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ABSTRACT The temperature difference between soil and air holds the potential to generate energy to power
many low-power IoT devices. However, there is a lack of studies in the literature that explore the nuances
of soil-air thermal energy harvesting. This paper offers a comprehensive discussion on soil-air thermal
energy harvesting. We engineer a custom Soil-air Thermoelectric Generator (SoTEG) that incorporates an
off-the-shelf TEG and an efficient heat transfer network. A detailed discussion of the design and analysis
of SoTEG is presented along with a simulation model which can be used to simulate the performance of
the harvester under different ambient conditions. Investigations using the model and results gathered from
experiments demonstrate that the SoTEG has a heat transfer efficiency of 34.5% with room for improvement
and can power a load from temperature differences as low as 3 °C between soil and air, or 1 °C across the
TEG. Power generated by SoTEG at 3 °C difference amounts to 110µWor a power density of 11.58mW/m2.
When connected to a PowerManagement Unit (PMU), the combined system generates around 30µWat 3 °C.
During a 14-day outdoor deployment in a winter month, the maximum power generated by the combined
system is 337 µW when the temperature difference across the TEG is 2.75 °C. Additionally, the model
analysis reveals that the weather conditions have an impact on the harvester. While Solar radiation enhances
power generation, wind can either improve or diminish the harvested energy depending on whether it is day
or night.

INDEX TERMS Energy harvesting, Internet of Batteryless Things, soil thermal energy, sustainability,
thermal energy, thermoelectric generators.

I. INTRODUCTION
The discourse on sustainability has become increasingly
prominent, urging people to embrace green and sustainable
alternatives [1]. Often in sustainability conversations, the
issue of discarded batteries from the Internet of Things
(IoT) consistently receives attention. The seamless and
dependable functioning of any IoT device hinges upon a
single factor- energy source. Conventional Internet of Things
(IoT), powered by batteries, contributes tons of batteries
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dumped to the Earth every day [2]. They are not sustainable
and face limited lifetime issues which hinder their widespread
adoption. In response to address these issues, the concept
of Energy Harvesting (EH) in conjunction with Internet
of Batteryless Things (IoBT) emerged. By scavenging
energy from naturally present sources and storing it in
alternate energy buffers like supercapacitors, IoBT leads to
energy-autonomous systems.

IoBT deployments in many scenarios can be powered by
scavenging energy from thermal energy sources, employing
an energy converter, often a TEG, that can transduce
temperature differences into electrical energy. In any
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FIGURE 1. Generic structure of soil thermal energy harvesting system. The energy harvester consists of a TEG module sandwiched
between an air interface and soil interface of high thermal conductivity to create an efficient heat conduction path for
the Thermoelectric Generator (TEG).

deployment where temperature differences are present,
thermal energy harvesting may be considered. There is a
plethora of works available in the literature that discuss
thermal energy harvesting in the context of IoT and
IoBT. However, a major concern with thermal energy
harvesting is its poor efficiency, especially at low-temperature
differences [3]. As a result, a primary focus within thermal
energy harvesting has been on utilizing sources with
high thermal energy, such as in industrial manufacturing
environments [4]. Consequently, many naturally occurring
low-grade thermal energy sources remained untapped.
Among these, soil thermal energy stands as a significant
example. Due to the distinct thermal properties of the soil
and air, the soil temperature variations lag behind the air
temperature, leading to a persistent temperature difference
between both [5], [6]. Thus, the soil will be relatively cooler
than the air in the daytime and warmer in the nighttime.
As a result, the soil can act as a heat sink during the day,
collecting the heat produced by solar radiation, and as a
heat source in the night, dissipating the stored heat to the
atmosphere [7]. This temperature difference is a naturally
occurring phenomenon and can be extracted using a TEG by
providing an efficient heat conduction path through the air,
soil and TEG as depicted in Fig. 1. In contrast to solar energy
which is the de facto standard for outdoor IoT deployments,

the heat energy from the soil remains available even in the
night, making it a viable choice for many low-power sensing
systems.

This paper is an attempt to fill the void of literature
that examines the technicalities and practical considerations
of building soil-air thermal energy harvesters. In this
paper, we present a detailed discussion of the design
of a custom Soil-Air Thermoelectric Generator (SoTEG)
prototype and an in-depth analysis of its properties and
performance. To make the assessment and customization
of the Soil-Air Thermoelectric Generator (SoTEG) easy,
a model that effectively captures the relation between
different environmental parameters and the output power of
the SoTEG is developed. We further perform experiments
with the prototype in the lab as well as on the field to
examine its performance. Different meteorological data along
with the power and temperature profile of the SoTEG are
collected and analysed to understand its performance in
real-world conditions. Along with that, an in-depth analysis
of the parameters influencing the performance and efficiency
of SoTEG is addressed, which will allow the research
community to customize and improve the prototype to their
need.

The remainder of this paper is organised as follows.
A discussion of existing works on thermal energy harvesting
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using soil-air temperature differences is presented in
Section II. The design and modelling of the energy harvester
are discussed in Section III. Details of different components
and their thermal properties are discussed in this section along
with a one-dimensional heat transfer model. Experiments
conducted in the lab and on the field to assess the performance
of the models and prototype are elaborated in Section IV.
A detailed data set collected from outdoor experiments that
includes, harvested power, temperature, precipitation, wind
speed and irradiance is explored in this section. A discussion
on the primary factors influencing the performance of SoTEG
is illustrated in Section V. This section explores in detail the
impact of the efficiency of Power Management Unit (PMU),
thermal resistance, weather conditions and cost per watt on
the performance of the SoTEG along with a short note on
the future research directions. Finally, the conclusions of this
research are presented in Section VI.

II. RELATED WORK
Numerous prior studies have tried to harness thermal
energy from soil and air temperature differences to generate
electricity or to power IoT devices. One of the earliest works
available in this area is presented in [8] where the author
investigated the performance of heat sinks when exposed
to ambient air and buried in soil. The primary objective of
the research was to derive methods to predict the thermal
conductance of a given heat sink when buried in soil.
To accomplish this, the author used 5 different heat sinks,
out of which four were buried in soil and one exposed to
ambient air. Instead of a TEG, a dummy of the TEG made
using brass was used in the experiments. Further, shape factor
analysis was used to predict the thermal conductance of the
heat sink buried in soil and air. The predicted values match
roughly with the actual values. The author claims that this
prediction method can be used to give a rough estimate of the
upper bound for the heat sink performance when buried in the
soil.

The feasibility of using diurnal heat flow in the upper soil
layer to design a Thermoelectric Power Source (TPS) which
generates output levels similar to a battery is investigated
by Whalen et al. [9]. The TPS uses four Bisumth-Telluroid
based TEG modules connected thermally in parallel and
electrically in series and installed between cold and hot
plates of 12 cm × 12 cm. At 10 °C, the fabricated TPS could
generate 3.4mW of power. The authors conducted outdoor
experiments between June 2009 and June 2010 and the
average power generated during this duration was 1.1mW.
Further, the maximum peak power produced was 9.4mW at
an output voltage of 9.3V. In addition, the authors observed
that approximately 18% of energy was generated between
4 PM and 5 AM when the surface temperature was higher
than the air temperature.

The research reported in [10] discusses the factors affecting
the performance of ground-air thermoelectric generators.
Similar to the work reported in [8], research presented
in [10] focused on the influence of heat sink on the overall

performance of the system. The author performed a 25-day
long field experiment in May 2012 with two different types
of heat exchangers, one with a finned heat sink and the
other with an un-finned heat sink. Two commercial heat sinks
were mounted thermally in series between an air-side and a
soil-side heat exchanger of the same kind. The addition of
an extra module was expected to improve the performance
by 42% over a single module design. From the experiment
results, the author claims that the un-finned version produced
an average power of 685µWand the finned version produced
an average power of 1046µW. Additionally, solar radiation
had a significant impact on the output of the harvester
and might be responsible for more than half of the energy
production. Consequently, 78% of power was generated
between 9 AM and 3 PM for the finned and 76.5% for the
un-finned. Likewise, 12.6% and 11.1% of the total energy
were produced between 1 AM and 7 AM for the finned and
un-finned types, respectively.

A feasibility analysis of soil thermal energy using a
long-term data set of soil temperature at different depths is
conducted by Pullwitt et al. in [11]. The authors collected
temperature data from eight different soil depths at a location
in Northern Germany for a year. Analysis based on this
empirical data shows an increase in soil temperature with an
increase in depth. However, after certain depths, the influence
of soil depth on temperature delta becomes minimal. The
authors observe that the increase in temperature delta is
only 3% from 21.5 cm to 28 cm. Using the temperature data
and an end-to-end simulation model, the authors analyzed
the feasibility of powering a wireless sensor node using
soil thermal energy. While the simulation demonstrated
satisfactory performance in hotter periods of the year,
a considerable packet drop was reported in winter due to
reduced air and soil temperatures. The recent investigations
from the same author discuss the design of a soil-air
thermal energy-powered device [12] and data from long-term
deployments [13].

In [14], Carvalhaes-Dias et al. make similar observations as
in [11] about the influence of depth on energy output. They
report that the energy generated was the same for soil depths
of 10 cm and 40 cm in summer. However, during the winter
months, 40 cm depth generated a relatively higher energy
than 10 cm. Furthermore, they investigated the influence of
geographic locations on the performance of harvesters by
conducting experiments at two different latitudes, one in
Brazil and the other in Spain. The authors report that the
energy harvested in 32 winter days in Brazil is equal to 72%
of the total energy harvested during 205 days in Spain. They
further claim that by increasing the depth of installation to
40 cm in higher latitude areas, their system with a buried
heat sink can harvest energy even when the ambient air is
at 5 °C.
Another study reported by Huang et al. investigates soil

thermal energy harvesting in a forest environment [15].
Similar to many previous studies, the authors use a TEG
mounted between a heat guide and an air-side heat exchanger.
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The heat guide is made of stainless steel and filled with salt
water. However, contrary to other harvesters presented in
the literature, they use the temperature difference available
between air and soil at a depth of 2m. During a 6-month long
experiment, the harvester could scavenge 128.74 J energy in
a single day with a peak power of 3.7mW recorded when
the temperature difference across the TEG was 6.2 °C, which
corresponds to 26.5 °C between the air and soil.

Not many works are available in the literature discussing
the practical deployment of sensor nodes powered by soil-air
thermal energy harvesting. The only two real-life long-term
deployments to our knowledge are discussed in [16] and [17].
In [16], Sigrist et al. used a harvester with a commercial
TEG mounted between a radiator of 10 cm × 10 cm and
a copper rod of 20 cm. The use of a radiator allows for
exploiting solar absorption in the daytime and heat emission
in the nighttime, leading to an increase in the amount
of heat energy collected by the system. Additionally, they
developed an indigenous circuit to rectify the small bipolar
voltage from TEG. An end-to-end simulation model of the
harvester is presented. The authors claim a peak power of
27.2mW in the day and 6.3mW in the night for the long-term
deployment.While the authors have not provided any specific
details about the temperature difference corresponding to
the peak power, from the graphs presented, we estimate the
temperature difference corresponding to peak daytime power
to be around 12.5 °C.

Unlike the harvester presented by Sigrist et al. [16], the
harvester developed by Ikeda et al. uses a 20 cm cooper
rod as the heat guide and a heat sink at the ambient side
as to dissipate heat [17]. The harvesters combined with a
batteryless device were deployed at three different locations,
three in Japan and one in India. Based on the data obtained
from the deployments, authors postulate that their prototype
could harvest 100µW to 370µW.

Harvesting energy from a geothermally active area
surrounding a volcano which, can be considered as a special
case of soil thermal energy harvesting is demonstrated by
Catalan et al. in [18]. The average power generated during
the experiment is reported to be 0.49mW at an average
temperature difference of 51.5 °C and a nearly constant
geothermal temperature of 82.2 °C.

The latest studies in the area of soil thermal energy
harvesters rely on technologies such as passive radiative
cooling to augment the performance of soil-air thermal
energy harvesters. Passive radiative cooling can reduce the
temperature of materials below ambient air by radiating
energy to the outer space through the transparency window
of the atmosphere between 8µm and 13µm. Since the
temperature of outer space is extremely low, around 3K, the
outer space can be a very efficient heat sink [7]. Therefore,
by using custom-designed radiators with selective emissivity
in the atmospheric window, the radiator can be cooled down
many degrees Celsius below the ambient temperature. Such
a system can create a high-temperature gradient between

the radiator and soil at night, considerably increasing the
energy output. A proof of concept work that demonstrates
the applicability of radiative cooling in soil thermal energy
harvesting is illustrated in [7]. The harvester uses a selective
emitter-absorber at the ambient side and a heat sink at the
soil side. While the selective emitter-absorber increases the
temperature delta by absorbing solar radiation during the day,
at night, it emits radiation through the atmospheric window
to enhance the temperature gradient. The authors claim that
the harvester archives a peak power density of 37mW/m2

(0.182mW) at night and 723mW/m2 (3.59mW) in the
daytime.

Subsequently, there came many investigations utilizing
the concept of passive radiative cooling to generate
energy, with a major portion of these studies trying to
improve nighttime energy generation [19], [20]. However,
a significant challenge in exploiting radiative cooling with
soil and outer space as the heat sink is the development of
a radiator with selective emissivity/absorptivity. To ensure
maximum heat collection during the day, the radiator should
have a very high absorptivity and low emissivity in the
solar spectrum. Whereas at night, the radiator must dissipate
maximum heat through the atmospheric window which
requires high emissivity in the atmospheric window.

Despite a plethora of works available in scientific
literature, we have observed a lack of a standard and
comprehensive understanding of soil-air thermal energy
harvesting. Much of the existing literature focuses on specific
use cases without providing substantial information on the
performance of their harvester or design parameters and
decisions that influence and enhance the efficiency of the
harvester. Many works fail to report the efficiency of heat
transfer networks which is essential to understand the heat
loss and minimum temperature difference required to activate
the harvester. This lack of uniformity in the literature even
hinders meaningful comparison within the state of the art.
We stumbled upon this issue when we started working with
soil and air temperature data collected from 1699 locations in
Belgium, aiming to assess the energy potential of Belgium
soil. This prompted us to delve into the intricacies of
soil-air thermal energy harvesting, and this paper stands as
an outcome. In this paper, we try to offer an exhaustive
analysis of soil-air thermal energy harvesting, incorporating
both model-based and experimental studies. We provide an
in-depth discussion on the thermal properties of various
components of the prototype and their influence on system
performance. Furthermore, we examine the influence of
weather conditions on the energy output of the harvester.
Additionally, a comparison between the power output of solar
and SoTEG harvesters is presented. This work also serves as
a prologue to a more detailed study of soil thermal energy
harvesting we are planning to conduct. We anticipate these
analyses and discussions to benefit the research community,
enabling them to leverage the models and designs unveiled
in this paper to build efficient SoTEG devices. This, in turn,
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will empower researchers to focus on exploring different use
cases for the SoTEG.

In general, we make the following contributions in this
paper:

• We develop and discuss a proof concept design of
a SoTEG which has a heat transfer efficiency of
34.5% and can power a load from 3 °C temperature
differences between soil and air. We show that with
further enhancements, the harvester can work with
temperature differences as low as 2.12 °C.

• We develop a mathematical model of the harvester
that can predict the energy output for different ambient
conditions. The model encapsulates all the components
of the SoTEG and a model for the PMU to estimate the
available energy to the load.

• We perform detailed experiments, both emulation and
real-world deployments to study the performance of
the SoTEG and to evaluate the model. The real-world
deployments are carried out during winter days, hence
covering the worst-case scenarios for the harvester.

• We discuss the impact of different components and
weather conditions on the efficiency of the SoTEG
and discuss design improvements to enhance its
performance.

• We further present a comparison of the SoTEG with the
solar harvester based on energy output and cost per watt.

The model described in this paper provides a
comprehensive package for simulating the performance
of the harvester and PMU under different ambient
conditions. While we use methods similar to the previous
works [16] and [17] to model our harvester, the model
incorporates many parameters that have been ignored. The
research presented by Sigrist et al. is the closest one to
the work discussed in this paper. However, they have not
considered the influence of wind, sky temperature, solar
incident angle, and sky emissivity on radiative emission.
Moreover, the authors assume constant sky temperature
throughout the simulation which may not be true in all
conditions. On the other hand, the work presented by Ikeda
et al. employs a heat sink at the ambient side. Therefore, their
analysis focuses only on heat transfer through conduction
and convection, assuming a steady wind speed. However, the
wind velocity can significantly influence the performance
of the harvester as we demonstrate later in this paper. The
model described in this paper incorporates all the ambient
parameters including wind speed, sky temperature, sky
emissivity, ambient temperature, solar angle of incidence,
etc. This allows a highly realistic harvester simulation.
Furthermore, the model can be easily converted into a
Python script, allowing anyone to use it to simulate the
entire system and modify the design parameters to suit their
specific requirement.

III. SOIL-AIR THERMAL ENERGY HARVESTER
To investigate soil thermal energy harvesting, we designed
a custom harvester architecture that can be installed into

FIGURE 2. A sketch of the SoTEG showing radiator, copper plates,
adhesive, and copper rods, all thermally insulated and enclosed in a PVC
enclosure.

the ground to a maximum depth of 15 cm. In this section,
we delve into the details of the SoTEG.

A. DESIGN
Harvesting temperature difference between the air and soil
necessitates a thermally optimised harvester architecture that
is capable of providing maximum temperature difference
across the TEG module. This involves providing a smooth
heat conduction route to and from the soil and an
effective heat absorber/radiator for the ambient side. The
absorber/emitter should scavenge maximum heat from the
solar radiation during the day and dissipate heat from the soil
rapidly at night. Taking these points into consideration,
we design a SoTEG as shown in Fig. 2.

The main components of the SoTEG include a TEG
module, an assembly of copper rods connected to the
cold side of the TEG, a radiator that interfaces with the
ambient air and connected to the hot side of the TEG, and
an enclosure that houses the whole system. The harvester
uses a commercially available TEG TG12-06 from Marlow
Industries [21]. The hot side of the TEG is attached to the
radiator of 105mm diameter and 0.51mm thickness using
thermal adhesive as depicted in Fig. 2. The radiator is made
out of copper and painted black to increase its emissivity
and absorptivity. Thus, the radiator acts as a heat absorber
during the day or a radiator in the night. We chose a radiator
instead of a heat sink to exploit both solar heating and
radiative emission.The cold side of the TEG is connected to
a copper plate of 40mm x 40mm x 0.51mm. An assembly
of five copper rods of 150mm length and 6mm diameter
are attached thermally in parallel to this copper plate using
thermal adhesive. The copper rod conducts heat between the
soil and the cold side of the TEG. The whole system is housed
in an enclosure made out of PVC which is of 130mm long
and has an inner diameter of 106mm. The hollow ends of the
PVC pipe are closed using end caps made of acrylic sheets of
10mm thickness. The gaps between the copper rods, the walls
of the enclosure and the copper disks are filled with thermal
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TABLE 1. List of materials used for the fabrication of SoTEG and their
thermal properties.

FIGURE 3. A diagrammatic representation of SoTEG showing radiation,
conduction and PMU components.

FIGURE 4. Thermal conduction of SoTEG modelled using thermal
resistance network.

insulators to ensure any unwanted heat transfer between the
cold and hot sides as well as any radial heat loss. All the
materials used for the manufacturing of the SoTEG and their
thermal properties are presented in Table 1.

B. MODELING
Modelling the SoTEG energy harvester involves modelling
two main components of the energy harvester as shown in
Fig. 3- the SoTEG thermal network which takes care of the
heat transfer and the PMU which manages and regulates
unstable output from the TEG. The thermal model estimates
the temperature difference between faces of the TEG for
different soil and air temperatures and the TEG estimates the
output power for different temperature differences.

Creating a model for SoTEG requires modelling the heat
transfer mechanisms in the system. There are three possible
heat transfer mechanisms for the SoTEG: conduction through
the SoTEG, convection of heat between the radiator and the

ambient air and radiation of heat from the radiator to the sky
at night. Radial heat loss between the copper rods and soil
is assumed to be negligible and hence not considered. The
conduction of heat depends on the temperature of the radiator
and soil. Convective heat transfer depends on the temperature
of the radiator and ambient conditions such as temperature,
wind speed, etc. The radiative heat transfer depends on the
temperature of the radiator and sky and, the total thermal
resistance of the network, and can be impacted by cloud
coverage [7].

To model the thermal conduction, a network of thermal
resistors as shown in Fig. 4 can be used. The circuit models
each component of the SoTEGs with an equivalent thermal
resistance. Thus, The model incorporates the resistance
introduced by five copper rods, adhesive, copper plate, TEG,
and the heat radiator. For the thermal resistance model shown
in Fig. 4, the temperature difference across the TEG can be
written as,

1T = (Trad − Tsoil)
RTEG
RSoTEG

(1)

where, Tsoil and Trad are the temperature of the soil and
radiator respectively, and RTEG is the thermal resistance of
the TEG and RSoTEG is the total thermal resistance of SoTEG
which can be calculated as,

RSoTEG = RRAD + 2RADH + RTEG + RCPLT +
RCROD

5
(2)

Using the values listed in Table 1, RSoTEG is estimated as
4.52 °C/W.

The equivalent model illustrated in Fig. 4 can be used to
estimate the efficiency of the thermal network as,

η =
RTEG
RSoTEG

(3)

Inserting the values given in Table 1 in Eqn. 3 gives the
efficiency of the SoTEG thermal network as 34.5% which
means that only 34.5% of the total heat applied between the
copper rods and the copper radiator will be available for the
TEG. Therefore, the temperature difference across the TEG
at any moment will be 34.5% of the temperature difference
between the radiator and the copper rod. It is worth noting
that the efficiency of the SoTEG is primarily decided by
the thermal resistance of the copper rods and the TEG. The
efficiency is directly proportional to the thermal resistance of
TEG and inversely proportional to that of copper rods.

During the daytime, the absorber(radiator) absorbs a
portion of the solar radiation striking it based on its
absorptivity and position. The quantity of solar energy
absorbed by the absorber(radiator) can be calculated using
Eqn. 4.

Qabs = αAIsolar cosφ (4)

where, α is the absorptivity of the copper disk, A is the area
of the disk, Isolar is the intensity of solar radiation falling on
the disk, and φ is the angle of incidence of solar radiation.
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While the copper disk absorbs energy from solar radiation,
it loses energy to the ambient through convection. The energy
lost due to heat convection can be given as,

Qconv = hA(Trad − Tamb) (5)

where Tamb is the ambient air temperature and h is the
coefficient of heat convection which can be calculated using
wind speed v as [27],

h = 6.5 + 2.8v (6)

Furthermore, any substance at a temperature above 0K
radiates heat proportional to its temperature. Thus, the copper
disk loses some of the absorbed energy as radiated heat. The
energy lost or gained by a body through radiation can be
estimated using the Stefan-Boltzmann relation and can be
written as,

Qrad = σεA(T 4
sky − T 4

rad ) (7)

where σ is the Stefan-Boltzmann constant and has a value of
5.6703 × 10−8 Wm−2K−4, ε is the emissivity of the copper
disk, and Tsky is the temperature of the sky which can be
estimated as [28],

Tsky = ε
1
4
skyTamb (8)

where εsky is the emissivity of the sky which depends on dew
temperature Td and sky opacity N as [29],

εsky =

(
0.787 + 0.767 ln

(
Td
273

))
+ (0.0224 N − 0.0035N 2

+ 0.00028N 3) (9)

Finally, a portion of the total energy absorbed by the
radiator conducts through the SoTEG to the soil which can
be written as,

QSoTEG =
Trad − Tsoil
RSoTEG

(10)

Considering all these heat sources and sinks, the energy
balance equation for the copper disk can be written as,

Qabs − Qconv − Qrad − QSoTEG = 0 (11)

Using Eqn. 4, 5, 7 in Eqn. 11,

T 4
rad + mTrad−c = 0 (12)

where,

m =
1
σε

(
h+

1
ARSoTEG

)
c = T 4

sky +
1
σε

(
(hTair ) + Qsolar +

Tsoil
ARSoTEG

)
Eqn. 12 is a quartic equation in Trad with four possible

roots. By solving this quartic equation, the value for Trad can
be found. Once the value of Trad is calculated, the temperature
difference across TEG can be estimated using Eqn. 1.
While the radiation and conduction models can be used

to estimate the temperature of the radiator and difference

FIGURE 5. Power output of LTC3109 measured by the TEGBed (TEGBed)
for different temperature differences across the TEG and different cold
side temperatures ( tc ).

across the TEG for various ambient conditions, the harvested
energy depends on the efficiency of the TEG. In addition, a
PMU is required between the load and the TEG to ensure
that the extremely low output voltage from the TEG is
boosted to a range suitable for charging an energy buffer
or powering the load. As a result, the total energy available
to the load depends on the efficiency of both the TEG and
PMU. Thus, we introduce a combined model for the PMU
and TEG that can capture the performance of the combined
system under different conditions. The model is based on
the empirical measurements obtained using the thermal
energy harvesting emulator TEGBed [30]. The TEGBed is
an emulation framework developed for testing and evaluating
energy harvesting and batteryless devices. TEGBed can
mimic different thermal energy harvesting situations which
can be used to evaluate the performance of EH devices within
a controlled environment. A novel energy gauging tool called
Joule Counter accurately measures harvested power and
energy. Using the TEGBed, different temperature gradients
were applied across the TEG. LTC3109 fromAnalog Devices
which can work with an input voltage as low as 30mV was
employed as the PMU [31]. Temperature differences starting
from 1 °C to 15 °C were applied across the TEG and for each
difference the power was measured using the Joule Counter.
A plot of the measurements obtained using the TEGBed is
shown in Fig. 5. A prediction model for the system is derived
using the curve fitting method which is given as,

PTEG = 0.00711T 2
+ 0.151T − 0.131 (13)

where 1T is the temperature difference across the TEG. One
can use Eqn. 12 to calculate the temperature of the TEG and
Eqn. 1 to estimate the difference across the TEG and. The
value produced by Eqn. 1 can be fed to Eqn. 13 to estimate the
power generated by the SoTEG. Thus, the model provides a
complete package to simulate the performance of the SoTEG
under different environmental conditions.

IV. EXPERIMENTS AND RESULTS
We conducted multiple experiments to evaluate the
performance of the fabricated SoTEG. The experiments
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FIGURE 6. Comparison of results from emulations and the values estimated by the SoTEG model. The results include temperature difference
across the TEG measured by TEGBed and estimated by the conduction model, and the generated power for each temperature difference
recorded by TEGBed and estimated by the PMU model.

FIGURE 7. Soil temperature (tsoil ) and air temperature (tair ) data
collected from real-world deployments and used for evaluating the
conduction model of SoTEG.

involved in-lab validation using TEGBed and real-world
deployments. Using the empirical results, we assess the
validity and effectiveness of the SoTEG and its model.
A detailed discussion of the experiments and model
validation are discussed in this section.

A. EMULATION EXPERIMENT
To verify the accuracy of the thermal and PMU models,
we conducted emulation experiments with TEGBed. The
TEGBed generated known temperature gradients for the
SoTEG and the power output for each difference was
measured. The experimentally obtained results are then
compared with the values estimated using the model to
estimate the accuracy of the model. We used soil and air
temperature data collected from real-world deployments as
the known temperature input TEGBed. This input data set
contains air temperature and soil temperature at 15 cm depth
sampled in every 15minute for four days in September 2023.
A plot of the data set is given in Fig. 7. Using TEGBed,
we recreated both soil and air temperature profiles in the lab
and then for every temperature difference, the output power
of the SoTEG was recorded. In addition, the temperature
difference across the TEG was also measured using a pair

FIGURE 8. SoTEG installed on TEGBed for emulation experiments.

of temperature sensors. A picture of the SoTEG installed on
TEGBed is shown in Fig. 8.
Fig. 6 shows the results of the emulation experiments. The

plots show the temperature difference and power recorded
during the emulation experiment and estimated by the model.
It can be observed from the plots that the values estimated
by the model agree with the empirical measurements except
for a few instances. We identify two main reasons for this
mismatch; firstly, the model does not consider the thermal
capacitance introduced by the copper rods which might
have introduced errors in heat transfer time. Secondly, the
TEGBed uses PID temperature controllers which take time
to lock to temperature set points. Since PID controllers are
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feedback controllers, temperature fluctuations happen while
the controller tries to reach the set point temperature. This is
the reason for spikes in the harvested power graph.

B. REAL WORLD DEPLOYMENT
To evaluate the performance of the SoTEG and its model in
real-world conditions, we conducted field tests by deploying
the harvester in an outdoor environment. The system
was installed at a location in Belgium (N 51°9′40.9896′′,
E 4°24′9.232′′) for 14 days starting from 24 Nov 2023.
During these 14 days, we collected different data from
the energy harvester and ambient environment that would
facilitate an accurate assessment of the energy harvester.
The data collected include soil and air temperatures,
temperature difference across the TEG, light intensity, the
power output from the harvester, wind speed and ambient air
temperature. Further, to establish a comparison between solar
energy harvesting and thermal energy harvesting, the power
generated by a solar energy harvester was also measured.
A photo of the deployment is shown in Fig. 9.
As we observed during the emulation experiments, energy

produced by SoTEG is at µW−mW level. Gauging such
low-power outputs requires sophisticated and costly tools.
To address this challenge we have developed a specialized
energy surveying instrument µMeter . This custom-designed
tool is tailored to measure low-power outputs of energy
harvesters accurately. However, unlike many other energy
measurement tools available in the literature, µMeter does
not measure the power generated by the transducer alone,
instead it measures the energy generated by the PMU. This
gives a more realistic estimation of the power generation
capability of the overall system as a transducer is always
combined with a PMU in real-life use cases. The µMeter
can measure the power generated by two different harvesters
at a time. Additionally, it can accommodate sensors to
measure ambient conditions. In the deployment presented in
Fig. 9, µMeter was configured to measure power outputs
from SoTEG and a solar harvester. A solar panel of size
50mm × 50mm was used as solar harvester. LTC3109 was
used for the SoTEG and BQ25570 [32] was used for the
solar harvester as the PMU. In addition, soil temperature,
air temperature, temperature difference across TEG and
solar light intensity were also measured using µMeter . The
solar intensity (lux) is converted into irradiance (W/m2)
using the relation 1sun = 120000 lux [33]. Along
with these data, wind speed, ambient air temperature and
precipitation data were collected from a weather station
installed approximately 1.5m away from the SoTEG.
However, due to some issues with the weather station, we lost
the majority of the precipitation measurements, requiring
us to use the precipitation measurements available from
Solcast [34].

During the 14 days of deployment, the weather conditions
were mostly cloudy with frequent showers. On 3rd and
4th of December, there was light snowfall and snow cover.

FIGURE 9. A picture of the deployment of SoTEG along with the µMeter
in an outdoor environment.

The maximum solar radiation recorded during the 14 days
was 300W/m2 measured on 28 Nov 2023. The ambient
temperature recorded a maximum of 9 °C and a minimum
of−4.15 °C.Measurements of the meteorological parameters
and the power generated by SoTEG and solar harvester were
recorded every 1 minute. The meteorological data measured
using the µMeter , weather station and accessed from the
Solcast database for the 14 days of the experiment are
presented in Fig. 10.

Over the course of the experiment, the maximum power
generated was 0.337 µW when the temperature difference
between the soil and radiator was 5.38 °C which produced
a difference of 2.75 °C across the TEG. It was further noted
that the SoTEG required at least a temperature difference
3 °C between the soil and the radiator or 1 °C across the TEG
to start producing energy. Since we have used LTC3109 as
the PMU, a minimum 30mV output is required from the
TEG to cold start the PMU. This is equivalent to a 0.8 °C
temperature difference across the TEG in ideal conditions.
However, it is observed that the PMU required at least 1 °C
to cold start it. In addition, the efficiency of LTC3109 is
between 20% and 30% for input voltages in the range of
30mV to 100mV. Thus a significant portion of the energy
is lost in conversion. Consequently, during the 14 days of
the experiment, the harvester produced energy intermittently
only for 1626 minutes, out of which 1166 minutes (71.7%)
were between 6 PM and 6 AM . The absolute average
temperature difference between the soil and radiator recorded
for the whole 14 days is 1.46 °C.

We further used the SoTEG model, both radiation
and conduction, to estimate the temperature difference
and the PMU model to calculate the output power. The
radiation model used the meteorological data from the
experiment to estimate radiator temperature. Additionally,
the absorptivity/emissivity of the radiator was estimated to
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FIGURE 10. Meteorological data measured every 1 minute using the µMeter and the weather station and precipitation data accessed
from Solcast with 5 minutes resolution for the deployment from 24 Nov 2023 to 7 Dec 2023.

FIGURE 11. Comparison of radiator temperature, temperature difference across the TEG, and power measurements recorded by the
µMeter and that estimated by the model. The entire model of the SoTEG including the models for radiation, conduction and power
management was used to estimate the values.

be 0.92 and the value of the convection coefficient for the
ambient air was calculated using Eqn. 6 and the temperature
of the sky was estimated using Eqn. 8. Dew point temperature
and cloud coverage data available from Solcast were used in
Eqn. 9 to estimate sky emissivity. The calculated emissivity
value was used to estimate the temperature of the sky as
given by Eqn. 8. A plot of measurements recorded by the
µMeter and that estimated by the model is shown in Fig. 11.
While the model correctly estimates radiator temperature,
temperature differences across the TEG and power for most
of the days, for certain periods the estimation is off from
the actual measurements. We assume multiple reasons for
this mismatch. First of all, the ambient temperature was
measured at a height of 2 meters whereas the SoTEG was

installed 15 cm deep in the soil and the radiator was on the
ground level as shown in Fig. 9 which might have impacted
the actual ambient temperature around the radiator. Hence,
introducing errors in the radiator temperature estimated and
consequently the temperature across the TEG. Secondly, the
natural convection coefficient was calculated only based on
the wind speed and the variation in natural convection with
precipitation and humidity was not modelled. Additionally,
since the temperature differences were all close to 1 °C
throughout the experiment, even minute resolution changes
or errors can impact the estimated values. Similarly, in the
PMUmodel, we have not considered the cold start time of the
PMU. For this reason, the model generates a valid number for
all temperature differences above 1 °C whereas the deployed
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FIGURE 12. Measured Open circuit voltage and estimated matched-load
power for the TG12-6 TEG module.

device generates energy only if the temperature difference
stays sufficiently long to cold start the PMU. Nonetheless,
the model is capable of capturing the details of the physical
device and providing an approximate estimation of its output.

V. DISCUSSIONS
While the temperature difference between soil and air can be a
potential source of energy for many batteryless IoT devices,
numerous factors influence its performance. In this section,
we discuss the major factors deciding the performance of the
SoTEG along with a short note on future research plans and
directions.

A. INFLUENCE OF THE EFFICIENCY OF THE PMU
The PMU in a thermal energy harvesting system ensures that
a regulated voltage is available for the energy buffer and load
from the relatively low and unstable output from the TEG.
Consequently, the energy harvested by the system is highly
dependent on the efficiency of the PMU used. As mentioned
earlier, our current design employs LTC3109 as the PMU.
The PMU provides a maximum efficiency of 35% which can
go down to 6% at higher input voltages [31]. Despite low
efficiency, we chose LTC3109 due to its unique auto-polarity
detection feature. This allows the PMU to work irrespective
of the polarity of the input voltage and is useful in this case
since the polarity of the SoTEG output changes based on the
temperature of the air and soil. Therefore, it is possible to
further increase the output of the SoTEG by using a PMU
with a higher efficiency. Nevertheless, to our knowledge,
LTC3109 is only one PMU available in the market with
auto-polarity detection.

To estimate the energy loss due to PMU, we need to
know the energy output from the TEG. This can be done by
measuring the open circuit voltage of the TEG and estimating
its Seebeck coefficient. The relation between open circuit
voltage and the Seebeck coefficient is given as [3],

α =
VTEG
1T

(14)

where α is the Seebeck coefficient, 1T is the temperature
difference and VTEG is the open circuit voltage of the TEG.

FIGURE 13. Open circuit voltage (VSoTEG) and power output of the SoTEG
(PSoTEG) estimated and power measured by the µMeter with a PMU
(PµSoTEG) during the outdoor experiments.

Once α is estimated, the matched-load power can be
calculated as [3],

PTEG =
(α1T )2

4RTEG
(15)

where RTEG is the internal resistance of the TEG.
We used TEGBed to measure the open circuit voltage

of the TEG for different temperature gradients. From the
measurements, the Seebeck coefficient of the teg was found
to be α = 41.7mV/K. The measured open circuit voltage
for each temperature difference and the corresponding power
estimated is shown in Fig. 12.

Using the Seebeck coefficient, the power output and
open circuit voltage for the SoTEG for each temperature
measurement from the deployment was further estimated
using Eqn. 15 and 14. A plot of the power output from TEG,
PMU and the open circuit voltage of the TEG estimated is
shown in Fig. 13. The dashed line in the plot corresponds to
30mV which is the minimum startup voltage required for the
PMU.

The degradation in the overall power output due to the
insertion of PMU is well visible from Fig. 13. While the TEG
has a non-zero power output most of the time, the output
from the PMU is intermittent as it is activated only when
a voltage of 30mV or more is available to cold start it.
As mentioned earlier, this corresponds to a temperature
difference of 1 °C across the TEG. At this temperature
difference, the power produced by the TEG is around
110 µW whereas only around 30µW or less is available
from the PMU at the same temperature difference. Thus,
almost 70% of energy is lost during energy consumption.
Similarly, at the highest temperature difference of 2.75 °C
recorded during the experiments, the TEG generates 875µW
while the regulated output available from the PMU is only
337 µW. Hence by improving the efficiency of the PMU,
the performance of SoTEG can be improved. Nevertheless,
limited by the availability of off-the-shelf PMU with higher
efficiency.

B. IMPACT OF THE THERMAL RESISTANCE OF THE SoTEG
The power generated by the SoTEG is primarily decided
by the temperature difference across the TEG. To provide a
maximum temperature difference across the TEG, the energy
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FIGURE 14. Temperature difference across the TEG for different thermal
resistance of the copper rod, varying from 0.5 °C/W to 5.5 °C/W and the
thermal resistance of the TEG fixed as 1.56 °C/W.

loss in the heat transfer network should be as minimal as
possible. As we mentioned in Section III-A, the current
prototype has an efficiency of around 34.5%. Thus, only
34.5% of the applied heat energy is available for the TEG to
convert to useful work. Amajor factor deciding the efficiency
is the thermal resistance of the copper rods. The current
design uses five copper rods connected in thermal in parallel
giving a total thermal resistance of 2.46 °C/W. By increasing
the number of copper rods, the thermal resistance of the
network can be increased which will improve the efficiency
of the SoTEG. However, this will increase the overall cost and
form factor of the harvester.

The impact of the thermal resistance of the copper rod on
the total temperature difference available across the TEG is
shown in Fig. 14. As evident from the graph, by reducing
the thermal resistance of the copper rod, we can increase the
temperature difference across the TEG. For instance, if we
increase the number of copper rods to ten, the total thermal
resistance of the copper rod will be 1.23 °C/W which will
increase the efficiency of the heat transfer network to around
47.41%. This will further reduce the minimum temperature
difference between soil and radiator required for the PMU to
start generating energy to 2.12 °C, considerably increasing the
available energy from the overall system. This is depicted in
Fig. 15 which compares the active energy-generating periods
for the SoTEG with the existing architecture, i.e., with five
copper rods and when the number of copper rods increased
to ten. From the results, decreasing the thermal resistance of
the copper rods to 1.23 °C/W provides 5583 minutes of active
time, which equals an improvement by around 30%.

C. IMPACT OF SOLAR RADIATION
It is obvious from Eqn. 12 that the intensity of solar
radiation can positively impact the output power of the TEG.
Stronger radiation causes the radiator to heat up to a higher
temperature, increasing the temperature difference across
the TEG. To verify this theoretically, we used the SoTEG
model to simulate the performance of SoTEG under different
solar radiation power and ambient temperatures. For this
simulation, the wind speed was assumed to be v = 2m/s,
the temperature of the sky Tsky = 0 °C, and soil temperature,
Tsoil = 20 °C. The ambient temperature varied from 20 °C
to 32 °C and irradiance varied from 100W/m2 1000W/m2.
The results of the simulations are illustrated in Fig. 16 which
shows the temperature difference and corresponding power

FIGURE 15. Comparison of active energy producing time of the SoTEG for
each experiment day estimated for two different thermal resistances of
the copper rod.

output from SoTEG without a PMU for different irradiance
levels and ambient temperatures.

The results showcased in Fig. 16 match with the
assumptions that an increase in solar radiation constructively
influences the performance of SoTEG. From the graph,
When both the soil and air were at the same temperature
levels of 20 °C with solar radiation of 100W/m2, the
temperature difference across the TEG was 0 °C. However,
an increase in the solar radiation to 500W/m2 produced
2.95 °C temperature difference across the TEG and generated
a corresponding power of 0.995mW. Further increase in
irradiance to 1000W/m2, rises the temperature across the
TEG to 6.62 °C and power to 5.01mW. Thus, the presence
of solar radiation enhances the energy generation from the
harvester as long as the soil is at a lower temperature than the
radiator.

D. IMPACT OF WIND SPEED
While the influence of solar radiation on the performance
of SoTEG is obvious, assessing the impact of wind speed
on SoTEG requires considering other parameters as well.
To investigate how SoTEG behaves with different wind
speeds, we ran the model for both daytime and nighttime with
different wind speeds, soil temperature and solar radiation
power. The performance of SoTEG in daytime with constant
ambient temperature Tamb = 20 °C while varying wind
speed from 2m/s to 8m/s and irradiance from 100W/m2

to 1000W/m2 is shown in Fig. 17. The plot confirms
a diminishing temperature difference across the TEG and
consequently power from the SoTEG with an increase in
wind speed. This can be explained by referring to Eqn. 6
which shows the relation between the convection coefficient
and wind speed. The wind speed is directly related to
the convection coefficient. Further, according to Eqn. 5,
the convective heat transfer increases as the convection
coefficient increases. Consequently, increased wind speed
causes more heat to be removed from the radiator through
convection. Thus, during the day, power generated by the
SoTEG diminishes as the wind speed increases. This is also
a reason we chose a SoTEG architecture with a radiator
instead of a heat sink. The heat sinks are designed to
have a higher convection coefficient and will dissipate
more thermal energy from the ambient side during the
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FIGURE 16. Impact of solar radiation on the performance of SoTEG analysed by varying solar radiation from 100 W/m2 to 1000 W/m2 (a) temperature
difference across TEG (b) power generated.

daytime, subsequently reducing the temperature difference.
It is possible to reduce the convection loss by introducing a
convection shield around the radiator. However, it must be
noted that the soil temperature is assumed to be equal to
or lower than the air temperature in the day, implying that
heat flows from the radiator to the soil through the SoTEG.
If the temperatures reverse during the daytime, then a higher
convection coefficient is desirable.

While the wind normally reduces the daytime power
generation of the SoTEG, its nighttime impact varies based
on factors like radiator emissivity and soil temperature as
depicted in Fig. 18. As long as the radiative heat transfer
from the radiator is enough to dissipate heat from the radiator,
an increase in wind speed will cause a reduction in the power
generated by the SoTEG. A justification for this effect can
be further drawn with the support of Eqn. 6 and Eqn. 5.
In the night, the radiator loses its energy due to emission and
subsequently, the temperature of the radiator goes below the
ambient temperature.When the wind blows faster, convective
heat transfer will increase leading to increased heat transfer
from warmer ambient to cooler radiator. However, if the
soil temperature is large enough so that the convective heat
transfer alone is not enough to dissipate heat from the radiator,
we observe that an increase in wind speed enhances the
performance by improving heat transfer from the radiator to
the ambient. Thus, the impact of wind on power generation
during the night depends on the emissivity of the radiator.
This is what passive radiative cooling devices try to achieve
by increasing the emissivity of materials in the transparency
window, enabling them to radiatively exchange energy with
the outer space where the temperature can be as low as
3K [7]. Moreover, to reduce the impact of convective heat
transfer with the ambient, they often employ a convection
shield [7], [19], [20].

At this point, there is not much data available to evaluate
the impact of precipitation and soil water content on the
performance of the SoTEG. However, from Fig. 10, we can

observe that the precipitation affects soil temperature, leading
to a convergence with air temperature after consecutive
instances of rainfall and reduced solar radiation. This happens
as the specific heat capacity of water is high, causing most of
the heat energy from solar radiation to be absorbed by the
water. Moreover, increased precipitation levels can generate
water layers on the radiator, reducing its solar absorption
efficiency. In addition, often precipitation is associated with
reduced solar radiation, which can naturally reduce the
radiator temperature. Nevertheless, further data and analysis
are necessary to substantiate this observation.

E. VARIATION IN POWER WITH TIME
To understand how the energy generation by SoTEG varies
with time, we grouped the temperature differences and
the energy generated by TEG into different time slots:
T1 (12 AM − 4 AM ),T2 (4 AM − 8 AM ),T3 (8 AM −

12 PM ),T4 (12 PM − 4 PM ),T5(4 PM − 8 PM ), and
T6 (8 PM − 12 AM ). Out of these six slots, T3 and
T4 correspond to daytime and the remaining slots correspond
to nighttime and when there is no sunlight. For each slot,
we calculated the average temperature difference. When
calculating the average temperature differences, absolute
values were considered since the power generated is the same
irrespective of the polarity of the temperature difference. The
temperature difference and power distribution for each time
slot along with the average value for each slot is illustrated in
Fig. 19.
From Fig. 19a, it can be observed that the highest

temperature differences are recorded for the slots
T1,T2,T5 and T6; i.e., when there was no sunlight
present and consequently, when the temperature of the soil
is higher than that of the air. As a result, the highest average
of power is reported for the slot T1 (0.05mW), followed
by T6 (0.045mW), T5 (0.04mW) and T2 (0.03mW)
as illustrated in Fig. 19b. The lowest average power is

85318 VOLUME 12, 2024



P. P. Puluckul, M. Weyn: Harvesting Energy From Soil-Air Temperature Differences

FIGURE 17. Influence of wind on daytime performance of SoTEG when subjected to solar radiation varying from 100 W/m2 to
1000 W/m2 (a) temperature difference across SoTEG (b) power output without PMU.

FIGURE 18. Influence of wind on nighttime performance of SoTEG (a) temperature difference across TEG (b) power output
without PMU.

FIGURE 19. Distribution of (a) temperature and (b) Box plot showing power across time grouped into six slots of 4 h starting from 12 AM
along with average for each slot marked.

reported for time slot T4 (0.01mW), followed by time slot
T3 (0.02mW). Therefore, it is conclusive that maximum
energy is generated during slots with no sunlight. This
also validates the claim on the nighttime energy generation
potential of the SoTEG. However, it is worth mentioning
that the experiments were conducted in November and
December and had limited sunlight due to reduced daytime
and overcast and rainy weather conditions. Therefore, the
produced results are specifically for the experiment duration
and can not be generalized. We expect the harvested energy
to increase with solar radiation as discussed in previous

sections. Nonetheless, this will not invalidate the claim on
the nighttime energy generation but only enhance it.

F. COST ANALYSIS OF SoTEG
The importance of the cost of the energy harvester becomes
significant while considering the development of devices for
the market. To be economically sustainable, the harvester
should have a low Price Per Watt (PPW). Based on the
components used for the current prototype, the cost per unit
when 100 units are manufactured would be e56.05 without
including the labour costs required for the assembly of the
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TABLE 2. Comparison of LCOE of different energy harvesters.

module. A mammoth portion of the per unit cost is invested
in procuring the TEG module which costs e25.55 per unit
when a hundred or more units are purchased. We did not
include the cost of the PMU in the per unit calculation, since
a PMU is a common component in any energy harvesting
device. The PPW of the harvester can be calculated by
dividing the per unit cost by the maximum wattage of the
harvester. The TEG module used in the design is rated
for a maximum of 6.16W, giving a PPW of e9.1. This
is many times higher than a solar panel which can have
PPW as low as 0.5$ [35]. A more useful cost estimate
would be the Levelized Cost Of Energy (LCOE) which
takes the PPW, lifetime and annual energy production of the
SoTEG. However, calculating LCOE requires data on the
annual energy production of the harvester, which is currently
unavailable. Nonetheless, if we use the energy estimated
for the SoTEG alone from the current deployment and
extrapolate it for a whole year, the LCOE would be around
6.28e/Wh. This is assuming an average lifetime of 10 years
with an average power production of 40µW, no performance
degradation over a year and zero maintenance cost.

A comparison of LCOE of SoTEG with solar and wind
harvesters is shown in Table 2. The LCOE values for solar
and wind generators are obtained from the website of the
International Renewable Energy Agency (IRENA) [36]. The
LCOE of SoTEG is estimated solely based on the current
experimental data which is limited to only two weeks in
November-December. We expect an overall improvement
in the harvester performance during summer along with
other fine-tuning in the harvester design. Therefore, a more
accurate cost estimate needs to be calculated based on a
long-term dataset. This is also one of the main research goals
of the currently ongoing study with the SoTEG models and
long-term data set from around 1699 locations in Belgium.
While one may observe from Table 2 that the SoTEG has
a very high LCOE, it is worth noting that the targeted use
cases for the SoTEG are low power deployments in harsh
and extreme conditions where solar harvesters do not work.
Similarly, we expect wind generators to be the least feasible
for these kinds of applications. Therefore, the best way to
compare them would be to consider not only the cost but also
the usability of the harvester.

G. COMPARISON WITH SOLAR HARVESTER
Solar harvester is the de facto standard for a majority of
outdoor IoT devices due to the abundance of solar radiation
and relatively higher efficiency in energy conversion.
However, one of the advantages of soil-thermal energy over
solar energy is the almost 24/7 availability due to the distinct

FIGURE 20. Comparison of power produced by the solar harvester and
SoTEG during the experiment time. The power harvested by the solar
harvester is in mW whereas the power from the SoTEG is in µW .

FIGURE 21. Active energy generating time per day for both SoTEG and
solar. The SoTEG is assumed to have ten copper rods of 15 cm with a
thermal resistance RCROD = 1.23◦C/W.

thermal characteristics of both the air and soil. To understand
how SoTEG compares with the solar harvester, a plot of
the power density of the harvesters is presented in Fig. 20.
The plot shows both the power density calculated based on
the power measured by the µMeter , (PµSoTEG and PµSolar )
and estimated using Eqn 15 (PSoTEG).

It is evident from Fig. 20 that the power harvested by
the solar harvester is many times higher than that of the
SoTEG. The supreme efficiency of solar harvesters over TEG
is already a proven fact and hence a direct comparison in
terms of power is unreasonable. The only motivation behind
a comparison between SoTEG and the solar cell is to assert
the unique property of SoTEG which is its availability during
both the day and night. As visible from Fig. 20, the output
from the SoTEG (PMU excluded) is available around the
clock except for a couple of days when the solar radiation
was extremely low. The highest power density achieved by
the solar harvester for the 14-day experiment is 2.16mW/cm2

whereas for the SoTEG alone the maximum power density
estimated is 10.02 µW/cm2. When combined with the PMU,
the power density of the SoTEG deteriorates to 3.89µW/cm2.

The active energy generation time of both the harvesters is
showcased in Fig. 21.

H. SYSTEM RELIABILITY
Ensuring reliability is paramount in any successful system
design. The reliability of the SoTEG can be categorised into
mechanical reliability and environmental reliability which
include response to high temperature, frequent temperature
cycling and response to environmental conditions such
as humidity, water content and ambient temperature. The
mechanical reliability of the SoTEG can be regarded as
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high considering the lack of any moving parts within it.
In addition, the TEG, which forms the central building
block of the SoTEG is generally considered a system with
high mechanical stability. Research shows that TEGs have
high mechanical stability and reliability even under high
thermal stress [37]. Moreover, increasing mechanical stress
can enhance the performance in certain cases by reducing the
contact resistance [38].

Exposure to high temperature and temperature cycling
are the other two factors that can lead to the performance
degradation of the harvester. Prolonged exposure to high
temperatures above 160 °C is reported to cause the unstable
performance of certain TEGs due to the weakening of the
solderedP andN joints of the thermocouples in the TEG [39].
However, in the case of SoTEG, we do not expect the
temperature of either of the sides to reach this point. Though
the ambient side can heat up from solar radiation, the size
of the absorber is not enough to raise the temperatures to
extreme levels. Using the model, we estimate the maximum
temperature of the radiator to be around 60 °C even at an
irradiance level of 1000W/m2 and ambient temperature of
40 °C. Therefore, we expect performance degradation and
subsequent device failure due to high-temperature exposure
to be the least possible failure mode. Frequent temperature
cycling can cause a decrease in the Seebeck coefficient and
an increase in thermal resistance, leading to reduced power
generation over time [40], [41], [42]. This is particularly
significant in the context of SoTEG as the device is
exposed to highly dynamic air temperatures. Nonetheless,
most of the literature discussing reliability over temperature
cycling targets high-temperature applications [40], [41], [42].
Whereas in the case of a SoTEG, temperatures below
only 100 °C are expected. For instance, Hatzikraniotis et
al. investigated the performance degradation when a TEG
was subjected to hot side heating at 200 °C and long-term
cooling of 3000 hours [40]. They observed a 3.8% decrease
in the Seebeck Coefficient of the TEG and 16.1% decrease
in resistivity. Similarly, Park et al. analysed the impact of hot
side cycling from 30 °C to 160 °C in every 3 minutes [42].
They reported an 8% decrease in the figure of merit and 2%
increase in thermal resistance after 6000 cycles. In addition,
the power generated was reduced by 11%. In another work,
Merienne, et al. investigated how the performance varies
when the hot side temperature cycles in every 760 seconds,
990 seconds and 1320 seconds for three different TEGs [41].
The cycle power and heating time were also carried for
each TEG but the maximum temperature was kept below
200 °C and minimum at 50 °C. They reported a similar
observation of a reduction in power and figure of merit over
temperature cycles. Therefore, at this moment, there is not
enough data to estimate how the daily ambient temperature
fluctuations would impact the performance of the SoTEG.
In addition, most of the above research considers rapid
temperature cycling in seconds orminutes whereas in the case
of SoTEG, the cycling happens in the frequency of 12 hours

or less. Though we do not have much data on the impact
of low-grade thermal cycling at this time, we are currently
working towards analysing the reliability of TEGs under
low-grade temperature cycling using an in-house temperature
emulator for TEGs.

While the above reliability matrices consider engineering
factors and corresponding events, the amount of ambient
energy available is an external event that can influence the
reliable power generation of SoTEG. The power generation
reliability of the SoTEG can be assessed based on the heat
transfer efficiency given in Eqn. 3. Therefore, improving the
reliability of power generation requires reducing the thermal
resistance of the system as low as possible. Nonetheless,
since the thermal resistance of the copper rods and plates can
never be zero, the systemwould never attain 100% efficiency.
Another option to increase the power is to use a TEG
module with a high Seebeck Coefficient. However, a high
Seebeck Coefficient often leads to a high electrical resistance
due to the increased number of thermocouples. Therefore,
to improve reliable power generation at a given ambient
energy, an optimum design based on the thermal resistance
and electrical resistance of the system needs to be considered.
This may be solved using methods such as Reliability-based
Design Optimization (RBDO). This is currently out of the
scope of this paper and hence not considered.

I. FUTURE WORK
Harvesting energy from the temperature difference between
soil and air is an intriguing research field that could pave
the way for numerous sustainable applications. However,
several challenges must be addressed before such harvesters
can be employed in real-world deployments. The impact of
weather conditions, seasons, soil properties and geographical
locations on the performance of the energy harvester needs
to be further investigated. A comprehensive understanding
of these relations requires a long-term data set and multiple
deployments. Our current work serves as a prelude to a more
diverse and long-term study that we are planning for the
future. We further plan to run the current deployment for
a year to observe its performance under various conditions
and seasons. Considering the cost and investment required
for scaling up the installation, we currently do not plan to
increase the number of deployments.

While the data collected from experiments demonstrate
the feasibility of soil-air thermal energy harvesting, the
universal applicability of the proposed methods needs
to be further verified. The data analyzed in this paper
comes from a two-week long experiment conducted
during the winter months in Belgium. Therefore, to claim
universal applicability, data from various geographical
locations and climates are required. However, based on
the already available literature on soil temperature in
different geographical conditions and climates [43], it may
be intuitively claimed that the proposed method is applicable
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universally. Nonetheless, an accurate method would be
to prove the viability using real-world data. Though an
experimental method as illustrated in this paper is not
feasible, both in terms of money and time, fortunately,
there exists a large database of crowd-sourced soil and
air temperature data [43]. We could use this data and the
model presented in this paper to analyze the potential of the
proposed energy harvesting method. This is also the main
reason behind scripting an accurate mathematical model for
the SoTEG. Currently, we have soil and air temperature data
from 1699 locations in Belgium. By utilizing this data and
the model, we aim to estimate the energy production capacity
of all the 1699 locations. We expect such a model-based
study to provide valuable insights into the performance and
efficiency of the SoTEG under various environmental and
microclimate conditions. Though we have access to data
from many other geographical locations, we plan to work
with data from Belgium as the first step and later extend it to
different datasets.

VI. CONCLUSION
We have presented a detailed discussion on the design,
evaluation and performance of a soil-air thermal energy
harvester using both real-world experiments and model
analysis. The experiments were conducted in an outdoor
location in Belgium for 14 days in the winter month,
of November. Over the course of the deployment, the
harvester combined with a PMU generated power only for
1612 minutes. The examination of the model and data asserts
that the heat transfer network has a practical efficiency of
around 34.5%, requiring at least 3 °C temperature difference
to be available across the radiator and the soil for the SoTEG
to start generating energy. In addition, most of the energy
generated by the SoTEG is lost across the PMU during the
conversion process. An improvement in this situation can be
made by enhancing the heat transfer network. Our analysis
shows that increasing the number of copper rods in the
network to 10 will increase the efficiency to around 50%.

The model-based investigations further reveal that the
performance of SoTEG is closely related to the weather
conditions. Solar radiation has a positive influence causing
the harvester to generate more energy with increased
radiation. On the other hand, wind velocity causes a reduction
in power generation in the daytime by increasing convective
heat transfer between the radiator and the air. While the
wind has a negative impact during the daytime, its influence
on the nighttime performance of SoTEG depends on other
factors such as soil-air temperature difference and radiator
emissivity. As long as the temperature difference between
soil and air is enough to be dissipated through radiative
heat transfer, the wind tends to have a negative impact.
But, when the temperature difference increases such that
the radiative heat transfer is not enough to dissipate heat,
an increase in wind speed has a positive impact as it
enhances the heat removal from the radiator side of the heat
sink.
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