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Abstract: The development of the thermoelectric (TE) power generation is rapid, and the applications
have extensively been studied. The principle is based on the Seebeck effect, in which the temperature
difference between hot and cold sides of the TE material converts to electrical energy. In this paper,
a design is proposed to convert the thermal energy between indoor and outdoor of a board to electrical
energy by the thermoelectric generator (TEG). Furthermore, the electrical energy generated is charged
to supercapacitors as a battery or a power supply to the loads (e.g., lights) of the house. Besides the
experimental work, a thermal model and an electrical model of the TEG have been proposed. To study
the power generation performance in terms of materials, the simulation of the conversion efficiency
of the TE board using materials with different thermal conductance have also been conducted. It was
found that, using graphene as the thermally conductive material, the conversion efficiency was
enhanced by 1.6% and 1.7%, when the temperature difference was 15 ◦C and 40 ◦C, respectively.
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1. Introduction

With the increasing prominence of environmental and energy issues, and the challenges of
fossil energy losses and environment pollution, renewable energy, such as solar, wind and wave [1],
has become more and more important to human. The thermoelectric generation (TEG) technology,
as one of the renewable generation methods, has widely been used in various industries and situations.
Especially, the waste heat flux has usually been ignored and abandoned. If waste heat flux could be
utilized effectively by the TEG technology as the thermal energy source, it would break the routine of
energy utilization, and create a new sight of energy storage.

In recently years, with improving the efficiency of TEG energy conversion, TEGs have attracted
attention for applications with solar energy, vehicles and human diagnosis devices. Firstly, solar energy
as a green and cost-effective renewable energy has been utilized in recent years. There is an energy
harvesting system that not only harvests both solar and thermal energies with a solar tracking system,
but also converts the thermal energy to electrical energy by the TEG, thus the proposed system has
increased the conversion efficiency to 38.65% [2–5]. Secondly, there is about 40–70% thermal energy
loss through the exhaust system in the vehicle with a gasoline engine. To reduce the fuel used and
increase the efficiency of the vehicle, the waste heat flux has been transmitted to the TEG’s hot side,
which is installed at the surface of the exhaust system [6–8]. Thirdly, the applications of the intelligent
wearable technology have been developed rapidly; it especially plays a significant role in the healthcare
field. A flexible supercapacitor is reported to store the electrical energy generated from the heat flux
energy of the human body through the TEG, which not only monitors human health, but also supplies
the power for other wearable devices. That is a breakthrough for combining wearable devices and
renewable energy to form a flexible power generation system [9].
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Unfortunately, compared to the thermal power generation, the efficiency of TEG is much lower.
Thus, it has been proposed to be used only in a few applications where the thermal energy is abandoned
or only low power is demanded [10,11]. Furthermore, since the temperature difference cannot be
controlled in the working environment, the output voltage also changes accordingly. Therefore,
a voltage regulator circuit must be designed in the TEG system. In addition, if the temperature
difference takes a long time to produce, then the power generation performance and efficiency will
also be affected greatly [12–15]. These studies mentioned above failed to give the exact mathematic
model for this type of power generation system and the efficiency of the TEG system has not been
investigated deeply. In this paper, these untapped works have been reported and discussed. It paves a
fundamental venue for the development of TEG systems.

It is known that the board is the core part of house. During summer and winter, there should be a
temperature difference between indoor and outdoor. That temperature difference should be larger in
relatively hot or cold areas. It should be beneficial if such temperature difference could be utilized for
electricity generation based on the TEG technology. Thus, the present purpose is to verify the idea of
TE board by doing experiments and simulations. In the prototype system, the electricity generated
from the TEGs charged supercapacitors or was used to supply lights of the building. Besides, as the
conversion efficiency of TE board should be related to the thermal conductance of the material, this has
also been studied using materials with different thermal conductance. Although the experimental
result shows that the conversion efficiency has only been slightly improved with using the graphene,
the thermal model has been verified for the application related to the concept of TE board power
generation system.

2. Theory Analysis of TEG

2.1. Thermal Model of TE Board

In a basic module of a TEG, there are many couples of n-type and p-type TE semiconductors
connected electrically in series and thermally in parallel. Figure 1 shows a schematic of the fundamental
unit of a TE module. In the module, the flow of heat flux drives the free electrons (e−) and holes (h+),
producing the electrical power from the temperature difference (Tin − Tout) of both ends. Th and Tc are
the hot and cold junction temperatures, respectively. Additionally, Kmh is the thermal conductance
of the thermally conductive material, and Kw is the thermal conductance of the board [16,17].
This coefficient can be up to 5300 W/m·K for suspended grapheme [18,19]. The ordinary grapheme, in
this paper, is 1200 W/m·K.
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In steady state, with constant material parameters, the equation can be written as:

dQp,n = Qp,n(x + dx)− Qp,n(x) = I2 ρp.n

Sp.n
dx (1)

where Qp.n is the heat flux flow between n-type and p-type legs, Sp,n represents the cross-sectional area
of the n-type and p-type legs, and dx is a length. Therefore, the sum of Qp and Qn has been established
for the heat flux flow Q of a TE module.

Analyzing the relationship between the temperature difference and the heat flux flow, Fourier’s
heat flux conduction law is considered.

Qp,n(x) = −kp.nSp,n
dTp.n(x)

dx
(2)

In the temperature boundary conditions,

Tp,n(0) = Th (3)

Tp,n(L) = Tc (4)

Then, the heat flux conduction rates are:

Qp,n(0) = Kp.n(Th − Tc)−
I2Rp,n

2
(5)

Qp,n(L) = Kp.n(Th − Tc) +
I2Rp,n

2
(6)

where

Rp,n =
ρp,n·L
Sp,n

(7)

Kp,n =
ρp,n·Sp,n

L
(8)

According to the Peltier theorem, αITh and αITc are two boundary points of the rate of heat flux
transfer as:

Qh = Qp(0) + Qn(0) + αITh = αITh + K (Th − Tc)−
I2R

2
(9)

Qc = Qp(L) + Qn(L) + αITc = αITc + K (Th − Tc)−
I2R

2
(10)

and

R =
ρp·L
Sp

+
ρn·L
Sn

(11)

K =
kp·Sp

L
+

kn·Sn

L
(12)

where R is the complete internal electrical resistance, and K is the thermal conductance of TE module.
The Seebeck coefficient can be obtained as:

α = αp − αn (13)

Similar equations for the TE module have been calculated with different methods in [20], which
are all focused on irreversible thermodynamics, but with different conditions. However, the property
of TE board has not been explored and discussed. The improvements of output power and conversion
efficiency of TE board have been proven [21].
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In the TE board, the heat flux transfer approaches between indoor and outdoor are irreversible
situation, and the equations can be obtained as:

Qh = (K1 + Kw + Kmh)·(Tin − Th) (14)

Qc = (K2 + Kw)·(Tc − Tout) (15)

As shown in Figure 1, K1 and K2 are the thermal conductance between the hot board source and
the hot TEG surface and cold board source and cold TEG surface, respectively. Kw is the thermal
conductance of the board, and Kmh is the thermal conductance of the thermally conductive material
between the board and the hot TEG surface. Additionally, in the proposed system, the ceramic plates
were used as an outer layer in TE module, so K1 is considered as a constant that is equal to K2.

According to the current TE module, the thermal conversion efficiency can be shown as:

ηTE =

[
(Th − Tc)

Th

]
·
[
(M − 1)
(M + Tc

Th
)

]
(16)

M is represented by:

M =

[
1 + Z· (Th + Tc)

2

]1/2

(17)

Z is the value of merit of the Bi2Te3 TE module [16]. Based on Equations (14)–(16), the conversion
efficiency of the TE board can be obtained as:

ηwall =
Tin − Tout

Tin
·N (18)

where N is defined as a constant, (M − 1)
(M + Tc

Th
)
:

ηwall =

1 −
Qc

(K2 + Kw)
− Tout

Tin − Qh
(K1 + Kw + Kmh)

·N (19)

The maximum output power of the TE board can be obtained as:

Pwall = ηwall ·Qin (20)

Consequently, with the conventional material of TE module and temperature difference, the
output power P board and conversion efficiency η board could be enhanced by the increased Kmh.

2.2. Control and Electrical Model of TE Board

Figure 2 shows the control diagram of TE board power generation system. To stabilize the output
voltage under different ambient temperatures, a voltage regulator circuit is required to connect in
parallel with the TEG in the output port. On the other hand, the system should provide various output
voltages for different loadings. Practically, a buck converter is used for the system necessarily.

The buck converter was designed to control the terminal voltage for maximizing the power
output. Other power electronic topology such as switched-capacitor based converter [22,23] is also
useful for TE applications because of high power density and simple control. As shown in Figure 3, the
electrical characteristics depend on whether the switch is turned on or off. VB is the terminal voltage
from the TE Board system, and Vo is the voltage of different loads, such as battery, supercapacitor and
other equipment.
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When the switch T is closed, the current of diode iD2 flows to T and then the diode D2 will be off.
The inductor voltage vL is:

vL = L
diL
dt

(21)

With the constant Vo,

VB − Vo = L
diL
dt

= vL (22)

Obviously, dt = ton,
VB − Vo

L
dt = diL (23)

∆iL =
VB − Vo

L
ton (24)

The current change of inductor can be written as:

(∆iL)closed =
VB − Vo

L
ton (25)

When the switch is off, the self-induced electromotive force has been attracted between the two
junctions of inductor, which could conduct the diode [13,24–26]. Thus, the inductor supplies the energy
to the load through the diode. The voltage of inductor is:

vL = Vo = −L
diL
dt

(26)

When dt = toff,
diL
dt

= −Vo

L
(27)

∆iL = −Vo

L
to f f (28)
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The current change during the off-state of the switch is:

(∆iL)open =
Vo

L
(29)

Obviously, based on the flux linkage balance of the inductor:

VB − Vo

L
ton =

Vo

L
to f f (30)

Considering ton = δT and to f f = (1 − δ)T,

Vo = δVB (31)

From Equation (30), with the duty ratio δ of buck circuit from 0 to 1, the output voltage is from 0
to VB, and the maxima would not exceed VB.

The current will not flow through the diode, when the switch is closed. However, the same
current will flow across the diode, when the switch is opened. Thus, the relationship of diode current,
output current io and inductor current can be expressed as follows:

iD2 =
1
T

∫ T

δT
iLdt (32)

io =
1

(1 − δ)T

∫ T

δT
iLdt (33)

According to Equations (30) and (31),

iD2 = (1 − δ)io (34)

Through the above derivations, the buck converter control system for TE Board could be
represented mathematically by Equations (30) and (32). If the load voltage is equal to half of the
open circuit voltage, while the internal resistance of TE module is equal to load resistance, then the
output power will approach to the maximum.

3. Analysis and Comparison of Thermally Conductive Materials with TEGs

3.1. Analysis of the Characteristics of TEG

Figures 4 and 5 show the measured results of the output voltage and current versus different
loads of TEG module (model name: SP 1848-27145, size: 40 mm (L) × 40 mm (W) × 3.6 mm (H)) in
five temperature difference situations. The current sensor and voltage sensor are selected as LEM AKR
5B420L (2A) and LEM LV25-P. Their accuracies can achieve 1%. It was found that, with increasing the
loads, the output current decreased while the voltage increased. The relationships between the output
power and loads with different temperature difference are shown in Figure 6. The output power firstly
increased to the maximum with the load resistance of 3 Ω and then decreased.

Various combinations of output voltage and current of TE modules have been adopted for
achieving the uniform output power: either the higher output voltage with lower current or lower
output voltage with higher current. For the case of “higher output voltage and lower current”,
semiconductor pellets inside the TEG could be connected in series. However, both the internal
impedance and the difficulty of manufacture of TEG would increase, and the reliability of the system
will also reduce. Therefore, to obtain high conversion efficiency and reliability of the TE board power
generation system, the relatively small number of large semiconductor pellets connected in series
should be used.
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3.2. Analysis of the Characteristics of TEG with Different Thermally Conductive Materials

To improve the thermal conduction for TE board power generation system, two different
thermally conductive materials (aluminum (K = 230 W/(m·K), thickness = 0.3 mm) and graphene
(K = 1200 W/(m·K), thickness = 3.35 × 10−7 mm)) have been attached to the surface of TE modules.
The prototype without any thermally conductive material was also tested for the control study.
Figure 7a–c shows photographs of the TE modules attached with aluminum, grapheme and
air, respectively.
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After 20 ◦C, it is obvious that the conversion efficiency of TE board with the graphene is higher
than that with the aluminum. The conversion efficiency of TE board without any conductive material is
maintained at 2.0–2.5% from 30 ◦C to 100 ◦C. The simulation results show that the conversion efficiency
could be improved by using the material with higher thermal conductance. With the attachment of
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graphene, the efficiency is enhanced to 1.75%, 2.0% and 2.3% when the temperature difference was
20 ◦C, 50 ◦C and 100 ◦C, respectively.

This simulation on the materials with different conductance is carried out based on the software
package MATLAB/Simulink (Mathworks, Natick, MA, USA), according to the mathematic model
given before. The conversion efficiencies for the materials are calculated via Equation (19). The relevant
parameters of conductance for Aluminum and Graphene that are substituted into the equation are
155 W/(m·K) and 1200 W/(m·K).

4. Experimental Results and Discussion

Figure 9 shows the experimental setup of a power generation system based on TEGs, which was
implemented on the mimicked board made of a cooling fin with the size of 180 mm (L) × 125 mm (W)
× 135 mm (H), as shown in Figure 10. A high-performance TE module was adopted as the core energy
harvesting part in the system.

Energies 2017, 10, 1781 9 of 14 

 

 

Figure 8. Simulation results of conversion efficiency of TE board with using different thermally 
conductive materials.  

4. Experimental Results and Discussion 

Figure 9 shows the experimental setup of a power generation system based on TEGs, which was 
implemented on the mimicked board made of a cooling fin with the size of 180 mm (L) × 125 mm (W) 
× 135 mm (H), as shown in Figure 10. A high-performance TE module was adopted as the core 
energy harvesting part in the system.  

To evaluate the performance, 4 pieces of TE modules were connected electrically in series, 
which were attached on the cooling fin using the thermal conductive silicone as the cold side 
(outdoor). The cold side temperature was maintained at 0 °C by the freezer with the ice water. 
Therefore, the temperature difference is equal to the ambient temperature. The other surface of the 
TEGs was the hot side (indoor) attached with different thermally conductive materials. The energy 
of temperature difference between indoor and outdoor can be transmitted to TEGs, and the terminal 
voltage was controlled by a buck converter for charging a 32 V/6 F supercapacitor. The thermally 
conductive materials would help to enhance the conversion efficiency, resulting in the improvement 
of the overall efficiency.  

As we know, there are little differences between the mimicked board and real board, especially 
in the material. However, this paper was focused on the relationships of the surface of board, 
different thermally conductive materials and temperature difference, to verify the mathematic 
model proposed above could be used for any different kinds of materials of board. 

 
Figure 9. Photograph of the experimental setup of the TE board power generation system. 

To analyze the output characteristic of the TE board power generation system with using 
different thermally conductive materials, the output voltage of TE board against time was measured 
without connecting the circuit and load. The experiments using different thermally conductive 

Figure 9. Photograph of the experimental setup of the TE board power generation system.

Energies 2017, 10, 1781 10 of 14 

 

materials were carried out under the same situation in which the temperature was increased from  
0 °C to 40 °C in 2 s. Figure 11 shows the measured waveform of the output voltage of the TE board 
without attached with the thermally conductive material. It took 0.82 s for the output voltage to 
increase from 0 V to 2 V.  

 

Figure 10. Photograph of the mimicked board. 

 
Figure 11. Measured waveform of the output voltage (Channel 1) of the TE board without attaching 
the thermally conductive material. 

Figures 12 and 13 show the measured waveforms of the output voltage of the TE board with 
aluminum and graphene attached as the thermally conductive materials, respectively. The output 
voltage with the aluminum increased from 0 V to 2 V within 0.63 s. On the other hand, with using 
the graphene, the time was further reduced to 0.395 s. As the thermal conductance of aluminum is 
lower than that of graphene, the speed of TE board output voltage increment is proportional to the 
thermal conductance of conductive material. 

 
Figure 12. Measured waveform of the output voltage (Channel 1) of the TE board with aluminum 
attached as the thermally conductive material. 

Figure 10. Photograph of the mimicked board.

To evaluate the performance, 4 pieces of TE modules were connected electrically in series, which
were attached on the cooling fin using the thermal conductive silicone as the cold side (outdoor).
The cold side temperature was maintained at 0 ◦C by the freezer with the ice water. Therefore, the
temperature difference is equal to the ambient temperature. The other surface of the TEGs was the
hot side (indoor) attached with different thermally conductive materials. The energy of temperature
difference between indoor and outdoor can be transmitted to TEGs, and the terminal voltage was
controlled by a buck converter for charging a 32 V/6 F supercapacitor. The thermally conductive
materials would help to enhance the conversion efficiency, resulting in the improvement of the
overall efficiency.
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As we know, there are little differences between the mimicked board and real board, especially in
the material. However, this paper was focused on the relationships of the surface of board, different
thermally conductive materials and temperature difference, to verify the mathematic model proposed
above could be used for any different kinds of materials of board.

To analyze the output characteristic of the TE board power generation system with using different
thermally conductive materials, the output voltage of TE board against time was measured without
connecting the circuit and load. The experiments using different thermally conductive materials were
carried out under the same situation in which the temperature was increased from 0 ◦C to 40 ◦C in 2 s.
Figure 11 shows the measured waveform of the output voltage of the TE board without attached with
the thermally conductive material. It took 0.82 s for the output voltage to increase from 0 V to 2 V.
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Figures 12 and 13 show the measured waveforms of the output voltage of the TE board with
aluminum and graphene attached as the thermally conductive materials, respectively. The output
voltage with the aluminum increased from 0 V to 2 V within 0.63 s. On the other hand, with using the
graphene, the time was further reduced to 0.395 s. As the thermal conductance of aluminum is lower
than that of graphene, the speed of TE board output voltage increment is proportional to the thermal
conductance of conductive material.
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Figure 14 shows the measured output voltage and current of the TE board (with graphene
attached) power generation system in which a control circuit, including a voltage regulator circuit
and a buck converter, was connected and a supercapacitor was the load. It can be seen that the buck
converter started to work after the output voltage of the TE board achieved 3.9 V. After 0.5 s, the output
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voltage of buck converter became constant at 5 V for charging the supercapacitor. The output current
of TE board increased to 2.6 mA slowly, particularly when compared to the speed of voltage increment.Energies 2017, 10, 1781 11 of 14 
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Figure 15 shows the measured output voltage and current of the TE board (attached with the
graphene) power generation system against different loads. The temperature difference was regulated
from 0 ◦C to 40 ◦C. It was found that, with increasing load, the output voltage increased while the
current decreased. The experimental result was similar to the previous results measured with the TEG
module only.
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Figure 16 shows the output power of TE board attached with different thermally conductive
materials under the same experimental condition as above. Among the three systems, the one with
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graphene attached show the highest output in different loads, approaching 1 W when the load was
3 Ω. Meanwhile, the maximum power point has been achieved. When the loads decreased from 3 Ω to
5 Ω, the output power declined rapidly, but the declining tendency became steadier beyond 5 Ω.
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different loads.

Figure 17 shows that the experimental conversion efficiency of the TE board power generation
system attached with different thermally conductive materials against the temperature difference.
The trends agree well with the simulated results (Figure 8). The conversion efficiency was improved
by using the conductive material with high thermal conductance. The efficiency was enhanced by
1.6%, 1.6% and 1.7% with graphene attached when the temperature difference was 15 ◦C, 30 ◦C and
40 ◦C, respectively. In this study, the supercapacitor was used for energy storage from the TE board
power generation system because of the low output voltage from the small TE module. However, in
the practical application, the TE board should be much bigger to produce much higher voltage so that
the battery could be adopted for the system as the storage element.
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5. Conclusions

TEGs have been studied with the board configuration and supercapacitor as the energy storage.
Two different thermally conductive materials have been adopted for the improvement of the TE
board system. Firstly, the thermal model of TE board has been built for analyzing the thermal
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characteristics. Moreover, a buck converter has been designed as the control model of the proposed
system. The function of the buck converter was to maintain the output voltage generated from the
TE board for the supercapacitor. Secondly, the thermal model proved that the conversion efficiency
could be enhanced by increasing thermal conductance K. Therefore, aluminum and graphene were
employed in the system as thermally conductive materials, and the corresponding simulation results
have verified the derivation. Thirdly, the experiments show that the TE board power generation system
can provide a stable power output, and the conversion efficiency could be improved by a material
with high thermal conductance. The proposed TE system works well with floating solar power station
and electric vehicle (EV), which has hot and cool surfaces. The enhanced efficiency of 1.6% is then
significant for large scale TEG power generation system when working with the solar and EV, as
their total power generation volumes are rather large. The entire power generation would be greatly
improved, ultimately economically, and produce a valuable renewable energy.
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