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Abstract: Bad air quality due to free pollutants such as particulate matter (PM), carbon dioxide
(CO2), nitrogen oxides (NOx) and volatile organic components (VOC) increases the risk of long-
term health diseases. The impact of traffic-calming measures on air quality has been studied using
specialized equipment at control sites or mounted on cars to monitor pollutants levels. However, this
approach suffers from a large number of variables on the experiments such as vehicles types, number
of monitored vehicles, driver’s behavior, traffic density, time of the day, elapsed monitoring time,
road conditions and weather. In this work, we use a cellular automata and an instantaneous traffic
emissions model to capture the effect of speed humps on traffic flow and on the generation of CO2,
NOx, VOC and PM pollutants. This approach allows us to study and characterize the effect of many
speed humps on a single lane. We found that speed humps significantly promote the generation
of pollutants when the number of vehicles on a lane is low. Our results may provide insight into
urban planning strategies to reduce the generation of traffic emissions and lower the risk of long-term
health diseases.

Keywords: traffic emissions; traffic flow; traffic-calming strategies; speed humps; cellular automata;
simulation

1. Introduction

Air quality has become a major topic due to the negative effects of free pollutants on human health.
The repeated and chronic exposure to these pollutants may increase the risk of short- and long-term
health diseases ranging from the irritation of eyes, headaches and the irritation of the respiratory
system, to major health problems such as lung, cardiovascular and asthmatic diseases [1–6].

Traffic emissions are identified as one of the primary sources of air pollutants, those with major
potential health impacts are carbon dioxide (CO2), nitrogen oxides (NOx), volatile organic compounds
(VOC) and particulate matter (PM) [2,3,7,8]. Actually, traffic emissions account for up to 80% of the total
PM emissions [8,9]. Additionally, the main sources of NOx in urban areas are traffic emissions, these
NOx react with other chemicals to generate ozone (O3), both detrimental to human health [2,10,11].
Recently, Astarita et al. [12] reported that the transportation sector is responsible for 25% of the total
energy consumption in the EU, and Iodice and Senatore [13] identified the main sources of pollution
in Campania, Italy. Their findings suggest that in order to limit the generation of pollutants we need to
move to new technologies such as biofuel or electric vehicles [14–16].

The previously mentioned air pollutants, CO2, NOx), VOC and PM are primarily generated by
changing speed and due to the wear of tires by braking [8,9,17–19]. Changing the speed of a vehicle is
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a common action of every driver during a journey. Drivers accelerate and decelerate to avoid collisions
with other vehicles and to stop at traffic lights, pedestrian crossings and traffic-calming measures.

Speed humps are an effective measure to regulate speed and improve pedestrian safety, they are
easy to install and lower on cost when compared with speed cameras, traffic lights, roundabouts and
chicanes [20]. They reduce the speed of vehicles by forcing the drivers to decelerate when encountering
them, then once passing over them drivers may accelerate if there are no vehicles or obstacles ahead.
Although their effect on traffic flow and pedestrian safety has been widely studied [21–25], there are
few studies on their effect on air quality and pollutants generation. Some works monitor pollutants
using specialized equipment mounted on cars or installed at control sites [1,2,9,18–20,23]. Some others
recommend to increase the number of traffic-calming measures and reduce the distance between them
to improve safety on pedestrians [22,25]. However, these recommendations may have negative side
effects as we will show. In this work we investigate the impact of speed humps on traffic emissions,
we present our findings on the effect of an increasing number of speed humps on traffic flow and its
impact on pollutants generation, specifically, CO2, NOx, VOC and PM emissions.

The rest of the document is organized as follows: in Section 2 we present previous studies on
traffic-calming measures and pollutants emissions, then in Section 3 the models for traffic flow and
instantaneous traffic emission used in this work is introduced. In Section 4 we show the results of our
simulations and discuss them. Finally, in Section 5 we present the main conclusions and future work.

2. Related Work

In this section, we present works studying the effect of traffic calming measures on pollutants
emissions, these works use specialized monitoring equipment mounted on vehicles or installed at
control sites. Additionally, we briefly introduce works based on cellular automata models for the
study of the effect of speed humps on traffic flow. Finally, state-of-the-art models for traffic emissions
are presented.

2.1. Traffic-Calming and Emissions

Generally, drivers accelerate after a change from red to green in a traffic light, after passing a
bump or when there is free space ahead on the road. Conversely, drivers decelerate to avoid collisions
with other vehicles, to stop at traffic lights, to reduce their speed at speed limit areas, and to negotiate
speed bumps and pedestrian crossings. Unfortunately, these changes in speeds due to acceleration
and deceleration, are the main sources of vehicles emissions [8,9,17–19,26]. Also, in congested traffic,
higher emissions are produced at low speeds [1,2,27,28].

Many studies have investigated the generation of pollutants from traffic. Some of them monitor
pollutants levels at different control sites on roads [9,18,19,29] and others use specialized equipment
mounted on cars to collect information about the traffic flow or the pollutants levels [1,2,20,23].
The data collected from the monitoring of traffic flow, origin and destination of journeys, elapsed
monitoring time, length of the roads, traffic composition and weather are feed into traffic simulators to
generate acceleration profiles of vehicles that are used by emission estimation software to compute
traffic emissions [30–32].

A similar approach is used to study the impact of traffic-calming strategies on traffic emissions.
The monitoring equipment is mounted near the physical location of the speed humps, or the equipped
vehicles follow trajectories where there is a speed hump. Daham et al. [20] monitored an increase of
about 90% for CO2, 117% for CO, 195% for NOx, and 148% for Total HydroCarbon THC. They used an
equipped vehicle on a driving cycle of 2.2 km with 14 speed cushions; each at about 140 m distance.
Lee et al. [23] evaluated the effectiveness and emissions of traffic-calming measures in a residential
area in Korea. The residential area and the journeys were simulated into PTV VISSIM [30] and the
results were feed into The Motor Vehicle Emissions Simulator MOVES [31] to compute the emissions
for CO2 and PM. Only one and two speed humps were considered at the simulations.
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Ghafghazi and Hatzopoulou [19] performed simulations of the impact of traffic-calming
measurements in NO2 and NOx emissions in an urban area in Montréal, Canada. The chosen road
is about 500 m in length and 17 m in width, the simulation of vehicles journeys was performed with
PTV VISSIM, the emission software MOVES, and the Danish Operational Street Pollution Model
(OSPM) [33]. They found an increment from 5% to 160% for NOx emissions, and from 0.1% to 10% for
NO2 emissions when compared with a high traffic volume base case. Baltrėnas et al. [9] studied the
effect of speed bumps on air pollution by PM, they used specialized equipment near the traffic-calming
devices at ten residential sites in Lithuania, they found a large concentration of PM at speed bumps
sites, significantly higher than limit values in ambient air. In the same work, the authors recommend
avoiding the installation of speed bumps or raised pedestrian crossings near sensitive buildings such
as schools due to the increased generation of PM.

Januševičius and Grubliauskas [18] studied the impact of speed bumps and humps on emissions
of CO2 and NOx. They measured emissions with mobile laboratory equipment at five locations with
speed humps installed in pedestrian crossings to reduce vehicle’s speed. Speed humps with trapezoidal
shape are frequently found at pedestrian crossings, meanwhile speed bumps have semi-circular shape
and are more abrupt than speed humps [24,34]. Januševičius and Grubliauskas [18] found rising
concentrations of CO2 and NOx near the speed humps and bumps with increments from 1 to 8 times
for NOx, and from 1 to 5 times for CO.

We observe that previous works agree on that traffic-calming measures increase the generation of
free pollutants; however, their reported values disagree, this may come from the differences on road
conditions, vehicles types, weather conditions, time of the day for collection of data and number of
monitored vehicles.

2.2. Cellular Automata and Traffic Flow

Studies based on data collected from specific regions are limited to cases with large variations on
vehicles types, driver behaviors, road conditions, vehicles sizes, time of the day, weather conditions
and topography, just to mention a few. The use of simulators allows control of these variables and test
their effect on specific configurations.

A major approach on the study of traffic flow is that based on cellular automata. These
models are widely used due to its flexibility to incorporate new rules, high generalizations and
rich phenomena capturing features [28,35–39]. The cellular automata introduced by Nagel and
Schreckenberg in [40], also known as the NaSch model, has been widely used to study different
mechanism in traffic flow [37,41–46].

Meng and Zhang [47] presented a modified version of the NaSch model to study the effect of
speed humps on traffic flow, their findings show that a single speed hump has a negative effect on
traffic flow. Li et al. [48] introduced different driver behaviors when encountering speed humps:
aggressive drivers, which do not reduce their speed at the minimum to pass over the speed hump;
and cautious drivers, which reduce their speed at its minimum to pass over the speed hump. They
found that as the number of cautious drivers increases, the average speed decreases from 50 to 85%
from the case with no speed humps on the road. Conversely, as the number of aggressive drivers
increases, the impact of speed humps on traffic flow and average velocity decreases.

2.3. Emission Models

Popular software implementing emission models are MOVES [31] and CMEM (the
Comprehensive Modal Emissions Model) [32], they require information such as car types, age, engine
type, emissions rates, weather and driver behavior [49]. The MOBILE 6.2 emission model is widely
used to estimate emissions; however, it is not able to capture individual driver behaviors and local
conditions since their estimations are based on average speed [1]. Models based on instantaneous
speed allow estimation of precise emission rates for different driver behaviors, congestion patterns
and local conditions [1,50]. The emission model of Panis et al. [51] computes vehicles emissions from
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instant speed and acceleration of vehicles. The pollutants considered in their model are CO2, NOx,
VOC and PM. Regarding PM emissions, the model of Panis only considers exhaust traffic related
particles [52], those provided by the engine through the tailpipe [53].

The model of Panis allows one to estimate traffic emissions as part of the simulation process
(online estimation of traffic emissions), it means that other effects (e.g., traffic lights, pedestrian
crossings, etc.) that may modify the traffic flow during the simulation are immediately captured by the
emission model. That is the case when installing speed humps on roads.

The model of Panis is actively used by the scientific community, recent studies include it as
an online traffic emissions estimator [6,12,28,54,55]. Due to its simplicity, the model of Panis is
easily integrated with traffic modeling approaches based on cellular automata, car-following or fluid
dynamics to study the effects of a variety of situations on traffic emissions. In [54] Woodward et al.
apply the Panis’ model to study the dispersion of pollutants on an intersection modeled as a fluid
dynamics problem. Astarita et al. [12] applied Panis’ model and found that automatically generated car
data used for managing traffic signals at intersections reduces traffic emissions and fuel consumption.
Nyhan et al. [6] estimate traffic emissions from the analysis of a database with about 15,000 GPS tracked
taxis journeys across the road network of Singapore; they compute spatial distribution diagrams of
the pollutants considered in the model of Panis. Wang et al. [55] investigated the effect of mixed
traffic (Passenger and Heavy-Duty cars) on the generation of pollutants using the model of Panis and
a cellular automata approach based on the NaSch model. They found that traffic emissions increase as
the number of Heavy-Duty and larger cars overpass the number of Passenger and shorter cars. Pan
et al. [28] followed a cellular automata approach based on the NaSch model to estimate PM emissions
from Heavy-Duty cars and fuel rate consumption. Based on the traffic emission model of Panis, they
found three phases on PM generation as a function of vehicles density: a free-flow phase with the
lower emissions, a first stage of congestion where the emissions reached their peak, and a jammed
flow phase with a gradually decreasing generation of PM emissions.

3. Traffic Flow and Instantaneous Emission Models

We use the modified version of the NaSch model presented in [47] to study the effect of speed
humps on instantaneous traffic emissions. To characterize this effect we neglect any other factors such
as traffic lights, pedestrians crossings and intersections. The traffic flow model defines the rules that
describe the dynamics of the system. At any single time, the state of the system can be represented by
the occupancy of the lane and the current velocity of the vehicles. The vehicles move at discrete time
steps following the rules of the cellular automata defined in Section 3.1. Each vehicle has a velocity
and a position on the lane. The velocity is the number of cells that the vehicle can move forward per
simulation step. In order to estimate the total pollutant emissions of the vehicles on the lane we feed
the velocity and the acceleration of each vehicle into the instantaneous traffic emissions model [51].

In this study, we consider speed humps that span the width of the road and gradually raise the
road surface up to a height range from 7 to 10 cm (about 3 to 4 inches) [23,24,47]. We only consider
speed humps because they effectively reduce vehicles speed, conversely, speed bumps, composed of
an abrupt raised area, are not recommended for use on public roads [18,25]. The length and height of
the speed humps are depicted in Figure 1. In our cellular automata model each speed hump occupies
one cell.

Figure 1. Speed humps length and height with trapezoidal shape.
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3.1. The Modified NaSch Model

We use the model presented in [47] that extends the NaSch model by modifying the second rule
(deceleration) to capture the effect of speed humps on traffic flow. This model considers the distance to
the front vehicle and the distance to the closest speed hump at front to compute the new velocity of
each vehicle. Additionally, if the vehicle is currently passing over the speed hump then it reduces its
velocity to its minimum or stops if there is a vehicle immediately at front.

The rules of the modified NaSch model used in this study are as follow:

1. Acceleration If vt < Vmax then increase the speed of the vehicle

vt+1 ← min(vt + 1, Vmax) (1)

2. Deceleration If the speed hump is close enough then reduce the speed; if the vehicle is on the speed
hump then reduce its velocity to its minimum. Otherwise the new velocity is given by the original
deceleration rule of the NaSch model. For all cases also consider the distance to the front vehicle.

vt+1 =


min(Dd, dn) if Dd < vt+1

min(1, dn) if Dd = 0

min(vt+1, dn) otherwise

(2)

3. Randomization Decrease the velocity of the vehicle with brake probability P

vt+1 ← max(vt+1 − 1, 0) (3)

4. Vehicle movement Update the position of the vehicle

xt+1 ← xt + vt+1 (4)

where vt represents the velocity of the current vehicle at time t; Vmax is the maximum allowed velocity
on the lane (the maximum number of cells that a vehicle can move forward per simulation step); Dd
represents the number of empty cells between the current vehicle and the closest speed hump ahead,
dn is the spatial-headway, the number of empty spaces between the front vehicle and the current one [56];
and xt is the position on the lane of the current vehicle at time t.

3.2. Instantaneous Traffic Emission Model

We use the model of Panis et al. [51] which describes instantaneous traffic emission as a function
of pollutants type and vehicle properties such as type, velocity and acceleration. Panis obtained
their model by applying multiple nonlinear regression on a large data set of multiple measurements
generated by 25 instrumented vehicles in real urban traffic conditions complying with the EURO-1,
EURO-2 and EURO-3 emissions standards. The vehicles types included 17 cars, six buses and two
trucks. From the 17 cars, 12 are Petrol and five are Diesel.

Even though most of the vehicles in Europe countries are currently required to comply with
the EURO-6 standards, the emission model help us to identify the worst case scenarios or maximum
expected emissions due to the presence of speed humps on the roads. It is important to note that in
non-Europe countries such as in the United States, the average lifetime for cars is about 15 years [57,58],
not to mention that in developing countries the lifetime for cars overpasses the 15 years.

The emission model is as follows:

En = max(E0, f1 + f2vn + f3v2
n + f4an + f5a2

n + f6vnan) (5)

where vn and an represent the velocity and the acceleration of the n-th vehicle at current time. In this
model, both velocity and acceleration are required in meters per second. The constant E0 is a lower
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limit emission value for each vehicle and pollutant type. The functions fi are associated with the
properties of the vehicle and pollutant type. Please note that for a vehicle with zero velocity and zero
acceleration the value for En is given by the maximum between E0 and f1. As long as the vehicle has a
non-zero velocity the contributions of f2, f3 and f6 are considered for the computation of En, when the
vehicle presents changes in its velocity then the contributions of f4, f5 and f6 are also considered for
the computation of En.

4. Results and Discussion

We consider a single lane with about 11.25 km, this lane is represented as an array with L = 1500
equally sized cells; each cell representing 7.5 m, the typical cell size used by the NaSch model [40]. This
value discretization includes the size of the vehicle plus any additional gap to the rear and to the front
car. An instance of this lane with random positioned speed humps and vehicles is depicted in Figure 2.

Figure 2. A sketch of the model, where the road is represented by an array of L = 1500 equivalent to
a lane of 11.25 km. Here, dn is the spatial-headway and Dd is the number of empty cells between a
vehicle and the closest speed hump ahead.

We use periodic boundary conditions such that the number of vehicles does not changes over
time. We performed 50 independent runs with 20,000 iterations each, the transient period was set to
15,000 iterations thus only the last 5000 iterations were used to compute the average values presented
in this section. Each iteration represents a unit time of a second, thus the simulation results correspond
to about 1.3 h of real time. For all our simulations the number of vehicles N = ρL, where ρ ∈ [0, 1]
is the density. The initial velocity of each vehicle is set to zero and its initial position is set randomly.
Due to the discrete nature of the cellular automata, each vehicle has an integer value to represent its
velocity and position on the lane. For all our simulations we considered a maximum velocity Vmax = 4;
we chose this value to study fluctuations on velocity due to deceleration as a result of the presence
of speed humps. The braking probability P = 0.1 captures delays on acceleration, overreaction on
deceleration and different driver’s behavior.

For all simulations we considered equidistant speed humps. Each vehicle passing over a speed
hump decelerates to a minimum velocity of one as indicated by the rules of the modified NaSch model
in Section 3.1. After passing the speed hump the vehicle may increase its velocity but considering the
maximum velocity, the distance to the closest speed hump at front and the distance to the vehicle ahead.

4.1. The Impact of Speed Humps on Average Velocity and Traffic Flow

In this section, we present results of the effect of speed humps on average velocity and traffic
flow. In Figure 3 we show the average velocity as a function of density for different number of speed
humps, notice that all the curves follow the same trend. For low densities 0 ≤ ρ ≤ 0.12, observe that
the average velocity is just below Vmax = 4 for all the cases but remains almost constant, this is due to
the effect of the braking probability P = 0.1 which reduces the average velocity. Then for ρ ≥ 0.12 the
average velocity decreases rapidly and the curves overlap as density increase, this suggests that for
high densities of vehicles the number of speed humps has no significant impact on velocity. This effect
is due to the large number of interactions between vehicles, they need to decelerate to avoid collisions
and accelerate as soon as there is space to move forward. The average velocity goes to zero due to a
rising number of local congestions as we increase the number of vehicles on the lane.
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Figure 3. Average velocity as a function of density. The velocity indicates the average number of cells
to move forward per simulation step, and the density ρ = N/L.

In Figure 4 we present the fundamental diagram for different number of speed humps. We observe
that all the studied cases follow the same trend with three observable phases. The free-flow phase
for 0 ≤ ρ ≤ 0.12 where we observe an increase on flow for all the cases. Please note that the cases
with more speed humps have a lower slope that those with low number of speed humps. Note the
slight difference of the curves with larger number of speed humps from the one with only one speed
hump, this suggests a low influence of speed humps on the flow in this phase. The second phase for
0.12 < ρ ≤ 0.48 shows a steady phase with no significant variations on the flow for the simulated
cases. The third phase for 0.48 < ρ ≤ 1 shows a gradual decrease on the flow for all the studied cases.
Observe the difference of the curves from 0.48 to 0.7 due to the influence of speed humps, the curves
are smoother for the cases with larger number of speed humps. However, for ρ ≥ 0.7 the curves
overlap, this suggests that the influence of speed humps on flow has vanished, therefore, the decrease
on flow results from local congestions due to the number of vehicles on the lane.

To study the effect of a large number of speed humps on flow and velocity we performed
simulations with more than 30 speed humps. In Figure 5 we present the flow and velocity as a function
of the number of speed humps. We took three density values to represent each phase: ρ = 0.1 for
the first phase, ρ = 0.3 for the second phase, and ρ = 0.8 for the third phase. We tested with up
to 100 equidistant speed humps. Observe that for ρ = 0.1 there is a downward trend for flow and
velocity, both presenting fluctuations as the number of speed humps increases. For the case ρ = 0.3 the
flow presents a very low decrease with the rise on the number of speed humps, the velocity shows
a constant value with the increase on the number of speed humps. Finally, for ρ = 0.8 we observe a
steady behavior; no changes for the flow nor the velocity.

We use Equation (6) to compute the standard deviation of velocity, where vi is the velocity of the
i-th vehicle on the lane, v̄ is the average velocity and N is the number of vehicles on the lane.

σ =

√√√√ 1
N

N

∑
i=1

(vi − v̄)2 (6)
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Figure 4. Flow J as a function of density. The flow is given as the average number of vehicles passing
through a cell per simulation step, and the density ρ = N/L.

(a) Flow as a function of speed humps. (b) Velocity as a function of speed humps.

Figure 5. Flow and velocity as a function of speed humps. The flow is given as the average number of
vehicles passing through a cell per simulation step, and the velocity indicates the average number of
cells to move forward per simulation step.

In Table 1 we present the results for ρ = 0.1 for a selected number of speed humps. Please note
that for a low number of speed humps the standard deviation is low therefore no fluctuations are
observed on velocity, see Figure 5. However, for the selected number of speed humps, the standard
deviations are larger than one, this generates the fluctuations observed in Figure 5. These deviations
on velocities will impact on the computation of traffic emissions because of the quadratic term in
Equation (5) of the instantaneous traffic emission model.

Table 1. Standard deviation for velocity and a selected number of speed humps (sh).

Density ρ 3 sh 61 sh 66 sh 71 sh

0.1 0.590 1.227 1.261 1.216

To show the occupancy of the lane and the congestion generated by speed humps we present
in Figure 6 time–space diagrams for ρ = [0.1, 0.3, 0.8], for one and 30 speed humps. Each selected ρ
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value is within one of the three phases previously described and observed in Figure 4. These diagrams
mimic an aerial view of the evolution of the position of vehicles over time. The y-axis represents time
and increases downwards, the x-axis represents space and indicates the position of the vehicles on the
lane. The vehicles move from left to right in x. The time–space diagrams shown are for t ∈ [1500, 2500]
(after the transient period) and x ∈ [0, 1500]. To read these diagrams consider that each black point
represents a vehicle and white an empty space on the lane. For a given period of time one can observe
the vehicles trajectories and their evolution over time; the movement of vehicles from left to right
along the lane, the stop-and-go wave, and the formation of congestions due to speed humps and
the increase of density. For low densities, it is expected to find vertical patterns that represent local
congestions at the position of the speed humps. In fact, we observe the generation of traffic jams at the
locations of the speed humps for ρ = 0.1 and ρ = 0.3, see Figure 6. The variation in the number of
vehicles enqueued at the speed bumps results from the random initial positions of the vehicles. These
queues of vehicles are generated because every vehicle must decelerate to its minimum velocity to pass
over the speed hump; as indicated by the second rule of the modified NaSch model from Section 3.1.
Additionally, notice that for the case ρ = 0.3, spontaneous congestions only appear at the position of
the speed hump. Finally, for the case ρ = 0.8 with one and 30 speed humps there is no observable
influence of speed humps on the flow of vehicles as indicated by the fundamental diagram in Figure 4.
The diagonal patterns result from the stop-and-go wave generated by the third rule of the model from
Section 3.1 and the braking probability P = 0.1.

(a) ρ = 0.1 and one speed hump. (b) ρ = 0.1 and 30 speed humps.

(c) ρ = 0.3 and one speed hump. (d) ρ = 0.3 and 30 speed humps.
Figure 6. Cont.
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(e) ρ = 0.8 and one speed hump. (f) ρ = 0.8 and 30 speed humps.
Figure 6. Time–space diagrams and different densities of vehicles.

4.2. The Impact of Speed Humps on Instant Emissions

In this section, we present the results on the impact of speed humps on instantaneous traffic
emissions, specifically CO2, NOx, VOC and PM. For simplicity we only considered Petrol type vehicles;
this reduces variations that may be introduced due to different type of vehicles and help us to focus
on the effect of speed humps on the generation of pollutants from traffic flow. Nonetheless, Petrol
type vehicles account for most vehicles on traffic according to statistics [13,59–63]. For details on the
number Petrol type vehicles used on the design of the model of Panis refer to Section 3.2.

The values for the fi from Equation (5) are listed in Table 2. For each pollutant, we use the fi values
on its corresponding row. For the case of NOx and VOC, we need to check whether the acceleration is
larger or equal than −0.5 m/s2 to choose the corresponding fi values.

Table 2. Emission functions values; a is the acceleration of a vehicle; selected and reproduced from [51].

Pollutant Vehicle Type E0 f1 f2 f3 f4 f5 f6

CO2 Petrol car 0 5.53 ×10−1 1.61 ×10−1 −2.89 ×10−3 2.66 ×10−1 5.11 ×10−1 1.83 ×10−1

NOx Petrol car (a ≥ −0.5 m/s2) 0 6.19 ×10−4 8.00 ×10−5 −4.03 ×10−6 −4.13 ×10−4 3.80 ×10−4 1.77 ×10−4

NOx Petrol car (a < −0.5 m/s2) 0 2.17 ×10−4 0 0 0 0 0
VOC Petrol car (a ≥ −0.5 m/s2) 0 4.47 ×10−3 7.32 ×10−7 −2.87 ×10−8 −3.41 ×10−6 4.94 ×10−6 1.66 ×10−6

VOC Petrol car (a < −0.5 m/s2) 0 2.63 ×10−3 0 0 0 0 0
PM Petrol car 0 0 1.57 ×10−5 −9.21 ×10−7 0 3.75 ×10−5 1.89 ×10−5

4.2.1. The Impact of Speed Humps on CO2 Emissions

In Figures 7 and 8 we present the results of the computations on instant emissions of CO2.
The Figure 7 shows the CO2 emissions as a function of density for different number of speed humps.
The reported ranges go from 0.01 to 1.0 for ρ, and from 0 g/s to 35 g/s for CO2. We observe that the
maximum emission values are in the range from 30 g/s to 35 g/s for the studied cases, we also noticed
three different phases. The first phase for 0 < ρ ≤ 0.12 corresponds to the free-flow phase, as observed
in Figure 4. In this phase, each test case shows a very low increase on CO2 emissions. However, when
comparing the initial CO2 emission values of each studied case we found a significant difference, this
comes from an increase in the stop-and-go effect due to the rise on the number of speed humps. After
the first phase there is a very rapid increase on CO2 emissions for the cases with 1, 3, 5 and 10 speed
humps, and only a smooth increase for the cases with higher number of speed humps. This shows a
high influence of speed humps on CO2 emissions for the interval 0.12 < ρ ≤ 0.48. Please note that
all the test cases reached a peak on CO2 emissions in this phase. The third phase for 0.48 < ρ ≤ 1
shows a steady fall on CO2 emissions for all cases because of zero velocities due to traffic congestions.
Observe that at this phase the curves of the CO2 emission overlap, this suggest that speed humps have
no significant effect on CO2 emissions for ρ > 0.48. Observe that for all the cases, the CO2 emission
converge to the f1 value from Table 2 as we increase the density, thus vehicles have zero velocity.
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Figure 7. CO2 instant emissions as a function of density.

To study the effect of many speed humps we performed simulations with more than 30 speed
humps, in Figure 8 we show CO2 emissions as a function of speed humps for different densities. We
increased the number of speed humps from 0 to 100 with equidistant distribution. We took a density
value in the range of the previously identified phases. For the first phase we took ρ = 0.1 where we
observe a rising trend on CO2 emissions as we add more speed humps to the lane. Note the presence of
fluctuations on CO2 as the number of speed humps increases, this is similar to the behavior presented
by the velocity in Figure 5 due to the standard deviations reported in Table 1. For the second phase
we took ρ = 0.3 which shows a slight grow on CO2 emissions as we increase the number of speed
humps, the maximum CO2 emission value is obtained for 100 speed humps, with about 40 g/s of CO2.
This indicates that for ρ = 0.3 the interaction with other vehicles are the main reason to decelerate
thus reducing the generation of CO2. For the third phase we took ρ = 0.8, observe that CO2 emissions
remain the same for all the tested numbers of speed humps.

Figure 8. CO2 instant emissions as a function of the number of speed humps.

Please note that the curve ρ = 0.1 cross the other two curves in Figure 8, this suggest that:
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• a few speed humps at roads with low density of vehicles generate more CO2 than roads with high
densities (ρ = 0.8),

• a large number of speed humps at roads with low densities generates more CO2 than roads with
low to middle densities (ρ = 0.3).

Based on Figures 7 and 8 we found that the number of speed humps highly influence the
generation of CO2 emissions for low densities. Conversely, speed humps have no major influence on
CO2 emissions for high densities. Additionally, a road with low density of vehicles and a moderate
number of speed humps generates more CO2 emissions than roads with middle to high densities with
a moderate number of speed humps.

4.2.2. The Impact of Speed Humps on NOx Emissions

In Figures 9 and 10 we present the results on NOx emissions, in Figure 9 we observe the emissions
of NOx as a function of density for different number of speed humps. The ranges go from 0.01 to 1.0
for ρ, and from 0 to 0.02 g/s for NOx. The maximum values reached for this pollutant are in the range
from 0.0175 g/s to 0.02 g/s for the studied cases. There are three phases, the first one for 0 < ρ ≤ 0.12
shows a large difference on the initial NOx emission values for each test case, this suggests that speed
humps have an effect on the generation of NOx emissions due to the deceleration and acceleration of
vehicles to pass over speed humps. The second phase for 0.12 < ρ ≤ 0.48 shows a rapid increase on
NOx for the cases with 1, 3, 5 and 10 speed humps, a moderate increase for the 20 speed humps case,
and no significant variations on NOx emissions for the 30 speed humps case. Please note that all the
studied cases reached a peak on NOx emissions in this phase. The previous suggest that speed humps
promote NOx emissions for ρ ≤ 0.48. The third phase for 0.48 < ρ ≤ 1 shows a sudden decrease
on NOx emissions for all test cases due to low speed of vehicles. There is also an overlap for the
curves representing the emissions which indicates that speed humps have no major influence on NOx

emissions for large densities. Please note that all cases converge to the f1 value from Table 2 as we
increase the density.

Figure 9. NOx instant emissions as a function of density.

We performed additional simulation with larger number of speed humps to study their effect on
NOx emissions, in Figure 10 we show NOx emissions as a function of the number of speed humps for
different densities. We have ρ = 0.1 representing the first phase, we observe a rising trend on NOx as
we increase the number of speed humps on the lane. The maximum observed value is reported at 100
speed humps with around 0.045 g/s of NOx. This shows that speed humps influence the generation
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of NOx emissions for low densities. As the CO2 case, the behavior of the curve is influenced by the
standard deviations of the velocity reported in Table 1. For ρ = 0.3, most of the acceleration and
deceleration of vehicles results from the interactions between vehicles and not from the interaction
with speed humps. In this case we note a slight rise of NOx emissions as the number of speed humps
increases, this suggests a low influence of speed humps on the generation of NOx. Finally, we have
ρ = 0.8 from the third phase which shows no variations as we add more speed humps to the lane.

Figure 10. NOx instant emissions as a function of the number of speed humps.

We also observe that the curve ρ = 0.1 cross the curve ρ = 0.3 between 28 and 30 speed humps
in Figure 10. This suggests that for more than 30 speed humps, a road with low density of vehicles
produces more NOx than a road with a moderate number of vehicles (ρ = 0.3). Additionally, a
low-density road with at least one speed hump generates more NOx than a highly occupied road
(ρ = 0.8).

The previous analysis allows us to indicate that speed humps highly influence the generation
of NOx emissions for low densities. Conversely, there is no major effect of speed humps on NOx

emissions for higher densities. Moreover, a road with a low number of vehicles and with just a few
speed humps produces more NOx than highly occupied road.

4.2.3. The Impact of Speed Humps on VOC Emissions

In Figures 11 and 12 we show the results on the impact of speed humps on VOC emissions.
Figure 11 shows VOC emissions as a function of density for different number of speed humps. We
observe three phases as in the previous cases. Note that the ranges go from 0.01 to 1.0 for ρ, and from
0.0040 g/s to 0.0045 g/s for VOC. The maximum values are reported at the maximum density value;
ρ = 1. In the first phase with 0 < ρ ≤ 0.12 there is a clear but very low difference in the initial VOC
values for all the test cases. The difference is in the order of 1.5e-4 which indicates a very low effect
of speed humps on VOC emissions in this phase. The second phase with 0.12 < ρ ≤ 0.48 shows a
downward trend on VOC emissions as we increase the number of speed humps. All the test cases
show a rapid fall on VOC emissions; reaching its minimum in the interval 0.0040 g/s and 0.0041 g/s.
The third phase for 0.48 < ρ ≤ 1 shows a sudden rise and an overlap for the curves representing
the VOC emission for ρ > 0.8, this suggests that the rise on VOC emissions is due to the increase on
density and not from the increase on the number of speed humps. Observe again the convergence to
the f1 value from Table 2 for all the cases.
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Figure 11. VOC instant emissions as a function of density.

To study the effect of a large number of speed humps on VOC emissions we performed simulations
with up to 100 speed humps installed on a lane. In Figure 12 we show VOC emissions as a function of
the number of speed humps on a lane for different densities. Consider the case ρ = 0.1 representing
the first phase, observe the decrease on VOC emissions as the number of speed humps on the lane
grows. The difference between the initial and the final values suggest a low influence of speed humps
on VOC emissions. Representing the second phase we have ρ = 0.3 with a very low decrease on VOC
emissions as we rise the number of speed humps. Finally, the case ρ = 0.8, representing the third
phase shows no difference from the initial to the final VOC emission values as the number of speed
humps increases.

Figure 12. VOC instant emissions as a function of the number of speed humps.

From Figure 12 observe that the curve ρ = 0.1 cross the other two curves, therefore:

• for a moderate number of speed humps, a road with a low number of vehicles generates more
VOC emissions than a highly occupied road (ρ = 0.8),

• for a larger number of speed humps, a road with a high number of vehicles generates more VOC
emissions than a low to middle density roads (ρ = [0.1, 0.3]),
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• for a large number of speed humps, a road with a low number of vehicles (ρ = 0.1) produces a
similar quantity of VOC emissions than a road with a moderate number of vehicles (ρ = 0.3).

The previous analysis suggests that in general, speed humps have very low effect on VOC
emissions since the variations are in the order of 0.0005 g/s. However, when looking for the
configurations with lower VOC emissions we found that a high number of speed humps minimally
reduces VOC emissions for roads with very low density.

4.2.4. The Impact of Speed Humps on PM Emissions

Finally, in Figures 13 and 14 we present the results for PM emissions. Figure 13 shows PM
emissions as a function of density for different number of speed humps. The reported ranges go from
0.01 to 1.0 for ρ, and from 0 g/s to 0.0027 g/s for PM emissions. The maximum emission values are
in the range from 0.0024 g/s to 0.0026 g/s. We observe three phases, the first one for 0 < ρ ≤ 0.12
which shows large differences on the initial PM emission values for each of the test cases. This suggest
that at this phase speed humps highly influence the generation of PM emissions due to deceleration
and acceleration of vehicles when encountering them. The second phase 0.12 < ρ ≤ 0.48 shows an
increase on PM emissions for all the cases, for the cases with 1, 3, 5 and 10 speed humps the increment
on PM emissions is very rapid while for the cases with 20 and 30 speed humps the increment is
moderate. These variations result from the changes on velocities of vehicles due to speed humps and
the interaction with other vehicles. Notice that all the studied cases reach their highest PM emissions
in this phase. The third phase for 0.48 < ρ ≤ 1 shows a sudden fall and an overlap of the curves
representing PM emissions, this overlap is mostly due to local congestions. For large densities speed
humps have no major effect on the generation of PM emissions. Observe that all cases converge to the
f1 value from Table 2 as we increase the density.

Figure 13. PM instant emissions as a function of density.

We also performed simulations with more than 30 speed humps to study the effect of a large
number of speed humps on PM emissions. In Figure 14 we show PM emissions as a function of
the number of speed humps for different density values. For ρ = 0.1 we have an upward trend on
PM emissions as we increase the number of speed humps on the lane. As in the previous cases, the
behavior of the curve is due to the standard deviations observed for velocity, see Table 1. The case
with ρ = 0.3 presents a slight increase on PM emissions for a larger number of speed humps, ρ = 0.3
represents the transition phase where the emissions depend on the acceleration and deceleration of
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vehicles from the interaction with speed humps and with other vehicles on the lane. The case with
ρ = 0.8 shows no variations on PM emission values as the number of speed humps grows.

Figure 14. PM instant emissions as a function of the number of speed humps.

In Figure 14, note that the curve with ρ = 0.1 cross the other curves at a low and a moderate
number of speed humps. This suggests that roads with low density of vehicles and a reduced number
of speed humps produces the lowest PM emissions. Conversely, as we increase the number of speed
humps, a road with low number of vehicles generates more PM emissions than a highly occupied
road (ρ = 0.8). Additionally, with more than 40 speed humps, the road with low density of vehicles
generates more PM emissions than a road with medium density (ρ = 0.3).

The previous results suggest that speed humps influence the generation of PM emissions for low
density of vehicles but have no considerable impact for large densities. Moreover, a road with very
low density but with a large number of speed humps produces more PM emissions than roads with
higher densities.

5. Conclusions

We presented results on the negative effect of speed humps on instantaneous traffic emissions on
a single lane. We used a modified version of the NaSch model and an instantaneous traffic emissions
model to study the effect of speed humps on traffic emissions. The microscopic approach followed in
our study allow us to characterize the effect of a large number of speed humps on roads, and neglect
external effects (traffic lights, pedestrian crossings and intersections). Our results take into account
decelerations of vehicles due to the presence of speed humps. This would be extremely difficult to
perform on real traffic scenarios. On the one hand due to the large number of external factors that
may introduce variations on measurements such as driver’s behavior, number of monitored vehicles,
large variability on vehicles types, weather conditions and road conditions. On the other hand, the
limitations on the specialized measurement equipment would introduce constraints on the distance
between speed humps, type and number of monitored vehicles.

Besides, the reported absolute emission values should be considered to be peak values since
the models used in our study do not consider weather effects such as wind that may reduce the
concentration of pollutants at a given area.

The main findings of this work are that for P = 0.1 and density of vehicles in the range 0 <

ρ ≤ 0.48 there is a strong to middle influence of speed humps on the generation of CO2, NOx and
PM emissions. The peak on emissions for CO2, NOx and PM is reached at the transition phase
(0.12 < ρ ≤ 0.48, between free flow and the congestion phase), where the average speed of vehicles is
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about 20 km/h. Additionally, we found that a road with a low density of vehicles and just a few speed
humps may generate more pollutants than a highly occupied road. Regarding VOC emissions, the
experiments shown very low influence of speed humps either for low or high densities.

Other findings are summarized as follows:

• There are at least three phases for traffic flow and pollutants emissions as a function of density,
these phases are in the range: 0 < ρ ≤ 0.12 for the first phase, 0.12 < ρ ≤ 0.48 for the second
phase, and 0.48 < ρ ≤ 1 for the third phase.

• For low density of vehicles, the rise on CO2, NOx and PM emissions as we increase the number of
speed humps on a lane provides evidence of the influence of speed humps on traffic emissions.
We also found that slight variations on the position and distance between speed humps influence
the generation of pollutants at low densities.

• For high density of vehicles, the impact of speed humps on average velocity and traffic flow may
be ignored because most of the vehicles are not moving due to traffic jams.

Our findings reveal that for roads with a low number of vehicles, speed humps highly increase
CO2, NOx and PM emissions. Moreover, their overuse has a dramatic impact on the generation of
those pollutants. Urban planners and traffic managers can use our results to evaluate the feasibility of
speed humps deployment (quantity) since the determined pollution effect has considered both velocity
bounds and fluctuations, involved in acceleration and deceleration dynamics.

Ongoing research is focused on the effect of multiple vehicles types on instantaneous traffic
emissions. Further studies will consider the generation of pollutants as a function of the position and
distance between speed humps. We will also consider the effect of driver’s behavior and different
speed regulation strategies such as traffic lights, pedestrian crossings and speed limit areas on the
generation of free pollutants.
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