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Feasibility study of a new
thermoelectric conversion device

utilizing the temperature differences in
forest soil1
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Abstract. The new thermoelectric device can be powered for forest wireless sensors stably.
There is a temperature difference between the forest’s various soil layers—it is be possible to make
use of this temperature difference to generate electricity. This device is mainly composed of heat
pipes and thermoelectric power generators (TEGs), which can transfer soil heat to electricity.
By simulating the forest soil environment, the experimental results show that for a stable soil
temperature, the device can generate approximately 298.5mV, which is superior to other existing
device. The device provided a new type of power supply for wireless sensors. The results provide the
theoretical and technical basis for a form of power generation that utilizes a forest’s soil temperature.
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1. Introduction

Because of geological movement, climate drought, man-made reasons, forest fires
and mudflows occur frequently. Early and timely prevention and monitoring of forest
fires [1] is essential for reducing the loss of natural resources and mitigating economic
losses [2, 3]. It is also important to monitor the forest structure and the mortality of
tree populations [4]. Forest wireless sensors utilize meteorological and remote sensing
methods (integrated with data mining methods) to monitor the impact of drought on
forests [5]. Wireless sensors can be used to uncover a forest’s structure and explore
the risk of the forest changing and evolving ecologically, monitoring wildlife in its
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forest habitat [6], forest residue burning [3], vegetation changes, and precipitation
of forest biota [7]. This requires the support of real-time systems related to forest
monitoring. Having forest fire detection systems with real-time processing can lead
to excessive energy consumption though. The application of wireless sensor network
monitoring technology is an aspect of precision monitoring technology [8]. It is
integral to the entire forest monitoring system, which has become a key concern in
many countries in recent years [9, 10]. Nowadays sustainable natural energy can
take the form of solar energy, wind energy, hydro energy, vibrational energy, and
geothermal energy; these are examples of sustainable acquisition and conversion of
natural pollution-free energy. In forest environment there is little advantage to using
solar energy because electricity cannot be generated at night. When it is rainy, while
the wind in the forest is unreliable, too. Therefore, relying on solar or wind energy
in forest is not feasible. To understand how we might be able to generate power in
forests, it should be noted that in general many countries have decided to utilize
generators that generate electric power from waste heat via industrial waste heat,
garbage incinerators, or waste heat from automobiles.

In recent years, a variety of devices have been developed to recover waste heat:
for example, an apparatus was developed to recover thermal waste [11]. Vehicle
exhaust can be recovered by heat pipes and thermal batteries [12]. Meanwhile,
Andre Moser developed a thermoelectric collector to utilize the natural temperature
difference between a building’s walls and the surrounding air to essentially turn
this energy into electrical energy that is stored in a capacitor. However, no device
has been developed to collect energy from the temperature differences in the soil
[13]. Additionally, Meydbray built a harvester that could utilize the temperature
differences through different degrees of sun irradiation in forests; however, the system
did not function very efficiently. In China, most research into thermoelectric power
generation aims to produce either power generators or materials that can be used
for thermoelectric power generation. Additionally, a thermoelectric generator device
has been proposed for automotive exhaust gas conversion [14] and industrial waste
heat conversion [15]. At present, solar energy and waste heat generators are used to
study the heat transfer efficiency of such system [16]. Deng built a thermoelectric
conversion system model and applied it to cars, which verified the energy-saving
effects of using thermoelectric collectors in cars [17]. Meanwhile, Zhe invented a
thermoelectric conversion device that utilizes solar energy as the main energy source;
however, those devices cannot be applied in forest environments [18]. The leaves of
trees in the forest are thick so that it is difficult to utilize the solar energy.

Because of the low thermal conductivity of soil and atmospheric effects, there
is a temperature difference among forest’s soil depth, i.e., there is a temperature
difference between the upper and lower layers of soil. Based on the Seebeck effect, any
temperature difference can be used to generate electricity [15, 19]. If the temperature
difference between the forest and the soil surface were utilized for power generation,
it could provide a stable and reliable micro power source for wireless sensors in a
forest. The key technical issue is how to transmit the energy generated from the
soil’s heat to the TEG. Having been invented only in recent years, heat pipes are
a new technology that has a superior metallic heat transfer performance compared
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with traditional systems; it also provides a way to efficiently transfer heat energy.
One successful study has demonstrated the transfer of heat from lower layer of soil
to upper layer of soil through heat pipe. The main feature of heat pipe is its small
thermal resistance, fast heat transfer characteristics, high efficiency, lightweight,
small in size, and reliable. For general applications of heat pipe technology, however,
its thermoelectric conversion efficiency needs to be improved.

Studies have shown that heat pipes can be buried in the ground to facilitate
heat exchange with the ground. A large number of studies have focused on the
use of heat pipes that transfer heat from underground to the surface. A snowmelt
system for roads was designed to melt snow and ice using geothermal energy. Thus,
previous research can lay the theoretical and technical foundation for a forest soil
thermoelectric power generation system as well as laying the foundation for exploring
a heat transfer mechanism from the ground to a thermoelectric generator through
the heat pipe. Thermoelectric generator connected to a heat pipe can be applied in
the forest environment to solve the issue of power supply problem for forest wireless
sensor network.

Thermoelectric conversion technology is applied in many areas; however, ther-
moelectric power supplies for forest wireless sensor applications are still lacking.
The thermoelectric conversion device presented here has an increased heat transfer
efficiency compared with that demonstrated in the original study. The design of
our thermoelectric conversion device depends entirely on heat at the soil’s surface,
which is more suitable for a forest environment. The particular structure of the
device is superior to that of others, which were not specifically designed for forestry
applications. The main purpose of our study was: a) the design and fabrication of a
thermoelectric conversion system and the improvement of the model for simulating
the soil environment and b) to test the performance of the thermoelectric conversion
system. We aimed to verifying the feasibility of thermoelectric power generation
from soil, to improve the thermoelectric conversion efficiency, and to conduct the
research in forest-like conditions.

2. Materials and methods

Thermoelectric generators are able to directly convert thermal heat differences
into electricity when there is a temperature difference between the two ends of a
thermoelectric material. The thermoelectric effect is actually based on either the
Seebeck effect, the Peltier effect, the Thomson effect, the Joule effect, or the Fourier
effect. Modern thermoelectric power generation devices are based on both the See-
beck effect and the Peltier effect. Thermoelectric power generation has the advantage
of being environmentally safe, with neither noise nor pollution generated. To gener-
ate electricity, many p-type and p-type semiconductor legs are sandwiched between
two electrically insulating materials that have thermoelectric properties. There is
a linear relationship between the thermal electromotive force and the temperature
difference between the hot and cold faces. The thermoelectric conversion figure of
merit Z is related to the properties of the semiconductor material. The figure of
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merit is based on the material’s thermoelectric transfer properties:

Z =
(Nα)2

KR
, (1)

where R is the internal electric resistance, K is thermal conductivity and N is the
number of thermoelectric couples incorporating p-type and n-type semiconductor
elements. According to the above definition, the figure of merit Z is related to the
Seebeck coefficient α, the geometric dimension of the semiconductor galvanic couple,
the total resistance of the thermocouple arm, and the thermal conductivity.

The proposed thermoelectric conversion device includes a heat pipe, eight TEGs,
two copper sleeves, and copper fins; its structure is depicted in detail in Fig. 1.

Fig. 1. Thermoelectric conversion device

Three types of heat are relevant to thermoelectric conversion devices: the heat
generated by the heat conduction between the soil and the heat pipe, Wsh; the heat
generated by the heat conduction between the soil and the copper sleeves, Whc; and
the heat generated by the heat conduction between the thermoelectric generator and
the copper sleeves, Wct. The expression for Wsh is as follows:

Wsh = −hA∂T
∂n

, (2)

where h, n are the thermal conductivity coefficient and the unit outward normal,
respectively. Symbol A is the contact area between the heat pipe and soil and T is
the temperature of heat pipe in the soil.

Thermal energy absorbed by the heat pipe through the soil is transported from
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an evaporator to a condensation section. Then, the heat energy is transmitted to
the copper sleeves by heat conduction:

Whc = Wsh − Φb − qC − ql . (3)

Here, Φb is the loss heat of the heat pipe, qC is the loss heat of the copper bush
and ql is the loss heat of other parts.

Soil thermal energy absorbed by the heat pipe is scattered in five directions.
Eventually, the energy absorbed by the thermoelectric energy collection module is
calculated according to formulae

Wct = Whc − ΦCu − qCua − ql , (4)

where
ΦCu = εcAeσb

(
T 4
c − T 4

c

)
, qCua = λcAc∆T2 , (5)

where εc, σb, Ae, Ac, Tc, Ta are the emissivity of thermoelectric energy collection
module average surface of energy conversion system, Stefan Boltzmann constant,
thermoelectric energy conversion coefficient of the surface area of radiation, convec-
tion area between the system surface layer and air in the process of energy collection,
the copper bush average surface temperature and average temperature of the envi-
ronment of thermoelectric energy conversion system, respectively.

The power obtained from the thermoelectric electric generator is given by:

qTEG = Qh −Ql , (6)

where qTEG, Qh, Ql are power emitted from thermoelectric power generation cell
current, heat flows of the hot side, the heat flows of the cold side, the heat gener-
ated by the Peltier effect, the heat passing through the semiconductor compose Qh

and Ql together. The heat generated by the Peltier effect, the Joule heat in the
semiconductor, and the temperature difference based on the above analysis may be
given as

Qh = αabITh + λ(Th + Tl) −
1

2
RI2 ,

Ql = αabITl + λ(Th − Tl) +
1

2
RI2 , (7)

where αab, Th, Tl, λ, I, R are the total Seebeck coefficient of thermoelectric power
generation sheet, temperature of the cold side of the thermoelectric generator, tem-
perature of the hot side of the thermoelectric generator, total semiconductor chip
thermal conductivity of the thermoelectric power generation, current in the closed
circuit and sheet resistance of the thermoelectric power generation, respectively.

The heat flow through the TEG is a function of the performance of the thermo-
electric materials and thermoelectric component geometries. It can also be described
as follows:

qTEG = N(αp − αn)ITu +K(Tu − Td) − 1

2
RI2 . (8)
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In (8), αp is the P-thermoelectric power generation of TEG, αn is the N-thermoelectric
power generation of TEG, Tu is the high temperature of TEG, Td is the low temper-
ature of TEG, and K is the total thermal conductivity of TEG. Finally, N denotes
the number of P-N pairs in TEG.

From the above relationship, we can find that

Wct = qTEG . (9)

Therefore, the proposed thermoelectric conversion device is theoretically feasible.
The proposed thermoelectric conversion device includes a heat pipe, eight TEGs, two
copper sleeves, and copper fins. As shown in Fig. 1, the heat pipe’s evaporator is
located in a steady external soil heat source (simulating a forest’s soil environment)
in which the temperature is higher than the air temperature, which was controlled
by air conditioning. The principle of how a heat pipe works is also shown; the
heat pipe’s working fluid evaporates and becomes a gas as the soil heat is absorbed
at the evaporator side. Under atmospheric pressure the working gas condenses into
droplets when it arrives at the condenser and transfers the heat to the copper sleeves.
Then, the working liquid travels back to the evaporator end, achieving an energy
self-transfer after repeated cycles. A heat pipe’s internal processes include two-phase
flow and phase change heat, and so the inner heat transfer principle is very complex.
The simplified model of heat pipes divides the heat transfer process into three parts:
the heat exchange in the condensation section, the heat exchange at the evaporator,
and the heat exchange with the insulation of the heat pipe. The adiabatic section of
the heat pipe was covered with asbestos to reduce the loss of heat. There were also
two copper sleeves set into the condensation section of the heat pipe. On each surface
of the copper sleeves four TEGs were inlaid. These kind of heat pipes do not have
wicks and they depend on the gravity principle. Therefore, the inner pressure of the
heat pipes is determined by the vapor pressure of the evaporating working liquid.
The working liquid will evaporate when the surface of the heat pipe is warm. The
heat pipe produces a pressure difference because the vapor temperature and pressure
of the heat pipe’s evaporator is slightly higher than its other parts, which promotes
steam flow to the condensation section of the heat pipe. When the steam condenses
on the heat pipe’s wall, it releases heat, which is transferred to the condensation
section. Then, the condensed liquid returns to the evaporator under gravity. This
process will loop as long as the heat source continues to exist.

To build an experimental power system platform with a steady external heat
source (simulation of the soil environment) we used a heat pipe, eight TEGs, two
copper sleeves, and copper fins. There were four temperature sensors on the heat
pipe. The first temperature sensor was placed on the evaporation section. The
second was placed on the adiabatic section, while the third was placed on the evap-
oration section. The last one was used to record the surrounding air temperature.
The temperature sensors were used to monitor and record the temperature of the
various parts of the heat pipe. There were two parallel copper sleeves mounted on
the evaporator section of the heat pipe; one TEG was placed on each side of it.
Therefore, there were eight TEGs on the copper sleeves in total, which were used to
connect the TEGs and the heat pipe. The soil’s heat can be transferred through the
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heat pipe and the copper sleeves to the TEGs. Then, the heat can be converted to
electricity through the TEGs based on the Seebeck effect. Our measurement results
verify the mathematical model. We proposed an optimum design for the thermo-
electric conversion device, which provides the technical basis for improvements to
electricity generation systems.

3. Results

As shown in Fig. 1, there are three temperature measurement points distributed
on the heat pipe that gauge the evaporator temperature B, the section temperature
C, and the adiabatic section temperature D. The air temperature has the label A.
The length of the heat pipe is 2m, its diameter is 38mm, and its wall thickness
is 3mm. The working liquid volume takes up 1/40th of its entire volume. The
condensation section of the heat pipe in this experiment was covered with asbestos.
There were two sets of control experiments. The thermoelectric conversion device
was placed in both soil and water. The air temperature was 14 ◦C, which was
controlled by air conditioning. The temperature of the soil was changed by heating
cables buried in the soil. The temperature difference between the soil and the air
ranged from 5 to 20 ◦C. The temperature change of each of the three parts of the heat
pipe was recorded for every 1 ◦C of change. Although the heat transfer coefficient of
the heat pipe is high, the customized heat pipe in this device is larger in diameter
than that of a conventional heat pipe and is also longer. In addition, the heat transfer
coefficient of water is much higher than that of soil. The results of the measurement
are illustrated in Fig. 2. First, the heat transfer occurs much faster for a heat pipe
with asbestos than for one without it. The maximum temperature of the evaporation
section of the heat pipe without asbestos remains constant, which takes almost
30min. According to Fig. 2, it takes only 15min for the pipe to reach its maximum
temperature after which its temperature remains constant. Simultaneously, using
asbestos significantly reduces heat loss to the surroundings; the temperature of the
evaporator is also higher than before. The temperature of the evaporation section of
the heat pipe with asbestos was by 2 ◦C higher than that without asbestos. Second,
compared with water, the heat transfer coefficient of soil is much lower. In Fig. 2,
it can be seen that it took nearly 70min for the heat pipe to reach a constant
temperature. Based on the data in Fig. 2, we exploited the temperature difference,
which was less than 2 ◦C, between the three parts of the pipe. In particular, the
temperature difference between the evaporator and the adiabatic section was only
1 ◦C. The temperature of the heat pipe was constant after being in the soil for about
70min. This shows that the heat pipe has good isothermal properties and a low
thermal resistance. Nevertheless, the temperature of the top of the heat pipe was a
bit lower, because there is a cap on the inner heat pipe to seal the working liquid.
Hence, there is only a 1 ◦C difference between the end of the heat pipe and 1.5m
up the heat pipe. When the heat pipe works stably, the temperature difference
between the heat pipe and the heat resource is 6 ◦C. According to the definition
of the Carnot efficiency, the heat transfer efficiency cannot be one hundred percent.
Therefore, there is a heat loss of 6 ◦. After a series of experiments this value remained
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constant. The physical parameters of TEGs are given in Table 1.
As can be seen in Figs. 3 and 4, there were some irregular data. First, for a low

temperature difference of 5—9 ◦C, the amount of electricity generated by the device
was very small. As the temperature difference increased, the voltage and current
noticeably increased. When the resistance in the parallel circuit was as large as the
TEG’s inner resistance, the voltage was larger than for other resistance values for
the same temperature difference.

Table 1. Physical characteristics of TEG

MPN Couple VDC (V) RTE (Ω) IMAX (A) PMAX (W) TMAX (◦C)

TEG-12708T237 127 3.4 5 1.81 6.2 250

Second, there are further abnormal data in the chart for temperature differences
between 18 and 20 ◦C. Through repeated measurements and analyses the reason
behind the abnormal data was found. One side of the TEG was adhered to the
hot section, while the other part was exposed to the relatively cold air. According
to the first law of thermodynamics, heat always spontaneous transfers from high
to low temperature objects without external force being necessary. Hence, both
sides of the TEG are dynamically consistent. We conducted another experiment to
compare the difference in electricity that is generated when the temperature rises
and falls by 1 ◦C for each temperature up to 20 ◦C (with 1 ◦C intervals). When the
air temperature was 14 ◦C, the temperature difference between the air and the soil
was adjusted from 5 ◦C all the way to 20 ◦C; the recorded data is presented in Fig. 3.
This verifies that no matter what the temperature of the cold side of the TEG is to
begin with, once the temperature difference between the cold side and hot side (air
and soil temperature difference) reaches a constant value, the value of the generated
electricity will also be stable.

As shown in Fig. 5, we varied the number of thermoelectric generators in the
device while keeping the other conditions constant. As the temperature difference
increased, the voltage in the three different circuits increased correspondingly. There
was an approximately linear relationship between the behaviors of the three circuits.
The voltage in the circuit with eight TEGs was nearly four times that of the voltage in
the circuit with four TEGs and eight times that of the voltage in the circuit with one
TEG. The voltage initially increased very slowly for low temperature differences. As
the temperature difference increased, the voltage increased more. The tests showed
that the more TEGs there are, the greater the voltage is that is generated for the
same temperature difference. The voltage was largest for the largest temperature
difference.

4. Conclusion

This paper investigated a thermoelectric conversion device that can be used as
a power supply for forest wireless sensors. The thermoelectric conversion device is
based on the Seebeck effect and heat pipe working principle. The main conclusions
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Fig. 2. Startup characteristics of the heat pipe after 110 h and 120min

of the study are as follows:
The paper theoretically verified the feasibility of the thermoelectric conversion

device to power low power wireless sensors.
A thermoelectric conversion device was designed that could be applied in a forest

in future.
The thermoelectric conversion device was then manufactured. The device consists

of a heat pipe, thermoelectric electronic generator, copper sleeves, and endothermic
fins. The components of the device were designed to take on special shape to optimize
the functioning of the device.

The thermoelectric conversion device produces 298.5mV for the temperature dif-
ference of 20 ◦C. This is sufficient meet the demands of a forest wireless sensor. The
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Fig. 3. Voltage as a function of the temperature difference (∆T ↑)

Fig. 4. Current as a function of the temperature difference (∆T ↑

results of this study will thus contribute towards future application of thermoelectric
generators in forests.

References

[1] N.E.Rikli, A.Alnasser: Lightweight trust model for the detection of concealed ma-
licious nodes in sparse wireless ad hoc networks. International Journal of Distributed
Sensor Networks 12 (2016), No. 7, 1–16.



FEASIBILITY STUDY OF A CONVERSION 11

Fig. 5. Voltage changes with different TEGs

[2] W.C.Wu, Z. L.Du, J. L. Cui, Z. Shi, Y.Deng: Thermoelectric generator used in
fire-alarm temperature sensing. Journal of Electronic Materials 44 (2015), No. 6, 1851–
1857.

[3] X.F.Yan, H.Cheng, Y.D. Zhao, W.Yu, H.Huang, X. Zheng: Real-time identi-
fication of smoldering and flaming combustion phases in forest using a wireless sensor
network-based multi-sensor system and artificial neural network. Sensors (Basel) 16
(2016), No. 8, 1228.

[4] J.A.Cale, J.G. Klutsch, N. Erbilgin, J. F.Negrón, J.D.Castello: Us-
ing structural sustainability for forest health monitoring and triage: Case study of a
mountain pine beetle (Dendroctonusponderosae)-impacted landscape. Ecological Indi-
cators 70 (2016), 451–459.

[5] S. P.Norman, F.H.Koch, W.W.Hargrove: Review of broad-scale drought mon-
itoring of forests: Toward an integrated data mining approach. Forest Ecology and
Management 380 (2016), 346–358.

[6] X. J.Ding, G.D. Sun, G.X.Yang, X. Shang: Link investigation of IEEE 802.15.4
wireless sensor networks in forests. Sensors (Basel) 16 (2016), No. 7, 987.

[7] P. J.Hanson, J. F.Weltzin: Drought disturbance from climate change: response of
United States forests. Science of the Total Environment 262 (2000), No. 3, 205–220.

[8] X.Xu, W.F. Liang, X.H. Jia, W.Xu: Network throughput maximization in unre-
liable wireless sensor networks with minimal remote data transfer cost. Wireless Com-
munications and Mobile Computing 16 (2016), TOC No. 10, 1176–1191.

[9] S.Chamanian, S. Baghaee, H.Ulusan, Ö. Zorlu, H.Külah, E.Uysal-
Biyikoglu: Powering-up wireless sensor nodes utilizing rechargeable batteries and an
electromagnetic vibration energy harvesting system. Energies 7 (2014), No. 10, 6323–
6339.

[10] E.E.Aktakka, K.Najafi: A micro inertial energy harvesting platform with self-
supplied power management circuit for autonomous wireless sensor nodes. IEEE Jour-
nal of Solid-State Circuits 49, (2014), No. 9, 2017–2029.

[11] J. Ibarra-Bahena, R. J. Romero, J. Cerezo, C.V.Valdez-Morales,
Y.R.Galindo-Luna, L.Velazquez-Avelar: Experimental assessment of an
absorption heat transformer prototype at different temperature levels into generator
and into evaporator operating with water/carrol mixture. Experimental Thermal and
Fluid Science 60 (2015), 275–283.

[12] B.Orr, B. Singh, L. Tan, A.Akbarzadeh: Electricity generation from an exhaust



12 NING WANG, DAOCHUN XU, WENBIN LI, CHEN CHEN, YONGSHENG HUANG

heat recovery system utilising thermoelectric cells and heat pipes. Applied Thermal
Engineering 73 (2014), No. 1, 588–597.

[13] A.Moser, M.Erd, M.Kostic, K.Cobry, M.Kroener, P.Woias: Thermoelec-
tric energy harvesting from transient ambient temperature gradients. Journal of Elec-
tronic Materials 41 (2012), No. 6, 1653–1661.

[14] B.Orr, A.Akbarzadeh, M.Mochizuki,R. Sing: A review of car waste heat re-
covery systems utilising thermoelectric generators and heat pipes. Applied Thermal
Engineering 101 (2016), 490–495.

[15] Q.Luo, P. Li, L. Cai, P. Zhou, D.Tang, P. Zhai, Q. Zhang: A thermoelectric
waste-heat-recovery system for portland cement rotary kilns. Journal of Electronic Ma-
terials 44 (2015), No. 6, 1750–1762.

[16] P.Balamurugan, A.Mani: Comparison of compact and tubular generators perfor-
mance for R134a–DMF. Experimental Thermal and Fluid Science 45 (2013), 54–62.

[17] Y.D.Deng, Y. Zhang, C.Q. Su: Modular analysis of automobile exhaust thermo-
electric power generation system. Journal of Electronic Materials 44 (2015), No. 6,
1491–1497.

[18] Z. Zhang, W.B. Li, J.M. Kan: Behavior of a thermoelectric power generation de-
vice based on solar irradiation and the earth’s surface-air temperature difference. En-
ergy Conversion and Management 97 (2015), 178–187.

[19] X.Liu, Y.D.Deng, W. S.Wang, C.Q. Su: Experimental investigation of exhaust
thermoelectric system and application for vehicle. Journal of Electronic Materials 44
(2015), No. 6, 2203–2210.

Received June 29, 2017


	Ning Wang, Daochun Xu, Wenbin Li, Chen Chen, Yongsheng Huang: Feasibility study of a new thermoelectric conversion device utilizing the temperature differences in forest soil
	Introduction
	Materials and methods
	Results
	Conclusion


