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Abstract- Rapid urbanization has increased the Malaysian economy’s dependence on imports of fossil fuels such as oil,
petroleum, and natural gas for energy output. Excessive use of fossil fuels contributes to high greenhouse gas emissions and
this causes climate change and affects the ecological balance. Therefore, energy generation through harvesting technology is
much needed to improve the ecological balance. The process for energy harvesting begins with capturing and accumulating the
wasted energy then storing it to be used later. According to a study conducted by the World Economic Forum, roads in
Malaysia are among the best in the world on par with Korea and better than some of the European countries. Malaysia’s road
network that connects the states, districts, and villages are also growing every year for the convenience of the people. Good
road structure throughout Malaysia can give benefit the country by using it as an energy source. The energy sources that can be
exploited from the pavement are solar radiation, mechanical energy generated from moving vehicles or pedestrians, and
geothermal energy. This paper analyzes key issues in pavement energy harvesting and proposing the best energy harvesting
technique for Malaysia climate. The keys issues were addressed accordingly and gaps that existed in the field were presented.
The outcomes of the review are brief in a concise manner.
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1. Introduction chemical energy, and motion are examples of energy sources

that can be used as ambient sources [4]. These diverse

Rapid urbanization demands improvement and very
efficient transportation infrastructure. Efficient transportation
infrastructure may only be achieved by the wide coverage of
pavement. Pavement in Malaysia has been constructed over
160,000km. Figure 1 shows the development of road
construction in Malaysia from 2005 to 2016 [1]. Besides that,
energy consumption also increases which leads to pollution.
More than 13,813 Mtoe energy consumed worldwide in 2019
and among this energy, Malaysia alone consumed over 93
Mtone [2]. Figure 2 presents the annual energy consumption
in Malaysia from 2009 to 2019. Figure 3 show the increasing
trend of carbon dioxide (CO2) emission in Malaysia from
2009 to 2019 [3]. Carbon dioxide emission increased because
the energy consumption in Malaysia increased and this
contributes to the increased rate of pollution in the country.

In that case, a number of studies have been focusing on
renewable energy technology intending to apply the ecology
concept in the pavement. As part of the global initiative,
sustainable pavements were already introduced to build
efficient renewable energy harvesting technology.
Temperature gradients, light, electromagnetic radiation,

sources of energy are turned into electrical energy, which is a
more useful form of energy [5]. There are several sources of
renewable energies which are geothermal heat, solar
radiation, and vibration due to mechanical load, hydro, wave,
and wind [6]. Solar radiation, vibration due to traffic load,
and geothermal heat are the three energies that are
continuously exposed on pavement and all these provide a
good potential to harvest renewable energy from the
pavement. Vibration due to vehicle load on pavement can be
harvested by piezoelectric energy harvesters [7]. Solar
radiations cause a thermal gradient to exist in the road layers,
along with geothermal heat which is converted into useful
energy Vvia harvesting of solar energy, thermoelectric energy,
geothermal energy, and composite energy [8].
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Fig. 1. Road length in Malaysia (km)
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A lot of effort has been made to study this green
technology based on a different focus. Dowson et al focused
on design and development discussed the benefits and
limitations of energy harvesting technology for pavement [9].
Wang et al summarized working principles and energy
harvesting technologies application methods on roads and

bridges with a discussion of new trends and issues of these
technologies [10]. Durte and Ferreira were generally
discussed about solar harvesting technologies and vehicle-
induced energies with also some review on energy harvesting
technologies for pavement application [11]. In 2013, Shi and
Lai were done some specific research on green and low
carbon technologies. They have summarized the reviews
quantitatively between 1994 to 2010 in various countries
without having comprehensive technical design or engage
with the limitation of any green technology [12].

2. Road Harvesting Technology on Road Pavement

Road pavement contains a variety of green energy
sources such as mechanical, light, and thermal energy.
Existing and developing technology may make it possible to
harvest green energy from the pavement. Table 1 shows the
various form of green energy exist in pavement [13]. Figure
4 presents a power density of solar, geothermal, and
piezoelectric [14]. Collected energy from the pavement can
be carried away from powering small-scale road devices such
as traffic lights, roadside advertisements, or airport signage.

Table 1. Green energy exist in pavement [13]

Category Form — Origin Energy
harvesting
technologies
Mechanical Traffic induced Piezoelectric
Energy deformation and
vibration
Light Energy Sunlight Solar
Thermal Temperature gradient ~ Thermoelectric &
Energy inside the pavement Geothermal
10
g 10
E
E ¢
g
a
£
é I N I
Piezoelectnic Geothermal Solar (bright Solar (cloudy)
sunny)

Fig. 4. The power density of different green technologies
Source: [14]

There were no any projects about renewable energy
from the pavement in Malaysia. Malaysia’s effort to
introduce renewable energy started in the national energy
mix under the 8" Malaysia Plan in 2001. In this plan,
Malaysia had set a target to achieve 5% of electricity
generation from renewable energy by 2005 [15]. However,
this target was not reached in that year which ends up
reaching only 0.3% [16]. There are five renewable energy
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resources that have the potential to be harnessed
commercially in Malaysia which are biomass, biogas,
municipal waste, solar, and mini-hydro. In 2018, renewable
energy accounted for around 3.5% of Malaysia's total
electricity generating mix [17]

2.1 Piezoelectric

Piezoelectric energy harvesting occurs when dynamic
mechanical energy is converted into electrical energy by
using piezoelectric materials [18]. The flow of this energy
harvesting was mostly focused on low-level energy
harvesting which starts from microwatt to milliwatt to
generate low-power electricity. Piezoelectric materials
typically operate at much lower energy levels compared to
solar and thermal energy which are capable of producing
high watts [19]. This energy can generate without the
presence of solar and thermal energy. It is also capable to
work in an embedded system. The demand for the
piezoelectric system was increase every year and this was
proved when $22billion of the piezoelectric device reported
as annual revenue in 2012 and it increased to $37hillion in
2017 [18, 20].

Piezoelectric vibration energy harvesting can be applied
in aerospace system [21, 22], building [18, 23], bridge[18,
24], and human body [25]. Normally, the power that generate
from vibration can be converted through electromagnetic [26,
27], piezoelectric [28-30], electrostatic [31, 32], triboelectric
converter [33-35] and magnestrictive [36-38]. The advantage
of this energy harvesting compared to others is it can be
installed in any roadway, is weather-independent, and can be
built in a wide range of sizes and shapes [39]. Host structures
are required to attach the piezoelectric harvester in case it
allows vibration energy to be captured. Vibratory energy can
be transferred well from host to harvester with help of the
host structure.

2.1.1 Piezoelectric Energy Harvesting on Road

The harvesting of excessive energy from pavement using
a piezoelectric energy harvester is efficient and feasible [40,
41]. Roshani et al.[42] was evaluate the effect of field
simulated variables such as speed and traffic load with regard
to electric power generation. From their research, it shows
that the amount and placement of the piezoelectric sensor
change the stresses applied to lead to variations in the output
power produced. Besides that, the output power is also
affected by loading time and magnitude. Najini and
Muthukumaraswamy [43] designed a MATLAB-Simulink
Model to study the ability of Piezoelectric energy harvesting
from pavements and economic review regarding roads in the
United Arab Emirates. The parameters for their research are
vehicle mass, speed, and temperature. Wang et al. in 2018
[44] was designed and tested the piezoelectric energy
harvester by considering the energy output and road binding;
optimization of piezoelectric energy harvester size depends
on tire trace patterns, vehicle wheel-path distribution, and
vehicle roller compaction conditions. Their result shows that
optimal power generation output can be achieved when
power generation device at dimension 100mm x 100mm.
Chen et al. in 2018 [45] develop and analyze a composite
beam piezoelectric energy harvester made of plane strain

state with two asphalt mixture layers and a piezoelectric
layer in between. Cao et al. in 2020 [29] studied to quantify
the energy output of piezoelectric transducer under vehicle
load and then the daily energy output of pavement was
estimated. Their results show that a larger amount of energy
power can be generated when the vehicle speed faster and the
load larger.

It is possible to store energy from harvesters in batteries
that can power other electric sensors and signal light [46].
With the growing use of piezoelectric technologies in
pavement and bridges, it is helpful to decrease the
consumption of non-renewable fossil fuel which leads to
more sustainable and resilient pavement structures. This
technology also can be access infinity without worry about
the weather.

2.2 Solar

Solar energy harvesting technology is now growing well
day by day [47]. Among the other renewable technology,
solar is one of the most vital role due to their availability and
technology growth [48]. The solar panel is commercially
available proves that electricity through this technology is
affordable [49, 50]. In various countries, there are a number
of examples for roadside solar panel installation [51]. The
main current issue for the installation of solar panel
technology is the need for physical space. An application has
been introduced by installing solar panels on the pavement
which serve as the driving surface [52]. Although the
installation of this technology on the road can solve the
problem of physical space needs, the safety and capabilities
of the structure should also be taken into consideration [49].
The differential temperature gradient between the top and the
lower pavement layers is the factor of extracting heat energy
from pavement [53]. During the daytime in a hot climate, the
pavement surface temperature usually higher than the bottom
layer and this situation is contrary during cold climate. There
are many applications that used this temperature gradient for
electricity generation [54] or use it for other purposes such as
deicing [55]. The other advantage of heat harvesting from the
pavement in a hot climate is urban heat island (UHI) effect
can be reduced when the road surface has the potential to be
cooled [56]. Besides that, rut resistance and cracking also can
be improved when the operating temperature of the asphalt
surface reduce [57, 58]. Rutting on pavement can occur
during hot climate because of bitumen characteristics which
become soft during hot temperature and this makes the
aggregate on pavement slightly move [59, 60].

2.2.1 Solar Energy Harvesting on pavement

Many energy harvesting technologies have been
developed to collect energy from the sun for a sufficient
period during the daytime. The key advantage of solar energy
harvesting is that sunlight is able to supply solar radiation
globally [61]. There are three common methods for
harvesting solar energy include the installation of solar
panels as the photovoltaic pavement under a transparent
surface layer, installation of the solar panel along roadways,
and pavement solar collectors with heat extraction through
embedding pipe systems [49]. In figure 5, solar radiation was
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harvested through the installation of the solar panel along the
roadway. This also contributes to external energy reduction
and greenhouse gas emission [6, 62]. This design was
commonly used to power signals and traffic lights on the
roadways. Photovoltaic panel would convert the light energy
to electricity [63]. Previous studies have found that
photovoltaic technology has the highest peak productivity for
energy harvesting compared to other renewable energy
technologies, but the productivity is limited by brightening
conditions [64].

Figure 6 shows the collector of solar energy through
photovoltaic. Photovoltaic pavement surface consists of high
strength transparent layer on the top and solar panel was
installed below it [6]. The top layer works as a waterproof
layer and allows sunlight to pass through it. Photovoltaic
pavement is made of tempered glass, which is installed
between two porous rubber layers [65]. Qin et al in 2017
developed a small project with an automatic data-acquisition
system on the use of solar pavement energy and analyze the
efficiency of pavement solar systems in energy conversion
[66]. Senji et al. was proposed a pavement integrated
photovoltaic thermal (PIPVT) module to evaluate the
performance of solar radiation. Their result shows that an
increase in solar radiation, ambient temperature, and
transmissivity of the anti-slip layer could give a positive
effect on overall performance [67]. Although many studies

Solar

have been done, this photoelectric road are still not feasible
due to high construction cost and the possibility of short
lifespan.

Figure 7 shows the collector of solar energy through a
piping system installed in asphalt pavement and it is stored
as electric energy. To compare with geothermal energy
harvesting, pavement solar collectors with embedding pipe
systems was harvest thermal energy from solar radiation
instead of by geothermal source [6, 68]. However, it was
used a similar pipe system design. Sedgwick and Ptrick in
the year 1981 was a founder for pavement solar collectors
with an inbuilt pipe system. They have embedded a 20mm
plastic pipe under the asphalt surface of a tennis court which
gives the result of constant temperature [69] In order to
remove snow during winter, Wu et al proposed to use black
asphalt as a solar collector for direct heating and cooling
[70]. The main problem is to maintain the temperature in the
piping system and to prevent pipe blockage over time.
Among the factors that affect heat, collection are the albedo
of the surface layer, the latitude of pavement, pipe diameter,
depth of pipe, the distance between pipe, and thermal
conductivity of the surface layer[71]. Johnsson & AdlI-
Zarrabi in 2020 [72] was reported the findings of the
investigation from summer 2018 and how the efficiency of
solar collectors is affected by change the flow rate of fluid,
pipe spacing, and albedo.

Pavement

Fig. 5. Solar harvesting energy through solar penal for pavement [6, 73]
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Fig. 6. Solar harvesting energy through photovoltaic for pavement [6, 52]
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Fig. 7. Solar harvesting energy through heat extraction with the piping system for pavement [6, 74]

2.3 Thermoelectric

Electricity can be generated by collecting the heat from
the pavement then provide the heat to the surrounding
building and reducing the UHI effect [75]. In pavement
application, the utilization of thermoelectric material serves
as an energy collector. Widely, thermoelectric materials have
high energy productivity at high heat flux state (over 180°C)
[76, 77]. In pavement, the temperature gradient is likely to be
low and this may cause a smaller heat flux [78]. Therefore, in
order to achieve a good energy conversion efficiency for
widely use in pavement application, thermoelectric energy
harvester should be optimized in terms of device design and
material design [79].

2.3.1 Thermoelectric energy harvesting on pavement

In 2014, the thermoelectric behavior of carbon fiber
reinforced cement composite (CFRC) was studied by Wei et
al [80]. After 4 years, their recent study was shown a great
thermoelectric behavior when they use graphite or cement-
based composites [81]. Rew et al [82] was research the effect

of powdery carbon-based additives on asphalt composite
such as carbon black and graphite. Lee et al [83] have
conducted a study on the temperature difference between the
road surface and the concrete structure below the surface.
Their research was extended to generate electricity by using
the temperature difference between the surface of the
highway concrete barrier and the lower layer [84]. Datta in
2017 [76] has conducted similar studies in which he used a
TEG prototype measuring 64mm x 64mm to be applied on
the pavement in South Texas. The surface of the pavement
during summer is 55°C while the soil in the lower layer has a
temperature between 27°C to 33°C. By using this TEG
prototype, the electric power can generate about an average
10MW in 8 hour period continuously. Lee et al [85] and Kim
et al [86] was also done similar work on TEG systems for
pavement energy harvesting.Jiang et al. in 2018 [87] was
develop and test the improved thermoelectric generator
system in concern of plastic deformation of pavement and
urban heat island (UHI) effect. From their testing, it is shown
that the pavement surface temperature reduced by 8-9°C in
the hot season. This can help to reduce the UHI effect and at
the same time can generate electric power.
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2.4 Geothermal

Compared to others, natural geothermal resources are
obtained from thermal energy stored in the solid
underground. Natural geothermal resources are generally
caused by the melting of high temperatures in the shallow
crust and the decay of certain radioactive elements [88].
Figure 8 shows the electricity generation through geothermal
energy which is collected with a pipe network. Electricity
generation through this method has been practiced by many
countries such as Turkey [89] and Mexico [90]. Geothermal
energy is also used to heat the road for the deicing purpose
[91]. Thermal exchange in pipe networks is influenced by
fluid operation parameters such as flow rate and temperature
[92]. Therefore, in order to achieve maximum conversion
efficiency and optimal fluid operating parameters, pipe
network construction should be the focus on design,
installation depth, and pipe size.

2.4.1 Geothermal energy harvesting in the pavement
Wang et al were studied melt snow on pavement through

a small-scale geothermal system. From their research, the
results show that the melting process of snow consists of a

Geothermal
energy storage

Applications = o
(i) Generating elcctricily '
(ii) Heating/cooling buildings

(iii) Pavement deicing

staring period, linear period, and accelerated period [91]. Liu
et al evaluated asphalt concrete pavement heat transfer and
snow melting and also paved the pavement with electric
heating pipe [93, 94]. Mauro and Grossman have developed
a lower enthalpy geothermal harvester in which the
temperature gradient was generated by high thermal
conductivity material to remove annual fluctuation in street
temperature [95]. I-Hsuan Ho in 2020 [96] was discussed the
optimization of the Hydronic heating pavement (HHP)
subject to different weather conditions. Their research was
carried out in western North Dakota which has high heat
demands due to extreme weather. Because of that situation,
the volumetric flow rates, suitable water temperatures, pipes
layouts, thermal conductivity of pavement, and mechanical
properties of piped pavement were analyzed. The initial
investment in the use of geothermal energy for road heating
at airports is a relatively high cost compared to traditional
snow removal. However, it is still a safe and good
application for the environment [97]. Even though

geothermal energy is one of the good renewable energy
sources, it still has an issue which are geological limitations
and geographical availability. The most popular applications
for geothermal energy harvesting are deicing and snow
sidewalks,

removal in airports, and bridges [98]

Asphalt
pavement

Pipe with pumped gas/water

Fig. 8. Harvesting energy through Geothermal pavement [6, 91]

3.0 Comparison Between The Energy Harvesting

The introduction of green technology application on the
pavement enables the transportation infrastructure to be
independent without relying on the external power grid in
case of a power outage in a destructive event [42, 99, 100]

Table 2 shows the difference between energy harvesting
technology on the road, according to the method of energy
conversion, conversion efficiency, and technology readiness
level (TRL). The highest conversion efficiency for energy
generation is geothermal energy harvesting. The method of
harvesting is the energy harvested from geothermal energy
into electrical energy. Based on the design scheme, the
harvesting efficiency of piezoelectric energy in converting
mechanical energy to electrical energy is at low-medium
level conversion. Piezoelectric energy harvesting was
considered by a previous study to be one of the technologies

that can provide the largest power density compared to the
voltage envelope [101]. On the other hand, solar energy
harvesting has a medium-high conversion efficiency where
this energy harvesting occurs when solar radiation is
converted to electrical energy or thermal energy. The
renewable energy harvest from this technology is able to
contribute to the generation of electrical devices in the
pavement such as signal lights, street lights, and traffic
lights. In addition, it is also able to provide electricity to
devices that help in terms of monitoring pavement health
such as temperature, humidity pavement content, or monitor
pavement temperature during cold weather [6]. The viability
of energy harvesting from pavement has been shown by
many pilot studies. The TRL was assessed using a scale
range between 1 to 9 where the highest readiness level is 9
and the lowest level is 1 [10, 39, 102]. Geothermal energy
harvesting and solar energy harvesting technologies are both
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relatively mature while thermoelectric energy harvesting
technologies are the most immature where it has a low

energy conversion rate.

Table 2. Comparison of pavement harvesting technology

Energy harvesting Energy conversion method Energy conversion Technology
technology efficiency [6] readiness
level (TRL)
[10, 39]
Solar harvesting energy Solar to electrical Medium to high 9
Or
Solar to thermal 4
Piezoelectric harvesting Mechanical to electrical Low - Medium 4
energy
Thermoelectric harvesting Thermal to electrical Low 3
energy
Geothermal harvesting energy Geothermal to electrical High 9

3.1 Installation Of Energy Harvesting

Each of these energy harvesting installations has its dependent factors. It is also costly based on the condition of the road.
Some types of energy harvesting need to be rebuilt the road for the installation process such as geothermal energy requires the
planting of pipes in the road. However, some of the energy harvesters did not need to rebuild the pavement for example as in
figure 5 where solar radiation was harvested through the installation of the solar panel along the roadway. There are some
distinctions between rebuilt and new roads in terms of energy harvester installation. The focus for the former should be on
turning a conventional road structure into a harvesting energy pavement. [103]. Table 3 summarized some features that should
be considered during the installation of energy harvesting and the installation cost of each energy harvest
Table 3. Installation Feature And Cost

Technology

Installation Features of Energy Harvester

Installation Cost

Piezoelectri

c The generated electrical power can be affected by
factors such as piezoelectric material, depth of
embedment of the piezoelectric enclosure, element
configuration, position of vehicle wheels concerning the
enclosure, vehicle class, traffic volume, and vehicle
speed. [104].

The construction cost of a single piezoelectric
transducer is 5 ¥ and the manufacturing cost is
15 ¥. A total of 40 000 ¥ has been spent on the
cost of 100m piezoelectric pavement [24].

Solar

When utilized on pavement, photovoltaic panels should
be able to endure loads, be durable, and weatherability
[105]. The generated electrical power can be affected by
geometrical and operational parameters, such as depth of
pipe, pipe spacing, and fluid flow rate [106]

Wattway, the world's first solar road, was built
in Tourouvre, Normandy, France in 2016 at a
cost of €5,000,000 along 1 km of country road.
[107]

Thermoelectric

Before installing thermoelectric pavement, it is required
to conduct extensive research on how to properly utilize
temperature differences in the pavement structure and
sustain thermoelectric conversion efficiency under a
variety of environmental circumstances. [103]

The 2 TEGs and 4 TEGs cost $94 and $190,
respectively [76], Jiang et al [87] research which
still under laboratory circumstances, the road's
construction cost was around $90,000.

The SERSO pilot plant's installation costs were,
as expected, quite high: more than 2'500
Euro/m? [108]. The first year's installation and
utility costs were $1,590,502, and the second
year's maintenance costs were $31,741. [109]

4.1 Solar Harvesting Energy Key Issue

Geothermal The maximum energy conversion efficiency and optimal
fluid operation can be achieved when pipe networks are
carefully designed, in terms of installation depth and
pipe diameter.[6]

4.0 Key Issue Related To Energy Harvesting On

Pavement

There are many specific issues related to different areas,
which could be addressed in future researches. The
followings are some typical issues to be addressed which are
categorized in terms of harvesting energy.

Solar harvesting energy is able to obtain medium-high
efficiency conversion [6]. Although this is considered a
mature technology, it still has some problems to deal with.
The key issues for solar harvesting energy are weather,
safety, and type of solar collector.
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4.1.1 Weather Limited

In solar harvesting energy, sunlight plays a very
important role. Sun radiation can only be obtained to the
maximum during direct sunlight, but it is limited on rainy
days and nights [6]. A study conducted by Cuong and
Ancheta in 2018 was found that the energy produced during
sunny days is 8,211Wh. However, it was reduced to
4,738Wh during cloudy days and able to reach 2,419Wh on
rainy days [110]. Besides that, by using Malaysia climate as
a guide in 2018, Mohammad et. al. was found that the
average daily global radiation during the drier season
(January-July) is higher compared to rain season (August-
December) [111]. Malaysia is known as one of the wet-
climate nations. There is a relatively high level of
temperature and humidity in the Malaysian climate [112].

4.1.2 Safety issue

The environment will be in danger if the solar panel is
not properly managed when it has become a hazardous waste
by the end of its life span. During the first 25 years of solar
panel development, it was not a concern to recycle waste
panels [113, 114]. Solar photovoltaic panels waste is
estimated to reach between 60 to 78 million tons by 2050
[113]. If a solution has not been found, the process of
disposal of these solar panels could threaten the world.
Recently there are some companies that produced recyclable
photovoltaic panels but there is still a lot of room for
improvement. Many researchers are still studying this matter
and there are still no mature research results. Nain & Kumar
state that, during the process of disposing of solar panels in
landfills, toxic material such as lead, silver, and chromium
contained in the solar panels will break down and will pose a
new environmental hazard [115]. In addition, the use of toxic
material in solar panels can also threaten public health. In
2020, Erten & Utluhas stated that improperly regulated solar
panel manufacturing may result in the release of Cadmium
(Cd) compounds into the air as a by-product which will
affect human health [116]. Persons exposed to cadmium dust
and smoke for more than eight hours may face serious health
problems such as bronchial exposure, pulmonary exposure,
and also death[117].

4.1.3 solar collector

There are some problems that arise when solar energy is
collected through embedded pipes. When metallic pipes are
used, it will cause problems in terms of corrosion and
difficulties in installation or maintenance. In addition, when
polymer pipes are used, their thermal conductivity value is
less than the thermal conductivity of metallic pipes. This has
been proved by Al-Saad et al [118] which study the selection
of proper pipe materials in solar collectors. From their study,
the solar collector efficiency for plastic pipes is 33.1% and
steel pipes are 40%. The use of polymer pipes also causes
more complicated milling and future re-use of the asphalt
mix are drawbacks [119, 120]. To address these problems,
Mufioza et al. [119] have introduced a new type of asphalt
solar collector by replacing the common pipe network system
with a highly porous asphalt layer. Although they can

achieve good thermal efficiency, the flow rates are low.
Another issue with this system is that all pipes need to be
interconnected and if one of them is broken, the liquid will
leak and damage the asphalt concrete. In 2014, Garcia and
Part [74] was do some research about parallel air conduits
instead of pipes filling with liquid. The study concludes that
overall system efficiency has been improved by generating
the different airflow rates between air temperature and
pavement temperature. However, their study has not yet been
applied to real roads. It is considered an immature study
because it does not yet know the effects that will arise if this
study is applied to a real pavement.

4.1.4 Dust Deposition

The output of a photovoltaic panel is not only influenced by
solar radiation but also has several other parameters that can
affect energy production [121]. One of the parameters is dust
deposition on the solar panels [122]. Based on the study by
Smith et al. [123] which was conducted in Portland
metropolitan area, they found that the power output was
significantly reduced when dust deposition occurred on the
surface of the PV panel. Two factors regulate the efficiency
of photovoltaic panels namely the alterable factor and the
unalterable factor. Dust is one example of an unalterable
factor where it falls under environmental factors that depend
on classification [124]. Solar radiation that reaches the
surface of the photovoltaic panel will be reduced when the
dust particles that are in the atmosphere have a larger size
than the wavelength of sunlight that enters the surface of the
panel. This effect will be even worse if it is combined with
the effects of air pollution [125]. Caseres et al [126] were
done research about the PV systems in Santiago, Chile and
they found that the presence of dust on the photovoltaic
panels would increase the LCOE as the efficiency reduction
increase from 0% to 10 %. This situation could be explained
by the fact that, under this scenario, homes will require a
battery bank to store excess energy because they will not be
able to sell it back into the market. The LCOE range of
photovoltaic systems is expected to increase when storage is
factored in. Table 4 show the LCOE of PV system when
efficiency loss in increase.

Table 4. Levelized cost of electricity (LCOE) when it is
dusty and causes increased efficiency loss on the panel [126]

LCOE (USD/kWh) Efficiency Loss (%)
0.1500 0
0.1500 0.05
0.1500 0.05
0.2250 5
0.4250 10

4.2 Piezoelectric Harvesting Energy Key Issue

One of the advantages of piezoelectric harvesters is
useful in the situation where solar and thermal energy is
absent. However, this technology is not yet fully ready and
still needs improvement [39]. There are several key issues
that need to be addressed to improve this technology such as
depth of installation, construction cost, and low power
output.
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4.2.1 Installation

A piezoelectric energy harvesting device must be
installed near the pavement surface which the vehicular
stresses are highest and this may obstruct pavement
maintenance [39, 127]. The position of piezoelectric
materials is able to affect the generation of electrical energy
[104]. The road surface of 50mm depth from the top often
faces repair work. Therefore, piezoelectric material should be
installed below 50mm so that it will not interrupt the
maintenance work [42]. They are exposed to around 90% of
the stresses that are delivered to the surface, but they allow
unfettered routine rehabilitation [128]. Zhang et al were
stated that the output power will drop to zero if the distance
between transducer and wheel more than 4 meters [104]. The
installation of piezoelectric material closest to the road
surface is able to provide better power output. However, this
condition also contributes to material damage. Piezoelectric
materials have high compressive strength properties but low
tensile strength. They can be damaged by bending stresses
and eccentric compressive [129].

4.2.2 High cost

Piezoelectric harvesting energy is categorized as quite
expensive technology [39]. Based on the research from Yang

et al. in 2018 [130], the cost for their piezoelectric harvesting
energy project was calculated. The construction cost of a
single piezoelectric transducer is 5 ¥ and the manufacturing
cost is 15 ¥. A total of 40 000 ¥ has been spent on the cost of
100m piezoelectric pavement. The maximum amount of
electricity that can be generated in one day is 1.93 x 106 J.
Assume the price of electricity is 1 ¥ / (kW $ h), then the
economic benefit for a day is about 0.65 ¥. From that
calculation, it can be seen that the construction cost for
piezoelectric pavement is considered quite high. [29]. Wang
et al in 2018 also do research about energy harvesting
technologies in roadway and bridges for different
applications. From their study, they have done a comparison
about the Levelized cost of electricity (LCOE) between each
technology [10]. The cost of producing the same unit
quantity of electrical energy was calculated using the LCOE
approach, which is defined as total costs divided by total
electrical energy generated ($/kwh) [10, 102]. The
comparison proves that the highest LCOE was piezoelectric
with  106.387$/kWh while the lowest LCOE was
photovoltaic technology with 0.45%/kWh. Table 5 shows the
LCOE between the technologies.

Table 5. Comparison of Levelized cost of electricity between green technology

Technology Energy output Cost (%) LCOE
($/kWh)
Solar (solar panel) 1781000 kW h/lane-mile 4.4 million/lane-mile 0.45
Solar (solar collector in 588.634 kWh/Lane-mile 9.812 million/lane-mile 421
embedded pipe)
Thermoelectric 0.748 kW/hLane-mile 12.781 million/lane-mile 95.74
Geothermal 4447.270 kWh/Lane-mile 15.2 million/lane-mile 0.1561
Piezoelectric 188 kW h/Lane-mile 7.5 million/lane-mile 106.387

4.2.3 Low power output

There are many factors that can influence the output
energy of a piezoelectric device for example shape,
dimensions, materials, and the number of piezoelectric
element installations [39]. Piezoelectric arrays have been
installed at Tokyo railway station by JR East of Japan. The
output energy is enough to power a 100 watt light bulb for 80
minutes. However, due to system degradation, energy
generation drops after three weeks [131]. Jasim et al., 2017
studied energy output and mechanical failure of the
piezoelectric energy harvesters. From their study, it shows
that energy output can increase when loading magnitude and
loading frequency increase which achieves 26.6mW under
0.7MPa loading stress at 5Hz [79]. Their research has proved
that speed, vehicle weight, and embedment location of the
energy module can influence energy harvesting performance.
If back to the real situation, low power output is still one of
the problems that need to be a concern because if the road is

not traversed by many vehicles, the power output will below
[132].

4.3 Thermoelectric Harvesting Energy Key Issue

Thermoelectric technology shows high potential for
harvesting energy which this technology can reduce the UHI
effect by absorbs the heat from the pavement [133].
However, this technology still has several issues that need to
be addressed such as low efficiency and high Levelized cost
of energy.

4.3.1 Low efficiency

One of the main issues of this technology is to generate
a high-efficiency generator by using a small temperature
gradient. Some low-temperature thermoelectric generators
were created, which could be utilized in the pavement
environment [134, 135]. Nevertheless, the current efficiency
of the thermoelectric system is below 1%/K. [13, 136]. One
of the methods to improve the efficiency is by increase the
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working temperature difference of the material so that the  and energy output will also small. Table 6 shows the
material can function in a high-temperature difference  comparisons of energy output between other technologies. In
environment. However, there is quite a limited temperature  order to compare all available technologies, the one-lane
difference on asphalt pavement [137]. When the temperature ~ mile roadway is selected to calculate energy output [10].

difference between pavement layers is low, the efficiency

Table 5. Comparison of energy output between technologies

Technology System configuration Energy output
Photovoltaic Pavement system supported by solar panels 1781000 kWh/lane-mile
Solar collectors SERSO system in swiss with piping under the 588.634 kWh/Lane-mile
pavement
Thermoelectric Two-TEG prototype (64mmx64 mm) 0.748 kWh/Lane-mile
Piezoelectric Cymbal shape under typical truck loading 188 kW h/Lane-mile

From the table, it proves that thermoelectric technology
has the lowest efficiency which drops to the lowest energy
output among other technologies.

4.3.2 High Levelized Cost of Energy

To compare with solar energy harvesting, the
thermoelectric harvesting technology appears to be more
costly. [6, 39]. Given an 8 h operating day, the
thermoelectric energy harvesting prototype from Seyed
Amit Tahami et al, 2020 [138] can generate 0.876 kWh per
year. The Levelized energy cost (LCOE) would therefore
be obtained at $8.56/kW-h per square meter. Photovoltaic
technology is one of the types of solar energy harvesting in
pavements. It showed an LCOE of Photovoltaic
technology which is $3.1/kW-h per square meter [138].
Therefore it proves that the LCOE of thermoelectric
energy harvesting prototype is higher with $8.56/kWh per
square meter compared to LCOE of Solar harvesting
energy with $3.1/kW-h per square meter.

4.4 Geothermal Harvesting Energy Key Issue

Geothermal technology is commonly used for snow
removal and surface deicing in sidewalks, airports, and
bridges [139]. However, this technology still has many
issues to be addressed such as limited geological and
environmental side effects.

4.4.1 Location Restricted

The main disadvantage of geothermal energy is that it
is geologically limited [6]. Some areas are not suitable for
the construction of Geothermal plants because they need to
construct in a place where the energy is accessible in a
limited number of areas [140, 141]. These areas are
frequently located distant from towns and cities. As a
result, geothermal energy will likely never be a choice for
large-scale energy generation. However, this will not be a
problem for some countries like Iceland because these
countries have geothermal energy which is readily
accessible [141]. Power capacity, spacing of wells, size of
reservoirs, and associated building, as wells as the type of
conversion cooling systems all affect the size of land

needed for a geothermal power plant [142]. U.S.
Department of Energy [143] states that Geothermal
power’s land is used between 4.7 to 10 acres per MW
depending on the technology. Thomas in 2019 wrote a
blog about the energy used in lighting and his article stated
that one LED bulb consumes about 5W to 9W [144].
Therefore, it can be assumed that if geothermal technology
is applied on the pavement, it can help to turn about 100 of
the streetlights and traffic lights. However, this dream is
difficult to achieve in Malaysia because it is not easy to
find the right location that has the right type of hot rocks.
The rock should be found at an acceptable depth to make
drilling work easier. High volcanic locations are ideal for
geothermal energy production[145, 146]. The utilization of
land is a crucial environmental factor. Energy production
will have less of an impact on natural ecosystems if less
land is required to create energy [147, 148].

4.4.2 Environmental Side Effect

Even though geothermal energy usually does not emit
greenhouse gases, many of these gases are stored under the
surface of the Earth and emitted into the environment
during digging. [140, 149]. While these gases are also
naturally emitted into the environment, the rate rises near
geothermal plants. [149, 150]. However, the gas released is
still far below those associated with fossil fuels [141].
Furthermore, the de-icing salt used has been shown to be
environmentally damaging and to cause groundwater
salinization. [151]. Besides that, clearing operations are
also capable to damage the roads [152] and damage that
cannot be avoided is damage caused by frost blasting
[153]. Enhanced Geothermal System (EGS) works by
pumping liquid into the cracked rock to extract heat. This
can cause seismic disturbances which are also known as
seismicity. This condition can result in dangerous changes
to the geology and the environment becoming unsafe
[154]. Another negative environmental impact of
geothermal energy is noise pollution, which has a harmful
influence on both wildlife and humans [155]. The level of
noise is measure in decibels (dB) [156]. Drilling and
maintenance and fluid discharge are two sources of noise
pollution during the building and operation stages of a
geothermal power plant. The range of noise produced
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during drilling and maintenance ranges from about 90 to
120dB while the fluid discharge process produced about
120dB [157]. This noise pollution may interfere with the
growth of children because based on studies by Costa et al
in 2013 they found that noise levels over 55dB exposed to
children will result in a lack of social adaptability and low
attention [158].

5.0 Summary

The majority of energy harvesting technologies have
the ability to harvest energy from the pavement. Clearly,
some are better adapted than others, and some are along in
their development. Below is a summarized of the most
promising technologies:

i. Solar harvesting technology, which uses either air or
liguid to collect energy, has a wide range of
applications, including gather energy for neighboring
building cooling/heating, preventing ice formation or
snow accumulation, and dispersing heat from
pavements to reduce UHI and rutting. There are three
common methods for harvesting solar energy include
the installation of solar panels as the photovoltaic
pavement under a transparent surface layer, installation
of the solar panels along roadways, and pavement solar
collectors with heat extraction through embedding pipe
systems. Solar harvesting technology depends on the
albedo of the surface layer, the latitude of pavement,
pipe diameter, depth of pipe, the distance between pipe,
and thermal conductivity of the surface layer. Solar
harvesting through photovoltaic is considering very
mature and the energy conversion efficiency is at a
medium to a high level. Even though this technology is
very mature, it still faces some constraints which are
weather, safety, and type of solar collector.

ii. Piezoelectric harvesting technology can generate
electricity through vibration or pressure-induced by
passing vehicles. They often generate high voltages
with a low amperage, resulting in low power output.
Based on the literature review, this technology can
provide electrical energy to operate low-power
pavement devices like embedded sensors and LED
lighting. This technology is considered very semi-
mature because the TRL was on a scale of 4 and the
energy conversion efficiency is at a low to medium
level. Even though this technology can be access
infinity without worry about the weather, it still has
some issues that need to be addressed with are depth of
installation, construction cost, and low power output.

iii. Thermoelectric harvesting technology works by
collecting the heat from the pavement then provide the
heat to the surrounding building and reducing the UHI
effect. This technology has a promising future
harvesting technology, however, its LCOE is high and
efficiency is low. The TRL was on the lowest scale
with 3 which shows this technology needs more study
to increase their readiness.

iv. Geothermal harvesting technology can generate
electricity by obtained from thermal energy stored in

the solid underground. Geothermal is widely used to
heat the road for deicing purposes. Thermal exchange
in an embedded pipe network is influenced by fluid
operation parameters such as flow rate and temperature.
Therefore, in order to achieve maximum conversion
efficiency and optimal fluid operating parameters, pipe
network construction should be the focus on design,
installation depth, and pipe size. This technology
reaches a very high scale of TRL which is scale 3 and it
can be said to be a very mature technology. Regardless
this technology is very mature, but it still has some
issues which are limited geological and environmental
side effects. Implementation of geothermal technology
on pavement have some constrain because the need to
find a right location with a good hot rock at an
acceptable depth to make drilling work easier. Some of
the environmental side effects are seismicity and noise
pollution.

6.0 Conclusion

In conclusion, there is great interest from all over the
world has been given to renewable energy harvesting on
the pavement. Renewable energy that is often used in the
pavement is solar harvesting energy, piezoelectric
harvesting energy, thermoelectric harvesting energy, and
geothermal harvesting energy. Among these renewable
energies, geothermal harvesting energy has the best
conversion efficiency to use and it is also among the most
mature technology. However, geothermal harvesting
technology was not the best choice to be implemented in
Malaysia because of the Malaysian climates and
geological. Other than that, piezoelectric technology is
now gaining attention among researchers, the actual
application is still limited in laboratory studies and it is at
the prototype level. This is because this energy is not able
to provide high energy conversion efficiency and also the
fragile material of piezoelectric materials. Even though
most piezoelectric harvesting systems operate at the
microwatt to milliwatt scale, they still can provide energy
for low-power electronics such as wireless sensor nodes,
embedded electronics, and portable electronics.
Piezoelectric harvesting devices can provide a long-term,
self-sustaining power source that requires no replacement
or maintenance. Compared to traditional energy sources,
like batteries, the autonomous operation can reduce costs
associated with battery replacement.  Furthermore,
autonomous power supplies allow electronic devices to be
embedded into structures or placed in remote locations. In
addition, although solar energy harvesting technology has
high maturity in development, it still needs a more in-
depth study to increase its conversion efficiency especially
energy extraction through embedding pipe systems. Solar
panel technology is highly recommended to be
implemented in Malaysia because of the high level of
temperature climate and the roads network in Malaysia is
among the best in the world. Furthermore, thermoelectric
energy harvesting also needs more attention from
researchers due to low maturity and low energy conversion
efficiency. However, all these renewable energy
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harvestings on the pavement still have a bright opportunity
in the future if all key issues are addressed properly.
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