Ws increases. For S4 and 
S5, the median speed is higher than in scenarios with E3Ws.

The box plot in Figure 6 shows the median speed as 
21.67 km/h for S3 and 33.46 km/h for S4. It can also be 
observed that the distribution of speed data points is spread for 
scenarios where E3Ws are not present. It is worth mentioning 
that the maximum percentage of E3Ws is taken as 29.7%, but 
the speed data points concentrate towards the lower value. For 
analysing the emissions over the section, a heatmap is plotted, 
where the x-axis represents the space and the y-axis represents 
the average emission milligrams per second. The emissions 
near the on-ramp are high in all scenarios but start decreasing 
after it. It is observed that emissions decrease with increasing 
E3Ws. A similar trend is observed with other parameters, as 
shown in Table 3. These results indicate that the emissions 
were reduced due to the introduction of slow-moving E3Ws, 
but this observation needed further analysis. Figure 7 shows 
the heatmap of emissions for cars along the section of the road 
under consideration. The spatial distribution of emissions 
shows an initial high density at the beginning of the road due 
to the presence of 2 lanes and gradual decreases as the lanes 
increase to 4. In S1, S2 and S3, it can be observed that the 
intensity of emissions decreased when compared to S0, but the 
emissions are more spread due to the reduced speed of cars. For 
S4 and S5, the intensity is low, but the spread is similar to S1, 
S2 and S3.

Figure 8 shows the spatial spread of PMx  for all scenarios. 
For scenario 1, it can be observed that there is a shift in the 
pattern of emissions, showing an increased frequency of higher 
emissions. S2 and S3 show distinct separations between high- 
and low-emission brackets for cars. This can be explained by 
the higher percentage of slow-moving E3Ws in the traffic 
stream. These vehicles tend to limit the manoeuvrability of 
other vehicles, leading to forced lane changes and increased 
emissions. For S4, PMx  is similar to all other scenarios with 
high flow and harmonic speed values. Thus, ME3Ws are best 
suited for urban traffic, as it can be observed in S1, S2 and S3 
that PMx  emissions are reduced on a macro level due to 
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Figure 5. (a) Time series plot for traffic flow and (b) time series plot for harmonic mean speed.

Figure 6. Box plot for speed for all scenarios.
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Table 3. Emission for all scenarios.

PARAMETERS SCENARIO 0 SCENARIO 1 SCENARIO 2 SCENARIO 3 SCENARIO 4 SCENARIO 5

CO22  (mg/s) 2177.58 1729.72 (−20.6%) 640.53 (−70.6%) 578.01 (−73.5%) 995.80 (−54.3%) 910.83 (−58.2%)

CO  (mg/s) 3.092 2.392 (−22.6%) 0.814 (−73.7%) 0.657 (−78.8%) 1.016 (−67.1%) 1.211 (−60.5%)

HC  (mg/s) 0.110 0.0789 (−28.3%) 0.0359 (−67.4%) 0.0294 (−73.3%) 0.0433 (−60.6%) 0.0216 (−80.4%)

NOx  (mg/s) 2.835 2.222 (−21.6%) 0.9685 (−65.8%) 0.9335 (−67.1%) 1.3310 (−53.1%) 0.8003 (−71.8%)

PMx  (mg/s) 0.1607 0.1235 (−23.1%) 0.0424 (−73.6%) 0.0300 (−81.3%) 0.0719 (−55.3%) 0.0592 (−63.2%)

Fuel  (mg/s) 697 553.3 (−20.6%) 204.4 (−70.6%) 183.9 (−73.6%) 318.2 (−53.9%) 291.7 (−58.1%)

Average flow 
(veh/h)

1566 1130 (−27.8%) 810 (−48.2%) 786 (−49.8%) 1426 (−8.9%) 1513 (−3.4%)

Mean harmonic 
speed (km/h)

32.09 28.08 (−12.5%) 25.49 (−20.6%) 22.86 (−28.8%) 32.91 (+2.6%) 30.57 (−4.7%)

Figure 7. Heatmap of CO2  for cars over the section.
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Figure 8. Heatmap of PMx  for cars over the section.

electric vehicles, but there is an increase in emissions by fuel-
driven vehicles.

A regression analysis was performed to determine 
whether the emission reduction is correlated with a decrease 
in traffic flow caused by an increase in slow-moving E3Ws 
in traffic. The flow of fuel-driven vehicles is kept constant, 
and the flow of slow-moving E3Ws is increased progres-
sively from 0% to 29.7% (S0-S3). Table 4 shows the square 
of the Pearson Correlation Coefficient ( )R2  and the 
P-value. The value of alpha is taken as .05 for the statistical 

analysis. It can be seen that for almost all emission param-
eters, the value of R2  is significantly high enough to reject 
the null hypothesis, indicating a linear relationship between 
the reduction of the number of vehicles and emission param-
eters. Similar results are observed for average traffic flow 
and harmonic mean speed. Figure 9 shows the linear regres-
sion line for average CO2  and the number of vehicles. Thus, 
it can be inferred from the above analysis that the environ-
mental benefits of E3Ws are not only because of their zero-
emission property but also due to the reduced flow of 
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fuel-driven vehicles. In other words, the efficiency of the 
road is decreased, giving the impression that the presence  
of slow-moving E3Ws leads to a drastic reduction in 
emissions.

Conclusions
In this paper, we present a study investigating the environmen-
tal impact of slow-moving E3Ws widely used in India for last-
mile connectivity. A total of 6 scenarios were tested using a 
calibrated microsimulation model with field data. Scenario 1 
represented real field conditions, while the rest of the scenarios 
were developed with different combinations of E3Ws, ME3Ws 
and electric buses. This allowed the authors to compare the 
existing and potential traffic conditions in the test section. The 
authors examined the scenario with the lowest emission and 
with the lowest traffic flow as well as harmonic mean speed. The 
presence of slow-moving E3Ws on the test section of an urban 
road adversely impacted traffic performance parameters like 
average flow and harmonic mean speed. The average and emis-
sion are reduced with an increasing percentage of slow-moving 
E3Ws. It is also worth mentioning that the rate of addition of 
fuel-driven vehicles is kept constant in every scenario. A regres-
sion analysis shows that the decrease in emissions is attributed 
to a decreased number of fuel-driven vehicles on the road  
section. In the hypothetical S4 scenario where slow-moving 
E3Ws are replaced by enhanced version ME3Ws, which have 

acceleration, deceleration, and maximum speed comparable to 
fuel-driven vehicles, the reduction of emissions is up to 67.1% 
without compromising the traffic performance parameters, 
average traffic flow, or harmonic mean speed, which showed a 
decrease of 8.9% and an increase of 2.6%, respectively, over sce-
nario 0. For hypothetical scenario 5, where all 3-wheelers are 
replaced by electric buses in the relevant proportion, this results 
in a 3.4% reduction of average traffic flow and a 4.7% reduction 
of harmonic mean speed. Maximum reduction in HC and NOx  
was observed in this scenario (80.4% and 71.8% respectively) 
when compared to scenario 0. Thus, it can be concluded that for 
this study section E3Ws in their current form offset the envi-
ronmental benefits due to their speed and acceleration charac-
teristics, which are attributed to their lower power capacity. As 
part of efforts to reduce global warming, these vehicles are 
looked upon for reducing emissions and often receive subsidies. 
Therefore, it is necessary to analyse the holistic picture in deci-
sion-making by considering a wider network for analysis. The 
study has been conducted on a limited section and with a short 
duration therefore in future work more locations shall be con-
sidered. This study has not considered the amount of energy 
emitted during the production of batteries or their recycling 
costs. The safety aspects that arise due to the speed difference 
and instability of these vehicles have not been considered. The 
above issues will be the subject of future research.

Acknowledgements
The authors would like to thank the Integral University 
Lucknow, India for providing manuscript number: IU/R&D/ 
2024-MCN0002465 for the present research. The authors 
would like to thank Lucknow Police for the permission to col-
lect traffic data on the road section considered for this research.

Author Contributions
Mohd Sadat has collected the data, reviewed the literature, and 
written the manuscript. Syed Aqeel Ahmad and Mehmet Ali 
Silgu have supervised the manuscript. Shrish Bajpai and 
Digvijay Pandey have reviewed and edited the manuscript. The 
authors do not have any conflicts of interest with other entities 
or researchers. All authors have read and agreed to publish a 
version of the manuscript.

Table 4. Statistical analysis results for S0, S1, S2 and S3.

EMISSION PARAMETERS HARMONIC MEAN SPEED AVERAGE FLOW TOTAL VEHICLES

R2 p-VALUE R2 p-VALUE R2 p-VALUE

CO2  (mg/s) 0.92 .038 0.898 .042 0.887 .01

CO  (mg/s) 0.806 .101 0.815 .061 0.798 .059

HC  (mg/s) 0.874 .055 0.899 .051 0.851 .057

NOx  (mg/s) 0.832 .045 0.817 .055 0.769 .051

PMx  (mg/s) 0.792 .059 0.800 .065 0.824 .068

Figure 9. Correlation between number of vehicles and average CO2  

emission with increasing E3Ws.
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