
atmosphere

Article

Energy and Environmental Implications of Using
Energy-Harvesting Speed Humps in Nablus City, Palestine

Fady M. A. Hassouna 1,* , Mahmoud Assad 2, Islam Koa 1, Wesam Rabaya 1, Aya Aqhash 1, Aya Rahhal 1

and Huda Saqf-Alhait 2

����������
�������

Citation: Hassouna, F.M.A.; Assad,

M.; Koa, I.; Rabaya, W.; Aqhash, A.;

Rahhal, A.; Saqf-Alhait, H. Energy

and Environmental Implications of

Using Energy-Harvesting Speed

Humps in Nablus City, Palestine.

Atmosphere 2021, 12, 937. https://

doi.org/10.3390/atmos12080937

Academic Editors: Yongming Han,

Nanjun Chen and Merja Tölle

Received: 3 May 2021

Accepted: 15 July 2021

Published: 21 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Civil Engineering Department, An-Najah National University, Nablus P.O. Box 7, Palestine;
s11610627@stu.najah.edu (I.K.); s11611919@stu.najah.edu (W.R.); s11613063@stu.najah.edu (A.A.);
s11612999@stu.najah.edu (A.R.)

2 Mechanical Engineering Department, An-Najah National University, Nablus P.O. Box 7, Palestine;
m_assad@najah.edu (M.A.); s11525717@stu.najah.edu (H.S.-A.)

* Correspondence: fady.h@najah.edu

Abstract: Over the last three decades, transportation has become one of the main energy-consuming
sectors around the world and, as a result, large amounts of emissions are produced, contributing
to global warming, climate change, and health problems. Therefore, huge investments and efforts
have been made by governments and international institutions to find new renewable and clean
sources of energy. As a contribution to these efforts, this study determined the practical energy and
environmental implications of replacing conventional speed humps with energy-harvesting speed
humps in Nablus city, Palestine. The study was implemented using an energy-harvesting speed
hump (EHSH) system developed in the laboratories at An-Najah National University and based on
comprehensive traffic volume counts at all speed humps’ locations. In addition, a traffic volume
prediction model was developed in order to determine the implications over the next 10 years. As a
result of the study, the expected annual amount of generated energy was determined. Moreover, the
expected reduction in greenhouse gas (GHG) emissions and the reduction in the cost of roadway
network lighting were determined based on the current and future traffic conditions.

Keywords: energy harvesting; speed humps; speed bumps; electricity generation; sustainable
transport; renewable energy; Palestine; Nablus

1. Introduction

Recently, due to the projected shortage of crude oil and the urgent need to reduce
greenhouse gas (GHG) emissions, more efforts have been made and resources spent in
order to develop a sustainable transportation system that can address the climate change
challenge and reduce oil dependence [1]. The transportation sector is one of the leading
consumers of fossil fuels and one of the main contributors to GHG emissions. Around
17% of the total hydrocarbon fuel consumption and 23% of the total carbon dioxide (CO2)
emissions are related to vehicles [2].

With the rapid urbanization, there is increasing movement of goods and people
through transportation systems. Pavements, as an example, have been constructed over
billions of kilometers around the world. Thus, there have been several studies working
on the development of green technologies in order to develop sustainable pavements [3].
Some of these studies have focused on the development of electromobility and linking it
with technological developments and battery issues [4]. Other studies have focused on the
pavement itself in order to harvest renewable energy, while some others have investigated
harvesting energy from roadway surface elements such as speed humps.

New renewable sources of energy have been investigated recently in order to reduce
the fuel consumed by vehicles and the electric power required to operate the transportation
facilities and light the roadway networks. The speed hump is one of these candidates.
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A speed hump can be defined simply as an elevated profile placed across the roadway,
usually 3–5 inches high with various lengths. Usually, speed humps are constructed in
places where the amount of pedestrian–vehicle interaction is relatively large in order to
eliminate or reduce the potential for accidents. The reduction of a vehicle’s speed while
passing over a speed hump not only could influence the ride comfort of the driver and
passengers, but it could also lead to a huge loss in kinetic energy. Various attempts have
been made to improve the driver’s and passengers’ comfort while passing over speed
humps by optimizing the shape and height of the humps [5].

Over the last three decades, several techniques have been developed in order to
transform the kinetic energy of vehicles that move over speed humps to electric power that
can be used to light roadways. These kinetic energy harvesting systems can be classified
into three categories based on their working principles: (1) piezoelectric, (2) mechanical,
and (3) electromagnetic. Piezoelectric systems are not the preferred choice due to their very
low power density and voltage. On the other hand, electromagnetic energy harvesting
systems have great potential for the supply of power to high-power facilities, but existing
designs have only been applied in ambient oscillation energy harvesting, which has a low
power input [6]. Therefore, mechanical systems seem to be the most reliable and practical
among the aforementioned methods.

The principle of mechanical systems (speed hump power generators) is fundamentally
based on converting the kinetic and potential energies to electric energy. Kinetic and
potential energies are produced from the vertical displacement when vehicles pass over the
speed hump. Generally, speed humps are built from mechanical and electrical components
such as roller shafts, meshed gears, and dynamos [7].

In Palestine, the conventional energy resources are very limited and the local power-
generating plants cover less than 20% of the unstable economic and political situation.
Therefore, most of the required electricity is imported from Israel. Moreover, more than
95% of the sources of imported electricity are fossil fuels [8]. As a result, large amounts of
GHG emissions are produced in order to generate the required electrical power.

This study investigated the use of energy-harvesting speed humps (EHSHs) in Nablus
city (the second largest Palestinian city) in order to produce the electrical power that
could be used in roadway network lighting. A mechanical system developed by a team of
students in laboratories at An-Najah National University was used in this study. The study
determined the energy and the environmental implications of replacing conventional speed
humps with the energy harvesting ones. More specifically, the reduction in the energy cost
and the GHG emissions was determined considering the traffic volumes over all the speed
humps. Moreover, a traffic volume prediction model was developed and the implications
over the next 10 years were determined.

The rest of this article is organized as follows. The previous studies that have ad-
dressed the different energy harvesting methods from pavement and speed humps are
evaluated in the Literature Review section. After that, the required data and the imple-
mented methodology are presented. Next, the traffic volume and speed hump data and the
economic and environmental implications are analyzed and discussed. Finally, significant
conclusions are presented.

2. Literature Review

Over the past few years, several studies have investigated harvesting electric energy
from pavement and other surface elements such as speed humps. In order to do that,
different techniques have been developed and tested around the world. These techniques
are mainly based on piezoelectric, mechanical, and electromagnetic principles.

One of these studies was conducted in China by Zhang et al. [6]. The study presents a
new energy-harvesting system installed at the entrance and exit of a road tunnel. Several
components were used to build this system, including a power storage unit, a generator,
the external part of the speed hump, and a suspension system. The results of the study
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indicate that a high voltage could be obtained from using this system, and thus it could be
considered a practical source of renewable energy.

Another experimental study was conducted by Shaaban et al. [9] based on the principle
of thermoelectricity. A thermoelectric generator was installed within a flexible pavement
system and a rigid pavement one in the laboratory. Next, the pavement was subjected to
full-spectrum light. The study concluded that about 6200 microwatts could be generated
from 1 m2 of pavement and that this amount of electricity is enough to operate sensor
arrays used to collect data about pavement conditions.

In China, a new piezoelectric system was developed by Zhao et al. [10] in order to
harvest the electrical energy from asphalt pavement. In this study, seven typical transducers
were tested using finite element analysis. The results show that the expected amount of
produced electricity was about 150 kW/h per lane per kilometer. Moreover, the generators
could be used as sensors in order to monitor the traffic and pavement conditions.

A comprehensive study was conducted by Sun et al. [3] in order to evaluate the green
technologies used in sustainable pavements. The study addressed the electrical energy
harvesting systems and the permeable pavement technology. Different energy-harvesting
systems were evaluated and compared based on durability, ease of construction, and
life-cycle cost. The study concluded that most of these technologies are promising for de-
veloping new sources of renewable energy. Moreover, further studies were recommended
to be conducted in the future in order to improve technologies that are more efficient.

In the United States, a study was conducted by Gholikhani et al. [11] in order to test
innovative electrical energy harvesting systems. Cantilever and rotational mechanisms
were evaluated in the laboratory using different traffic scenarios. The results show that the
maximum expected power was 2.8 W. Moreover, the results show a promising capability for
generating electric power under real conditions that could significantly affect sustainable
transportation systems.

An experimental study was conducted by Ramadan et al. [7] in order to examine
different types of speed hump power generators. These generators are capable of using the
kinetic energy of vehicles and transforming it into electrical power. The study concluded
that a minimum electrical power of 0.56 kilowatts (kW) could be generated by each passing
vehicle and, therefore, the generated electrical power could be used for lighting roadway
networks and other transportation facilities.

Similarly, a study was conducted by Iyen et al. [12] using an electro-mechanical
harvesting system. The principle of this system is to convert the reciprocating motion into
rotational motion that could produce electricity using a generator. The results of the study
indicate that electrical power of up to 1.9 kW could be generated using this system. As a
result of this experimental study, a prototype was developed and tested.

As a result, the majority of the studies tested piezoelectric models since they are easy
to build and can produce a reasonable amount of energy. However, these models are not
durable enough to be used under real traffic conditions; thus, the practical implementation
of these models has never been tested. Moreover, the previous studies that tested mechani-
cal speed hump systems were conducted in laboratories using different types of mechanical
systems, and they focused on the amount of electricity that could be generated from a
prototype without paying attention to the feasibility and the practical implementation of
these systems under real traffic conditions. Therefore, this study focused on the practical
implementation of EHSHs under real traffic conditions rather than testing these techniques
in a laboratory in order to determine the feasibility of the implementation of these tech-
niques in urban areas and quantify the environmental and economic implications. In order
to do that, the locations and dimensions of speed humps in Nablus city were determined.
Then, the traffic volume over these speed humps was determined. Finally, the economic
and the environmental implications of using the introduced system were determined.
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3. Data and Methodology

In this study, the required data were acquired from several sources. The used EHSH
system was developed by a team of students in laboratories at An-Najah National Uni-
versity. The locations, dimensions, and coordinates of all speed humps in Nablus city
were collected using field visits. The traffic volume over all speed humps was determined
using manual traffic counts. Finally, the amount of electricity required to light the roadway
network in Nablus city was determined based on the data acquired from the Northern
Electricity Distribution Company (NEDCO). The implemented methodology is illustrated
in Figure 1.
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3.1. Energy-Harvesting Speed Hump Characteristics

The mechanical speed hump system consists of springs, a rack, gears, a belt, and
pulleys. The system is connected to an electrical system that converts the resultant me-
chanical energy into electrical energy using a generator as shown in Figure 2. In addition,
an inverter and a battery are connected to the generator in order to transform the direct
current into an alternating current. After that, the energy is stored in the battery.
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The speed hump cover is made from plastic and rubber with a 15-degree inclination
angle. In order to let the speed hump return to its initial position after the passage of each
vehicle’s axle, the speed hump was provided with a suspension system (four springs).
Thus, the main mechanical system is composed of two sets. The first set includes two
pinions and two face racks, and the second set includes a pinion and two gears. As a result,
the movement of traffic over the speed hump cover will be transformed into mechanical
energy that will finally rotate the electric generator to produce electrical energy as shown
in Figure 3.
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Figure 3. A section of the speed hump system.

Each lane has an independent system and each system contains two mechanical units
in order to increase the electricity generation efficiency of the speed hump. The electricity
generated by each vehicle (with two axles), including the total loss, is 0.0122 Watt-hours (Wh).

3.2. Speed Hump Dimensions and Coordinates

Initially, Nablus city was divided into six main zones based on the location (Rafidia
Zone (A), Central Zone (B), Gerzim Zone (C), Ebal Zone (D), Eastern Zone (E), and Indus-
trial Zone (F)) as shown in Figure 4.
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After that, the number of speed humps in each zone was counted using field visits, as
shown in Figure 5, and the dimensions were measured manually. Moreover, the coordinates
of the speed humps were measured using handheld Global Positioning System devices.
The coordinates were then transformed from the international system to the Palestinian
system using the ArcGIS program.
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Figure 5. Number of speed humps in each zone.

Next, a special number was given to each speed hump according to the zone in which
it was located, and all relevant data were recorded. Finally, the coordinates of each speed
hump were projected onto an aerial photograph of Nablus city and a Geographic Informa-
tion System (GIS) map was prepared in order to set up a plan for determining the traffic
volume and to present the areas with a large expected amount of generated electricity.

3.3. Traffic Volume

Traffic volume measuring locations were chosen based on the locations of speed
humps in order to determine the traffic volume over them as shown in Figure 6. The
locations varied between T-intersections, cross-intersections, and multi-leg intersections.
The traffic count was performed during peak periods (7:00–9:00 a.m. and 12:00–3:00 p.m.)
during weekdays from 15 February 2020 to 6 March 2020.

The vehicles were classified into five categories according to the American Association
of State Highway and Transportation Officials (AASHTO): passenger car, minibus, bus,
truck, and other. Then, the Average Daily Traffic (ADT) volume over each speed hump
was determined, using the appropriate K-Factor, as recommended by AASHTO.

3.4. Traffic Volume Prediction Model

In order to determine the future traffic volume over the next 10 years, a prediction
model was developed using data on the annual number of vehicles in Nablus city during
the period 2002–2020 (18 years). Holt’s Exponential Smoothing Method was selected to be
used in developing the prediction model, since its use over other methods, such as Auto
Regressive Integrated Moving Average (ARIMA), is highly recommended when annual
data for periods less than 25 years are used [13]. Moreover, this method achieves the
highest prediction accuracy when Statistical Package for the Social Sciences (SPSS) software
is used to develop a best-fit prediction model.
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Smoothing is a time series technique in which data over time are smoothed expo-
nentially by assigning either exponentially increasing or decreasing weights to the data
points. Generally, there are three types of exponential smoothing: Single, Holt’s Exponen-
tial Smoothing, and Winters’ Exponential Smoothing. Holt’s Exponential Smoothing is
presented in Equation (1).

Ft+m = st + mbt (1)

st = αxt + (1 − α)(st−1 + bt−1)

bt = β(st − st−1) + (1 − β)bt−1

where β is the trend factor, (0 < β < 1), α is the smoothing factor, (0 < α < 1), F is an estimate
of the x value at time t + m, bt is the best estimated trend at time-specific year t, xt is the
sequence of data, st is the smoothed value for year t, and m is a value greater than zero.

3.5. Economic and Environmental Implications

Firstly, based on the traffic volume counts, the ADT was calculated over each speed
hump. After that, the average amount of electricity generated daily by each speed hump
was calculated based on the number of passing vehicles and the amount of electricity
that can be generated by each vehicle (0.0122 Wh). Finally, the total amount of electricity
generated by all speed humps was determined.

Secondly, based on the current electricity consumption required to light the roadway
network, and considering the new plan by Nablus Municipality to completely replace the
old conventional lamps with 70-Watt LED lamps, the total daily amount of the electricity
required to light the roadways after replacing the lamps was calculated.

Thirdly, based on the current and the expected future amount of electricity generated
by the speed humps, the current and future reductions in GHG emissions produced
in order to generate the required amount of electricity for roadway network lighting
were determined. Finally, the reduction in the energy cost required for roadway lighting
was determined.

This study has faced several constraints; however, the majority of them were solved.
The rest of the issues could not be solved due to the absence of required data, such as
the device and maintenance costs. Therefore, this issue was addressed in terms of the
environmental and energy cost aspects without engaging in a detailed economic study,
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which could be conducted in the future. Moreover, the core of this study is to figure out
the expected energy and environmental implications of the new system.

4. Analysis and Discussion

In this study, the amount of electric power that can be generated by replacing the
conventional speed humps in Nablus city by energy harvesting ones was determined and
the economic and the environmental implications of this project were determined. The
data were analyzed based on the speed humps’ dimensions and coordinates, the current
and future traffic volume, the required electrical power for lighting the roadway network,
and the GHG emissions produced by lighting the roadway network.

4.1. Speed Hump Dimensions and Coordinates

The length of each speed hump and the number of lanes were determined manually
for each of the six zones. For zone A, the maximum speed hump length is 15 m and the
minimum length is 5 m. For zone B, the maximum speed hump length is 15 m and the
minimum length is 3 m. For zone C, the maximum length is 14 m and the minimum length
is 4 m. For zone D, the maximum length is 16 m and the minimum length is 4 m. For zone
E, the maximum length is 19 m and the minimum length is 3.6 m. Finally, for zone F, the
maximum length is 14 m and the minimum length is 3 m.

It was noticed that there is no uniform width or height for speed humps in Nablus
city, since there is no standard applied to speed humps in Palestine. Therefore, to construct
the new speed hump system, a uniform standard (height and width) was applied.

Moreover, the coordinates of all the speed humps were determined for all the zones in
order to set a plan for measuring the traffic volume. Next, a GIS map was prepared and
the coordinates of the speed humps were located on the map. Table 1 presents the lengths
and the coordinates for zone A as an example.

Table 1. Locations, coordinates, and lengths of speed humps for Zone A.

Zone No.
Coordinates

Length Number of
Travel Lanes Street Name

X Y

A1 171,774 183,258.8 8 2 Zwata Street

A2 171,855.9 183,000 7 2 Zwata Street

A3 171,935.2 182,939.8 8 2 Zwata Street

A4 172,049.4 182,832.3 9 2 Zwata Street

A5 172,094.4 182,761.2 6.5 2 Zwata Street

A6 172,162.2 182,596.4 7 2 Zwata Street

A7 172,002.2 182,496.6 8 2 Biet Wazan Street

A8 172,207.2 182,532.5 9 2 Haifa Street

A9 172,359.7 182,319.7 7 2 Haifa Street

A10 172,252.3 182,155.8 5 2 Malhis Factory Street

A11 173,265.1 181,921.9 6 2 Haifa Street

A12 173,451.8 181,607.5 6 2 Yafa Street

A13 171,492.6 182,259.2 6.5 2 Biet Wazan Street

A14 171,316.7 181,678.5 6 2 Akademic Street

A15 171,356.2 181,673 7 2 Akademic Street

A16 172,044.1 181,514.2 8 2 Rafedia—Near Paltel Intersection

A17 172,096.1 181,508 8 2 Rafedia—Near Paltel Intersection

A18 172,253.4 181,530.8 8 2 Next to Tunes Street
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Table 1. Cont.

Zone No.
Coordinates

Length Number of
Travel Lanes Street Name

X Y

A19 172,094.9 181,376.4 8 2 Next to Rafedia Street

A20 171,728.2 181,403 8 2 Aljuneid-Univercity street

A21 171,703.6 181,399.1 9 2 Aljuneid-Univercity street

A22 171,646.3 181,431 9 2 Aljuneid-Univercity street

A23 171,586.4 181,428.1 11 2 Aljuneid-Univercity street

A24 171,473.3 181,453.3 9 2 Aljuneid-Univercity street

A25 171,433.2 181,444.1 10 2 Aljuneid-Univercity street

A26 171,293.8 181,373.8 5 2 Aljuneid street

A27 171,041.3 181,499.6 10 2 Aljuneid-Univercity Street

A28 170,761.9 181,558.9 6 2 Aljuneid-Korean Intitute

A29 170,645.2 181,596.2 8 2 Aljuneid-Korean Intitute

A30 170,480 181,566.5 8 2 Aljuneid-Korean Intitute

A31 170,437.5 181,554.3 8 2 Aljuneid-Korean Intitute

A32 170,355.3 181,521.6 7 2 Aljuneid-Korean Intitute

A33 170,713.6 181,490 5 2 Above Qusain-Beit Wazan Street

A34 171,831.3 181,117.6 8 2 Communication Street

A35 172,278.5 180,924.9 6 2 Adeeb Mihyar Street

A36 172,287.5 180,917.9 7 2 Adeeb Mihyar Street

A37 172,329.4 180,886.8 9 2 Adeeb Mihyar Street

A38 172,462.2 180,635.8 12 2 Ibrahim Hashim Street

A39 172,418.5 180,654.4 10 2 Ibrahim Hashim Street

A40 172,468.6 180,416 5 2 AL-Amria Street

A41 172,437 180,421.1 7 2 AL-Amria Street

A42 172,200.4 180,565.2 15 2 Tell-Al-Makhfya Street

A43 172,254.7 180,651.4 12 2 Al-Makhfya Street

A44 172,242.4 180,726.1 10 2 Al-Makhfya Street

A45 172,187 180,753.8 10 2 Al-Makhfya Street

A46 172,104.3 180,793 10 2 Al-Makhfya Street

A47 171,908 180,825.5 7.5 2 Al-Makhfya Street

A48 171,850.4 180,808.3 7.5 2 Al-Makhfya Street

A49 171,729.1 180,776 10 2 Al-Makhfya Street

A50 171,728.3 180,849.5 5 2 Al-Makhfya Street

A51 171,598 180,732.4 5.5 2 AL-Amria Street

A52 171,553.6 180,952.9 8 2 AL-Amria Street

A53 171,390.5 180,895.5 5 2 AL-Amria Street

A54 171,230 181,139.5 5 2 AL-Amria Street

A55 171,384.5 181,044.6 8 2 AL-Amria Street

A56 171,456 181,008.9 8 2 AL-Amria Street

4.2. Traffic Volume

In order to determine the Peak Hour Volume (PHV) at each speed hump, traffic counts
were performed during the morning peak period (7:00–9:00 a.m.) and the evening peak
period (12:00–3:00 p.m.) during weekdays. The traffic volume was measured manually
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at 405 speed humps. Then, the ADT at each speed hump was calculated using a K-factor
based on Equation (2)

ADT =
PHV

K
(2)

The most appropriate K-factor value was determined to be 10% based on AASHTO [14],
since it is recommended that a K-factor between 8% and 12% be used for urban areas. There-
fore, the average value was selected since all the speed humps are located in the urban area
of Nablus city. The ADT values at all speed humps in zone A as an example and the ADT
for each zone are presented in Tables 2 and 3, respectively.

Table 2. ADT calculation for speed humps in zone A.

Speed Hump Street Name
Volume

PHV K ADT

A1 Zwatz Street 139 0.1 1390

A2 Zwata Street 1174 0.1 11,740

A3 Zwata Street 863 0.1 8630

A4 Zwata Street 1174 0.1 11,740

A5 Zwata Street 863 0.1 8630

A6 Zwata Street 865 0.1 8650

A7 Biet Wazan Street 144 0.1 1440

A8 Haifa Street 1214 0.1 12,140

A9 Haifa Street 1271 0.1 12,710

A10 Malhis Factory Street 114 0.1 1140

A11 Haifa Street 1338 0.1 13,380

A12 Yafa Street 333 0.1 3330

A13 Biet Wazan Street 79 0.1 790

A14 Akademic Street 447 0.1 4470

A15 Akademic Street 447 0.1 4470

A16 Rafedia—Near Paltel Intersection 223 0.1 2230

A17 Rafedia—Near Paltel Intersection 223 0.1 2230

A18 Next to Tunes Street 84 0.1 840

A19 Next to Rafedia Street 103 0.1 1030

A20 Aljuneid -Univercity street 960 0.1 9600

A21 Aljuneid -Univercity street 1177 0.1 11,770

A22 Aljuneid-Univercity street 960 0.1 9600

A23 Aljuneid-Univercity street 1177 0.1 11,770

A24 Aljuneid-Univercity street 960 0.1 9600

A25 Aljuneid-Univercity street 1177 0.1 11,770

A26 Aljuneid street 400 0.1 4000

A27 Aljuneid-Univercity Street 960 0.1 9600

A28 Aljuneid-Korean Intitute 566 0.1 5660

A29 Aljuneid-Korean Intitute 677 0.1 6770
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Table 2. Cont.

Speed Hump Street Name
Volume

PHV K ADT

A30 Aljuneid-Korean Intitute 566 0.1 5660

A31 Aljuneid-Korean Intitute 566 0.1 5660

A32 Aljuneid-Korean Intitute 566 0.1 5660

A33 Above Qusain-Beit Wazan Street 17 0.1 170

A34 Communication Street 188 0.1 1880

A35 Adeeb Mihyar Street 146 0.1 1460

A36 Adeeb Mihyar Street 146 0.1 1460

A37 Adeeb Mihyar Street 218 0.1 2180

A38 Ibrahim Hashim Street 257 0.1 2570

A39 Ibrahim Hashim Street 257 0.1 2570

A40 AL-Amria Street 167 0.1 1670

A41 AL-Amria Street 167 0.1 1670

A42 Tell- Al-Makhfya Street 341 0.1 3410

A43 Al-Makhfya Street 16 0.1 160

A44 Al-Makhfya Street 277 0.1 2770

A45 Al-Makhfya Street 277 0.1 2770

A46 Al-Makhfya Street 277 0.1 2770

A47 Al-Makhfya Street 14 0.1 140

A48 Al-Makhfya Street 10 0.1 100

A49 Al-Makhfya Street 172 0.1 1720

A50 Al-Makhfya Street 245 0.1 2450

A51 AL-Amria Street 1 0.1 10

A52 AL-Amria Street 280 0.1 2800

A53 AL-Amria Street 2 0.1 20

A54 AL-Amria Street 280 0.1 2800

A55 AL-Amria Street 280 0.1 2800

A56 AL-Amria Street 280 0.1 2800

Table 3. ADT for Each Zone.

Zone ADT (Veh)

A 374,160

B 395,480

C 232,350

D 443,490

E 202,290

F 419,601

Total 206,7371

4.3. Traffic Volume Prediction Model

In order to determine the future economic and environmental implications of the
EHSHs, the future traffic volume should be predicted. Therefore, Holt’s Exponential
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Smoothing Model was developed based on data on the number of vehicles in Nablus for
the period 2002–2020 (data for 18 years), which were acquired from the Palestinian Central
Bureau of Statistics [15].

The prediction model with the best fit was developed using SPSS with high prediction
accuracy as shown in Figure 7. The R-Squared, Absolute Percentage Error (MAPE), and
Mean Absolute Error (MAE) values for the prediction model are 0.989, 4.984, and 856.727, re-
spectively, as shown in Table 4. Thus, the predicted model can be used without reservations.

Atmosphere 2021, 12, x FOR PEER REVIEW 12 of 16 
 

 

4.3. Traffic Volume Prediction Model 
In order to determine the future economic and environmental implications of the 

EHSHs, the future traffic volume should be predicted. Therefore, Holt’s Exponential 
Smoothing Model was developed based on data on the number of vehicles in Nablus for 
the period 2002–2020 (data for 18 years), which were acquired from the Palestinian Central 
Bureau of Statistics [15]. 

The prediction model with the best fit was developed using SPSS with high predic-
tion accuracy as shown in Figure 7. The R-Squared, Absolute Percentage Error (MAPE), 
and Mean Absolute Error (MAE) values for the prediction model are 0.989, 4.984, and 
856.727, respectively, as shown in Table 4. Thus, the predicted model can be used without 
reservations. 

  
Figure 7. Traffic volume prediction model (forecast and observed values). 

Table 4. Prediction model parameters and statistics. 

Model 
Model Fit Statistics Ljung–Box Q (18) 

R-Squared MAPE MAE Statistics DF Sig 
Holt’s Model 0.989 4.984 856.727 15.104 16 0.517 

Prediction Model Parameters 
Parameters  Estimate SE t Sig   

Alpha 1.0 0.246 4.065 0.001   
Beta 0.001 0.070 0.011 0.991   

The prediction model results show that the expected number of vehicles in 2030 is 
59,579 compared with 41,042 vehicles in 2020. In other words, there will be a significant 
increase in the number of vehicles (up to a 45.2% increase) compared with 2020. As a re-
sult, a significant increase in the power generated by speed humps is expected. 

4.4. Environmental and Economic Implications 
Firstly, the average daily amount of generated power was determined for each speed 

hump based on the average daily traffic on each one and the amount of power generated 
by each vehicle (0.0122). Since vehicles with more than two axles are very rare (and were 

Figure 7. Traffic volume prediction model (forecast and observed values).

Table 4. Prediction model parameters and statistics.

Model
Model Fit Statistics Ljung–Box Q (18)

R-Squared MAPE MAE Statistics DF Sig

Holt’s
Model 0.989 4.984 856.727 15.104 16 0.517

Prediction Model Parameters

Parameters Estimate SE t Sig

Alpha 1.0 0.246 4.065 0.001

Beta 0.001 0.070 0.011 0.991

The prediction model results show that the expected number of vehicles in 2030 is
59,579 compared with 41,042 vehicles in 2020. In other words, there will be a significant
increase in the number of vehicles (up to a 45.2% increase) compared with 2020. As a result,
a significant increase in the power generated by speed humps is expected.

4.4. Environmental and Economic Implications

Firstly, the average daily amount of generated power was determined for each speed
hump based on the average daily traffic on each one and the amount of power generated
by each vehicle (0.0122). Since vehicles with more than two axles are very rare (and were
neglected) in the studied area, it was assumed that all vehicles have two axles. Table 5
presents the average amount of power generated each day by each speed hump in zone A
as an example.
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Table 5. Average amount of power generated each day by each speed hump in zone A.

Speed
Hump ADT (Veh) Generated

Power (Wh)
Speed
Hump ADT (Veh) Generated

Power (Wh)

A1 3370 41.114 A29 14,480 176.656

A2 11,740 143.228 A30 13,370 163.114

A3 8630 105.286 A31 13,370 163.114

A4 11,740 143.228 A32 13,370 163.114

A5 8630 105.286 A33 290 3.538

A6 8650 105.53 A34 3860 47.092

A7 5160 62.952 A35 3230 39.406

A8 12,140 148.108 A36 3230 39.406

A9 12,710 155.062 A37 4020 49.044

A10 2120 25.864 A38 5370 65.514

A11 13,380 163.236 A39 5370 65.514

A12 9960 121.512 A40 3210 39.162

A13 1720 20.984 A41 3210 39.162

A14 9990 121.878 A42 8560 104.432

A15 9990 121.878 A43 360 4.392

A16 4450 54.29 A44 5420 66.124

A17 4450 54.29 A45 5420 66.124

A18 1630 19.886 A46 5420 66.124

A19 1810 22.082 A47 260 3.172

A20 9600 117.12 A48 210 2.562

A21 11,770 143.594 A49 3640 44.408

A22 9600 117.12 A50 3600 43.92

A23 11,770 143.594 A51 20 0.244

A24 9600 117.12 A52 5370 65.514

A25 11,770 143.594 A53 40 0.488

A26 4000 48.8 A54 5370 65.514

A27 9600 117.12 A55 5370 65.514

A28 13,370 163.114 A56 5370 65.514

Among the six zones, Zone A has the maximum ADT and, therefore, it is expected to
produce the maximum amount of electricity, while zone E produces the minimum amount
of electricity. The expected average amount of power generated daily by zone A, B, C, D, E,
and F is 4564.75, 4824.86, 2834.67, 5410.58, 2467.94, and 5119.132 Wh, respectively, and the
expected total amount of electricity generated each day from all speed humps in Nablus
city is 25,221.93 Wh as shown in Table 6.

Secondly, the environmental implications of using the new speed hump systems were
determined by calculating the reductions in GHG emissions that could be achieved by
using the generated power in roadway network lightning. Based on the source of electricity
in Palestine, the expected total amount of CH4, N2O, and CO2 emissions produced in order
to generate the electricity in power plants are 2965.78 gm of CO2-eq/MWh [8]. Therefore,
the daily reduction in the required power (25,221.93 Wh) could achieve an annual reduction
in the amount of GHG emissions of 27,302.98 gm of CO2-eq.
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Table 6. Expected total amount of electricity generated each day from all zones.

Zone ADT (Veh) Average Amount of Power
Generated Each Day (Wh)

A 374,160 4564.75

B 395,480 4824.86

C 232,350 2834.67

D 443,490 5410.58

E 202,290 2467.94

F 419,601 5119.132

Total 2,067,371 25,221.93

Based on the results of the traffic volume prediction model, in 2030 the number of
vehicles will increase by 45.2% compared with 2020. On the other hand, the number of
speed humps will remain almost the same over the next 10 years as a significant increase
in the length of the roadway network is not expected to occur due to unstable political and
economic conditions and Israeli occupation restrictions. Therefore, the energy generated
by speed humps in 2030 is expected to increase by 45.2%, so the daily reduction in the
required power (36,613.67 Wh) could achieve an annual reduction in the amount of GHG
emissions of 39,634.64 gm of CO2-eq.

Thirdly, the economic implications were determined by calculating the energy cost
that could be saved by using the generated power for roadway lighting. Based on the
current average electricity rate, which is 0.639 New Israeli Shekels (NIS) per kWh [16] and
the expected total amount of electricity generated each day from all the speed humps in
Nablus city, which is 25,221.93 Wh, the expected annual reduction in energy costs due to
the use of the generated power to light the roadway network is 5883 NIS.

Based on the increase in the electricity generated by speed humps in 2030 due to the
increase in traffic volume (45.2% compared with 2020) and the result of the electricity rate
prediction made by Hassouna and Al-Sahili [8] using the single exponential smoothing
model, which indicates that the expected electricity rate in 2030 will be 0.540 NIS/KWh,
the expected annual reduction in energy costs due to the use of the generated power to
light the roadway network is 7216 NIS.

5. Conclusions

Despite the fact that several EHSH models have been introduced over the past two
decades, these models were prototypes that were tested in laboratories in order to deter-
mine the amount of energy that could be generated from these models without determining
the feasibility of implementing these models under real traffic conditions. Therefore, this
study focused on the practical implementation of EHSHs under real traffic conditions
rather than testing these techniques in laboratories in order to determine the feasibility of
implementing these techniques in urban areas and, furthermore, to quantify the environ-
mental and economic implications. The current study has addressed this issue in terms
of the environmental and energy cost aspects. Therefore, the capital, maintenance, and
other types of costs were not included in this study. As a result, the following conclusions
were drawn:

• Replacing conventional speed humps with energy harvesting ones cannot be consid-
ered to be a significant source of energy. It contributes, together with other renewable
sources of energy such as solar panels and wind turbines that are used on roadway
networks, to decreasing the dependence on the fossil-fuel-based energy that is used in
roadway lighting.

• In some countries, such as Palestine, although the amount of electricity generated by
EHSHs is insignificant, this source of energy is considered to be very valuable since it
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is a clean source of energy and it is locally produced, while most of the energy that
Palestine requires is imported from outside.

• The number of vehicles is expected to increase rapidly during the next 10 years (by up
to 45.2% in 2030). Therefore, using EHSHs could be more beneficial and feasible in the
coming years.

• Based on the economic aspect, 5883 NIS could be saved in 2020 by using the generated
electric power in roadway lighting. Moreover, the cost of the saved energy is expected
to increase to 7216 NIS in 2030.

• EHSHs are considered to be sustainable transportation tools since they reduce the
GHG emissions that are produced by electric power plants in order to generate the
required power for roadway network lighting. More specifically, in this study, the
total amount of CH4, N2O, and CO2 emissions was found to be reduced by 27,302.98
gm of CO2-eq in 2020. Moreover, these reductions in GHG emissions are expected to
increase to 39,634.64 gm of CO2-eq in 2030.

• In order to increase the efficiency and the feasibility of EHSH systems, the conventional
speed humps in zones with a high traffic volume only can be replaced by the energy
harvesting ones. We recommend that zones with a low traffic volume be excluded,
which are zones C and E in the case of Nablus city.

• For traffic volume prediction in Palestine, Holt’s prediction model is recommended.
This model may best fit the available data and traffic conditions in Palestine since the
model parameters showed a high level of prediction accuracy.

• It is recommended that EHSHs be used together with other sources of renewable en-
ergy, such as solar panels and wind turbines, in order to produce a significant amount
of energy, since it is not feasible to use them as a primary source of renewable energy.
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Nomenclature

ADT Average daily traffic
ARIMA Auto regressive integrated moving average.
EHSH Energy harvesting speed hump
GHG Greenhouse gas
GPS Global positioning system
K-factor The proportion of annual average daily traffic occurring in the analysis hour
kW kilo-Watt
PHV Peak hour volume
Wh Watt-hour



Atmosphere 2021, 12, 937 16 of 16

References
1. Hassouna, F.; Al-Sahili, K. Environmental Impact Assessment of the Transportation Sector and Hybrid Vehicle Implications in

Palestine. Sustainability 2020, 12, 7878. [CrossRef]
2. Hassouna, F.M.A.; Assad, M. Towards a Sustainable Public Transportation: Replacing the Conventional Taxis by a Hybrid Taxi

Fleet in the West Bank, Palestine. Int. J. Environ. Res. Public Health 2020, 17, 8940. [CrossRef] [PubMed]
3. Sun, W.; Lu, G.; Ye, C.; Chen, S.; Hou, Y.; Wang, D.; Wang, L.; Oeser, M. The State of the Art: Application of Green Technology in

Sustainable Pavement. Adv. Mater. Sci. Eng. 2018, 2018, 1–19. [CrossRef]
4. Macioszek, E. Electric vehicles—Problems and issues. In Smart and Green Solutions for Transport Systems. TSTP 2019. Advances
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