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Abstract

The importance of green technologies for generating renewable energy and sustainable 
development is widely accepted. Highway pavements which are exposed to solar 
radiation, absorb a large amount of heat that could be harvested. This study aims to 
design an innovative thermoelectric generator system that utilizes the thermal 
gradients between the pavement surface and the soil below the pavement and 
converts it to electricity. This system consists of a heat collector, a thermal electric 
generator (TEG) and a coolant module. A prototype was fabricated to embed directly 
into asphalt pavements. Several simulations using finite element (FE) analyses were 
conducted to evaluate the performance of the system components and determine their 
optimal design. The final design was also tested in the field. Based on the experimental 
and FE results, the efficiency of the system was enhanced by improving its coolant 
module by incorporating a phase-changing heat sink. The optimized prototype was able 
to generate an average of 29 mWatts of electricity for South Texas conditions, which 
appears to be a promising independent source of power for road-side wireless sensors 
and near-field data communications. Keywords: Thermoelectric, energy harvesting, 
asphalt pavement, finite element, phase change material.
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INTRODUCTION 

 

Energy harvesting stands alone as one of the most promising approaches to mitigate the fossil fuel depletion and 

environmental degradation. Energy harvesting is a process that captures unused ambient energy that would otherwise 

be lost as heat, light, sound, vibration, stress or movement. Solar energy is undoubtedly recognized as the unlimited 

and environment friendly energy resource. Recently, pavement infrastructures have drawn attention to be used as a 

renewable source for energy harvesting purposes. Solar radiation can be absorbed by asphalt pavement causing an 

increase in the temperature of asphalt pavements. Roadways are widely used in the transportation sector to connect 

communities and moving people and goods around the world. Pavements have been built over billions of kilometers 

long worldwide, among which over 6 million kilometers are allotted to the United States (1, 2).  

 

Solar radiation absorbed by pavement surface causes temperature increase within pavement. Thermoelectric 

generators (TEGs) are ideal candidates for harvesting energy in asphalt pavement roadways as they convert thermal 

energy into electrical power. TEG can convert heat into electrical energy based on the Seebeck effect. Using TEGs 

offer several benefits such as environmentally friendly energy, no moving mechanical components and low 

maintenance requirements (3). 

 

In the research carried out by Wu et al., the application of TEGs for production of electrical energy in pavement was 

investigated. They showed that to generate electricity the temperature difference between the pavement surface and 

the surrounding soil (deep inside the ground) can be utilized. In this study one side of the TEG device was attached 

directly to asphalt mix and another was attached to plate embedded in the soil. However, using such an approach might 

compromise their longevity due to the immediate exposure of TEGs to the cyclic mechanic (4). 

 

Researchers at University of Texas at San Antonio developed two experimental Z-shape models to utilize the 

temperature differences between the subgrade and road surface which facilitated the electricity generation by TEG. 

For the cooling process, two heat sinks, buried at underground and filled with water and soil, separately, were attached 

to TEGs (5).  A more recent work, done by Jiang et al. in 2018, used rectangular aluminum vapor chambers to transfer 

captured heat to the TEGs. The other side of the TEG is exposed to a tank filled with water, and placed next to the 

pavement edge under a shading board (6).  

 

OBJECTIVE 

 
In this study, the energy harvest system was developed by optimizing the heat transfer mechanism and proposing an 

innovative cooling technique. The objectives of this research are to: 

 

• Determine the optimized design of harvester prototype using Finite Element (FE) analysis 

• Conduct Field testing of a fabricated prototype to estimate power output. 

 

 

THEORETICAL BACKGROUND 

 

A thermoelectric module is typically composed of n- and p-type legs, providing the ability for electrons to move freely 

through metals and semiconductors (7). Voltage value is given by the following equation (8): 

 𝑉 =  𝛼(𝑇ℎ − 𝑇𝑐)                             (1) 

 

where V is the voltage of the TEG, Th is the hot side temperature of the TEG, Tc is the cold side temperature of the 

TEG, and α is the Seebeck coefficient of the TEG. 
 

In addition, the current, electrical power and the total amount of heat can be obtained using the following equations 

(8, 9): 𝐼 = 𝑉/(𝑅 + 𝑅𝑙)                                          (2) 𝑃 = 𝑄ℎ − 𝑄𝑐 = 𝐼2𝑅𝑙                                  (3) 𝑄 = 𝛼𝐼𝑇𝑐 + 𝐾(𝑇ℎ − 𝑇𝑐) − 1/2𝐼2𝑅𝐿           (4) 
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where I is the current, R is the internal resistance of TEG, RL is the Load resistance, (Qh – Qc) is the heat flux due to 

temperature gradient, Q is the total quantity of heat, and K is the heat transfer coefficient. 

 

MATERIALS AND METHODS 

 

The assembled energy harvesting system is shown in Figure 1. As it can be seen, the system consisted of four segments 

such as the L-shape copper plate as heat collector and heat conductor, TEGs, heat sink, and insulation box. The L-

shape copper plate with the thickness of 0.15 cm consisted of two segments; A Heat receiver with 50 cm length is 

embedded at 3 cm depth of pavement, A Heat conductor, the vertical segment, is placed near soil up to 18 cm depth 

(Figure 2). Two TEGs were used to convert the thermal energy into electrical power. The hot side of TEGs were 

attached to the copper plate with thermal paste and the cold sides connected to the heat sink. An aluminum heat sink 

with size of 18 × 10 × 5 cm was implemented for cooling purposes. A latent heat storage system using phase change 

material was used to fill this coolant system to store the thermal energy. 

 

The Insulation Box was also designed as a thermal-barrier to prevent conducting heat to heat sink from ambient (Figure 

4). In this way, the heat sink can perform ideally to provide a cooling effect, consequently leads to higher temperature 

difference within TEG. The insulation box consisted of three layers; the first layer exposed to ambient, is made of 

Polyvinylchloride; expanded Styrofoam with 2 cm thickness and was used as second layer; the third layer, which is 

in contact with heat sink, is Aerogel cover with 1 cm thickness.  

 

 
Figure 1. The harvester prototype components 

 

 

The description and schematic of prototype is illustrated in Figure 2. The copper plate was embedded at 3 cm depth 

under pavement surface. 
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Figure 2. Schematic of the thermoelectric energy harvesting prototype in pavement 

 

 

FINITE ELEMENT MODEL 

 

Finite element (FE) simulations were performed to determine the temperature distribution within the prototype. 

Simulating the prototypes is a proper approach to determine the optimum material and design shape for effective 

energy harvesting prototypes. The temperature variation at depths of 3, 15, 20 and 25 cm were measured in the field 

over five sunny days in San Antonio, TX (Figure 3).  The measured temperatures were used for simulations.   

 

 
Figure 3. Temperature profile (four depths) for five days in San Antonio, TX 

 

In order to find the proper material for the heat collector and conductor plate, three materials were selected and 

analyzed to determine which material could perform effectively to transfer thermal energy. Figure 4 represents the 

analysis of the prototypes with different materials (i.e., copper, Aluminum, and Steel). Based on the FE results, the 

copper plate could yield the temperature of 41 ̊ C at bottom of vertical segment zone, which is the highest value among 

the models. Besides, the Aluminum and steel models revealed 37 and 24 ˚C, respectively.  Therefore, it can be inferred 

that the copper plate would be more proper material for the proposed prototype. 
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Figure 4. FE modeling; (a) copper plate, (b) aluminum plate, (c) steel plate. 
 

In addition, two designs, L-shape and Z-shape, were evaluated to determine which shape would have better potential 

for transferring heat from asphalt pavement (Figure 6). FE analysis suggested that the L-shape design could be the 

optimum design for the prototype due to greater capacity to transfer the heat. Because, the Z-shape design revealed 

the temperature of 30 ˚C which is much lower than L-shape design (i.e., 41 ˚C).  
 

 

Figure 5. FE modeling; (a) L-shape, (b) Z-shape. 

 

EXPERIMENTAL RESULTS 

 

A slab (Figure 6) was prepared with 60 mm thick HMA (dense graded hot mix asphalt typically used for surface) 

layer, with a copper plate embedded inside. 
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Figure 6. Data Collection setup 

 
Figure 7 represents the output power for 8 h testing. The energy harvester system produced an average output power 

of 29 mWatt. As it can be seen, the system could generate 34 mWatt as the maximum power the maximum power 

between 2:00 pm and 2:30 pm. Additionally, the output power varies over the time by variation of the thermal gradient. 

The results showed that by decrease of thermal gradient, the rate of electric power generation dropped 25 %. Hence, 

a direct correlation between thermal gradient and power output can be found imping that the higher the thermal 

gradient, the more the energy can be harvested.   

 

 

Figure 7. Output power over 8 hours 

 

CONCLUSION  

 

In this study a road thermoelectric generator system was developed for electricity generation. From FE simulations 

and field test, the optimum design and the effectiveness of the system were evaluated. Based on the results, the 

followings findings are presented. 

 Based on FE simulations, the L-shape plate showed the optimum design for heat transferring. In addition, the 

copper plate could have better performance for the prototype.   

 The use of cooling module containing insulation Box, PCM and heat sink could be effective in maintaining 

the temperature of TEG cold side down.  

 The results exhibited that there is direct relationship between thermal gradient and generated power, i.e. a 

higher temperature difference produced more electrical energy. 

 Based on power measurements, the energy harvester system generated continuously an average power output 

of 29 mWatt per day.  
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