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Earth-Air Thermoelectric Generator ((EATEG)) has been studied theoretically and experimentally.
In addition to the TEG theory, a mathematical model for (EATEG) has been skipped using a theory
that considers both the thermal processes in the soil and the thermoelectric generator working in
accordance with these processes as a whole. / Toprak- Hava Termoelektrik Jenerator (THTEJ)
teorik ve deneysel olarak incelenmigtir. TEJ teorisine ek olarak hem topraktaki 1sil proseslerin hem
de bu proseslere uygun g¢alisan termoelektrik jeneratorii bir biitiin olarak ele alan bir teori
kullanarak THTEJ i¢in matematiksel model gegistirilmigtir.
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Figure 1: Earth-Air Thermoelectric Generator (EATEG) / Sekil 1: Termoelektrik Toprak-Hava
Jeneratorii(THTEJ)
Highlights (Onemli noktalar)
»  Yesil teknoloji-Green technology
»  Yenilenebilir enerji /'Renewable energy
»  Termoelektrik yar iletken teknoloji | Semiconductive thermoelectric technology

Aim (Amag): Earth=Air Thermoelectric Generator (EATEG) has been studied theoretically and
experimentally. / Toprak -hava termoelektrik jeneratoriin (THTEJ) teorik ve deneysel olarak
incelenmisidir.

Originality (Ozgiinliik): For the first time, an Earth-Air Thermoelectric Generator EATEG was
investigated as a whole, both theoretically and experimentally. / 7k kez bir Toprak-Hava
Termoelektrik Jeneratorii THTEJ bir biitiin olarak ele alinarak teorik ve deneysel olarak arastirildi.

Results (Bulgular): Obtained experimental and theoretical results were compared. Theoretical and
experimental results were equal with an error margin not exceeding 5%. / Elde edilen deneysel ve
teorik sonuglar karsilastirilmigtir. Teorik ve deneysel sonuglar %5 ge¢meyecek hata payiyla esit
ctkmugstir.

Conclusion (Sonug): This study analyses and examines the Earth-Air Thermoelectric Generator
(EATEG) both theoretically and experimentally, which works with earth temperature and is
recommended to be used peculiarly in safety systems. To examine how EATEG functions in natural
conditions, temperatures at soil surface and inside the soil depth of which is equal to the length of
the generator are measured, and AT temperature differences are modelled throughout the four
seasons in five different districts in Ankara. Thus, it is concluded that without any requirements for
an electricity cable, it is possible to create a system that can work via EATEG by generating
electricity with the help of the earth's temperature in the event of a property violation or other
security-related issues to notify the security units. / Bu ¢alismada toprak isist ile ¢alisan ve ozellikle
emniyet sistemlerinde kullanilmasi onerilen Toprak-Hava Termoelektrik Jenerator (THTEJ) teorik
ve deneysel olarak incelenmistir. THTEJ n ger¢ek doga kosularinda ¢alismasini arastirmak igin
Ankara’'nin bes farkl bolgesinde dort mevsimde jeneratériin boyuna esit olan toprak derinliginde
ve toprak yiizeyindeki sicakliklar olgiilmiis, AT sicakhk farklari hesaplanmis ve modelleme
yapilmistir. Boylece herhangi bir elektrik kablosuna ihtiya¢ duymadan topraktaki is1 yardimiyla
kendi elektrigini iireterek alan ihlali durumlarinda giivenlik birimlerine haber verme ézelligine
sahip bir sistemin THTEJ ile ¢calisabilecegi tespit edilmistir.
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Abstract

This study analyses and examines the Earth-Air Thermoelectric Generatory(EATEG) both
theoretically and experimentally, which works with earth temperature and,is recommended to be
used peculiarly in safety systems. To examine how EATEG functions i, natural conditions,
temperatures at soil surface and inside the soil depth of whichtis equal tojthe’length of the
generator are measured, and AT temperature differences are modelled throughout the four seasons
in five different districts in Ankara. To create the environment to measure and analyse how
EATEG functions in natural conditions and design-a“ thermoelectric earth-air generator and
calculate its parameters, a mathematical model*of‘EATEG is created based on both thermic
processes and the standard thermoelectric generator (TEG) theery. The thermoelectric parameters
such as power P(W) produced by the generatorbased on T, voltage U(V), and current 1(A) are
calculated using a custom experiment mechanismbuilt specifically for this study, and the results
are compared to theoretical results. Thesoutcomes ofitheoretical and experimental results are in
congruence. It is observed that the proposed earth-air generator can provide a reliable safety
system. Thus, it is concluded that without any“requirements for an electricity cable, it is possible
to create a system that can work'via EATEG,by generating electricity with the help of the earth's
temperature in the event of a property violation or other security-related issues to notify the
security units.
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1. INTRODUCTION (GiRris)

Bugalismada toprakuisisi ile ¢alisan ve Ozellikle emniyet sistemlerinde kullanilmast onerilen
toprak-hava termoelektrik jeneratér (THTEJ) teorik ve deneysel olarak incelenmistir. THTEJ’n
gercek /doga“kosularinda caligmasini aragtirmak i¢in Ankara’nin bes farkli bolgesinde dort
mevsimde jeperatoriin boyuna esit olan toprak derinliginde ve toprak yiizeyindeki sicakliklar
Olciilmiis, AT sicaklik farklar1 hesaplanmis ve modelleme yapilmistir. Bunun igin klasik
termoelektrik jenerator(TEJ) teorisine ek olarak bir termoelektrik toprak-hava jeneratori
tasarlamak veya parametrelerini hesaplamak i¢cin hem topraktaki 1sil proseslerin hem de bu
proseslere uygun calisan termoelektrik jeneratoril bir biitiin olarak ele alan bir teori kullanarak
THTEJ n bir matematiksel modeli gegistirilmistir. Deneysel ¢aligmalar i¢in kurulan 6zel test
diizenegiyle jeneratoriin AT’ ye gore trettigi giic P(W), gerilim U(V) ve akim I(A) gibi
termoelektrik parametreleri 6l¢iilmiis ve teorik sonuglarla karsilastirilmistir. Teorik ve deneysel
sonuglar birbirine ¢ok yakin ¢ikmistir. Ornek uygulama olarak 6zel yapilmis gegek bir emniyet
sistemin ¢aligmasini toprak-hava jeneratorle sagladig: tespit edilmistir. Boylece herhangi bir
elektrik kablosuna ihtiyag duymadan topraktaki 1s1 yardimiyla kendi elektrigini iireterek alan
ihlali durumlarinda giivenlik birimlerine haber verme 6zelligine sahip bir sistemin THTEJ ile
calisabilecegi tespit edilmistir.

that aims to produce alternative energy sources in

Due to the increasing need for alternative energy
source, making good use of these sources is vital in
terms of energy efficiency. The vitality of research

Turkey as well as around the world is
unquestionable. Developed countries and countries
with sufficient energy supplies focus on this subject.
For instance, during 1975-1990, the USA spent
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over 38 billion dollars on alternative energy
production. Among many different alternative ways
of producing electricity, the "minimum energy
sector" which produces electricity directly from
heat, occupies an important place. The
characteristic features of this method are the
absence of moving parts in the thermoelectric
modules, durability, high reliability, ease of
construction, and compatibility with all kinds of
alternative and renewable heat resources. When it
comes to thermoelectric generators, the source of
heat might be solar heat, all sorts of waste heat, or
other heat sources. In recent years, the use of the
temperature difference between earth-air systems
has been discussed. Due to the research about this
system, both the heat processes in the earth and the
design, production, and studies related to the
physical features of the generators that are suitable
to these processes came forward. Hence, the
production and research of devices with
thermoelectricity generators and systems specially
addressing earth-air systems have been started [1].
In this study, one piece of an earth-air
thermoelectric generator, which is supplied by TES
Ltd., is examined. TEG, the basic structure of

which is shown in Figure 1, is buried in the earth
and can function in two regimes depending on the
weather circumstances. During hot weather or
daytime, the heat that comes from the warm layer of
the earth is collected in the collector number 2 and
transmitted to the thermoelectric module's hot
surface, which is located just below the collector.
10% of the heat passing through the module is
directly converted into electricity, at most. The
remaining heat is transported through heat
exchanger 4 with high thermal conductivity or low
thermal resistance to collector number 3, where the
module is in contact with a cold surfaee, and then it
gets spread to the colder part of the earthaunder the
generator. During cold weather arat night, the heat
that comes from the warmen,layer of‘the buried
generator is transmitted.to the number 3 collector
first, then to the module, and tovthe number 2
collector via the number 4yheat exchanger and
dissipates into-themairsAll:the parts that construct
TEG areplaced. inan external cover that is isolated
with a _pumber®s insulator and made of anti-
corrosive, %, anti-bielogic, and  water-resistant
material. Alsoy the/cover that is used to create the
generator is undetectable by detectors [2,3].
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Figure 1 Earth-Air Thermoelectric Generator (EATEG) (Termoelektrik Toprak-Hava Jeneratorii(THTEJ))

2. THEORY (TEORI)

The operation of a thermoelectric module is
explained in Figure 2. A TEG system consists of
three main parts: a heating block, a cooling block,
and a thermoelectric module [4].

The Seebeck effect causes a decrease in DC
voltage in TEG tips when there is a temperature
difference between the module's surfaces. P
power or | current obtained from TEG depends
on the AT temperature difference, the features of
semiconductive materials, and external R_
charging resistance values.
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Figure 2. The use of a thermoelectric module as a thermoelectric generator (EATEG), (Termoelektrik
modiiliin termoelektrik jenerator olarak kullanilmasi)

The efficiency of a TEG is defined as the ratio of
the received power (Pa) to the supplied power
(Pv) as follows:

n=Pa/Py (1)

The semiconductor quality factor (Z) used in a
TEG while the power factor ZT of a TEG is as
follows:

(12

KR;,

ZT =

T 2

In this formula; T is temperature (Kelvin)/a (o =
apn = |ap| + o) Seebeck constant (V/K), K is
thermal conductivity (W/mK). In aTEG, ZT"s.a
function of the temperature difference between
the surfaces of the module™andwAT: TEG
efficiency is also expressed in terms of Carnot
efficiency. The Carnot efficiency for TEGs is
expressed as:

(Ty —Te) 1977, -1

Mmax = HT < X 22 T (3)
H S+ ZT,, +T7C
H

In this formula; The hot side temperature of TEG
is Tw, the cold side temperature of TEG is T¢ and
their average is the average temperature of TEG,
Tae=(Tu + Tc) / 2. The highest value of the
voltage produced by the TEG is when its
terminals are open. The open circuit voltage Voc
is expressed as down below:

Voc = N(ap —a,)(Ty —Te) 4)

TEG open-circuit voltage is directly proportional
to the number of. thermoelements N, the
temperature difference™AT between the hot side
surface temperature of the-TEG, Tw and the cold
side strface“temperature, Tc and The Seebeck
constant o, of the p—type semiconductor material
used is proportional to the Seebeck constant o, Of
the'n-type semiConductor material [4,5].

The' power P_ produced on the charge R.
connected to a single module is expressed as:

Ry
(Rin +RL)2
©)

In the formula, Py is the output power of the TEG
over the load, I, is the electric current that TEG
passes over the charge, and V. is the voltage
created by the TEG on the connected load. When
the load resistance R. is equal to the internal
resistance Ri,of the TEG, then TEG produces the
maximum output power, Pima, Which is
expressed as follows:

P{ =1V, =1 [0AT -1, R;,]=a’AT?

PLmax = (6)

The maximum voltage Voc and maximum current
Isc are acquired from the TEG when its terminals
are  open-circuited and  short-circuited.
Depending on the value of the connected charge,
different amounts of power (P.) are obtained
from the TEG.
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Figure 3. TEG equivalent electric Circuit(TEJ esdeger elektrik devresi)

A Voc voltage source with a TEG internal
resistance Rin, which can be obtained from the
Voc short-circuits current 1ISC section (Voc/lsc),
can be used to represent a TEG open-circuit
equivalent. The open circuit voltage (Voc) is
shown here is equal to the product of the
temperature difference (T) and Seebeck's
constant (a).At a specific temperature difference
AT, if the TEG short-circuit current is lsc then
TEG's short-circuit ends. Figure 3 depicts an
analogous electrical circuit connected to a
thermoelectric module used as a TEG. The
quantity of power obtained from the TEG varies
according to the R, value of the load resistor [5,6]

3. MATHEMATICAL MODEL
(MATEMATIKSEL MODEL)

Many theoretical and experimental studies have
been carried out according to the classical theory
given above [5-10]. However, they are not
enough for a EATEG. To design a thermoelectric
earth-air generator (EATEG) or calculate its
parameters based on the given information, in
addition to the formulas (1)~ (6) above;both the
thermal processes ing the seil and the
thermoelectric generator workingy-by these
processes should be cansidered,as awhole [1]. As
a result of theoretical jand experimental research,
it is observed that variouS'EATEG parameters are
implicitly related to each other. In general, one of
the maostWimportant EATEG parameters, the
producCed electric power, P, is expressed as in the
formula ~(7) % [1]. P = f[T(xy,zt),
MX,Y,z,5e(x,y42,t),2.1 Bi,Z,L(X,y,z,1)] (7

In this formula, T(x,y,z,t) is the spreading of the
temperature in the earth buried inside, A(X,y,z,t)
and c(x,y,z,t) are the thermal conductivity of the
earth and the volumetric thermal capacity
parameter, the thermal balance of the algebraic
total in the earth, and Z is the efficient parameter
of the earth thermoelectric generator.

L(x,y,z,t) is a space coordinate that demonstrates
the location inside EATEG's geometric
dimensions, and t is for time.

P =A1[T(zt), Mzt,T),c(zt,T)XaBi ,Z,L(2)] (8)

By presuming that the temperature of the earth is
a one-dimensional “functionjand. the earth's
thermal parametersare ‘stable, theé output power
can be calculated by including’the main features
that affect how.a EATEG.functions. To achieve
this geal, it'is possible to benefit from the chart
showndin Figure,4. In this diagram, a EATEG of
dimensions D and*H is buried at a depth of h. It
would be mere’ acceptable in this situation to
solve_the issue using a cylindrical coordinate
system and account for the system's symmetry to
determine the electrical power P generated by the
earth's thermoelectric generator. The positive Z-
axis direction in this instance is defined from the
earth's surface, and the r and z cylindrical
coordinates are as in Figure 4.
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Figure 4. Chart of buried EATEG [1]
(Topraga gomiilii THTEJ {in semasi)
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The solution of the heat conduction differential
equation defined below with the temperature
distribution function T(r,z,t) in the earth is:

l aT(r,z,t) _ 9°T(r,zt) + 1 0T (r,z,t) + 0°T(r,z,t) (9)

X at oar? r or 0z’

o aT(ar;Z't) =qocoswt,z=0 (10)
T(h,r < D/2,t)=Ti(t) (1)
T(H+hr< D/2,t)=Ti(t) (12)

oT(r,z,
—Ko fs T(;ZZ 2 |z=hdS =
1/Rgarec((Ta(®) - Ti(D) (13)
—rg T2 =0, h<z<h+H (14)

In this equation, y stands for the soil's heat
transmission coefficient and ko stands for the
temperature transmission coefficient. Tw(t) and
Ti(t) are the temperatures at the upper and lower
surfaces of the EATEG that must be determined,
and Reatec is the thermal resistance lof the
EATEG. Qo and o are the amplitude and periodic
frequency of the harmonic oscillationh.of the heat
flux density on the surface_of the sqil. The
following equations are the-edge conditiens of
their physical interpretations are as.follows: (11)
and (12) express that the lowerand upper surfaces
of the EATEG are isothermic,imeaning that their
temperatures are<constant on all'of their surfaces,
(13) expresses theythermal stability of the
EATEG's heatsreceiving surface, and (14) is the
requirement, for,the sides of the EATEG to be
adiabatic insulation. Condition (10) provides the
heat flux on the'seil's surface.

The Rankinis”method solution of equation (9)-
(14) yields the following formula for the T
amplitude of the oscillation of the temperature
difference between the two sides of the EATEG
for the kvasistosanar, periodic with regard to time
and H<h state:

AT = Z—Zexp(—yh)F (k, %) (15)

In this equation, vy = Jw/2y, « = 4H /
ReatesD?con — EATEG- It is the ratio of the earth
piece's heat resistance equal to the volume of

EATEG to the generator's heat resistance. It is a
complicated function that depends on its

variations is F(K,%) . However, with a less than

5% error margin, this function can be stated as
follows when these arguments are in the range of
0.1 to 5%:

F(K,%) =1+ (1- x)/(«+2H/nReATEG) (16)

The heat flux function, which is comparable to
the Lukosh function used in the theory of eddy
thermoelectric currents and it can be used to
determine the distribution of the heatflux density
in a patch of soil with a EATEG sinceithe issue
under examination hasga ‘cylindrical ™ (axis)
symmetry [1]. The® difference between the
positions (z, r1) and (z;.r2) of this function, r; <r
< 1y, represents the'entire heat flux through the
ring in this case. The“heat*flux function can be
expressed using the'fellewing equation:

9 2¥_ I o (17)

0z’ or? rodr

P(®,0) = —ﬁ qor? coswt (18)

w(r,h+H)=¢(r,h)=—ﬁTqr2 Y(r, h+
H) =(r,h) = —ﬁQEATEG r? (19)

In this formula: Jeatec = AT / mReatecD.
According to this model, the amplitude of the heat
flux oscillation on the heat incoming surface of
the EATEG for the small AT valid in the EATEG

d = Go exp(-yh)k F(7) (20)
and the efficiency of EATEG is:
N=ZAT/4 (21)

Hence, the power produced by a EATEG from
formulas (15), (20), and (21)

P=Vacexp(-2yh)Zk FX(x. )2 (22)

Based on this formula, the power produced by the
EATEG increases in direct proportion to the V-
volume of the EATEG, Z, and qo?, while it
decreases exponentially according to the depth
where the EATEG is buried, and changes non-
monotonically according to the k and H/D
parameters.

4. EXPERIMENT (DENEY)

During the experimental studies, parameters such
as power P(W), voltage U(V), and current 1(A)
produced by the generator were examined,
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specifically according to T. Throughout four
seasons, temperature differences at the soil depth
of 25 cm and 50 cm and at the soil surface were
equal to the length of the generator, and the
temperature differences were measured and
modeled in five different precincts in Ankara
according to these data and values. Earth

Two examples from extensive field tests are
given  below.The maximum  temperature
differences according to the location of the data

generator lab tests are performed based on the
obtained wide range of temperature differences.
An experimentation mechanism is designed and
built specifically for this purpose. Temperature
differences were measured at the soil depth of 25
cm and 50 cm and the soil surface in five different
precincts in Ankara.

1z

10

AT,oC

1 2

In this figure, location n
location number 2 is

=
=

o 1 2

Seasons

Location

—— 25 cm

—e— 50 cm

3 4

btained in winter, max temperature differences (Kis mevsiminde
erilerin konuma gore maksimum sicaklik farklari)

The highest T is given depending on the location,
either 25 cm or 50 cm soil depth.
The highest temperature difference, measured in
the Yenimabhalle location, is 11 °C.

—— 25 cm

—— 50 cm

Figure 7. Maximum temperature differences according to seasons in Baglum Location (Baglum konumunda
alinan mevsimlere gére maksimum sicaklik farklar)

The highest AT graph is created for 25 cm and 50
cm soil depths in the Baglum location, according
to seasons. Number 1 represents spring, number

2 represents summer, number 3 represents fall,
and number 4 represents winter. In spring, the
largest temperature difference was observed.
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After completing one year of field research, the
obtained maximum and minimum temperature
differences are given below.

Table 1. The maximum temperature differences in the four seasons (Dért mevsimdeki maksimum sicaklik

farklarr)
Data ATmax °C ATmax °C
25cm 50cm
Spring -13,9 -239
Summer 10,4 15,6
Fall 2,2 -6,4
Winter -8,1 -10,9

The parameters of EATEG for AT, also including
the real temperature differences measured in the
field were simulated in

RF (Radio Frequency)Transmitter

Motion Sensor

laboratory<studies. The custom experimental
setup that was'ereated for this goal is given below
[2,3,7].

Multimeter , Aluminium Perforated
S .
| Cylinder

Figure 8. TEG Test Mechanism (TEJ Test Diizenegi)

In this experimental setup, custom-made linear
heatingidévices were used to create a temperature
differencesbetween the surfaces of the generator.
A plate-shaped heater with A=8 cm B=5 cm,
AxB, operating with 220 V AC, was used in the
experiment. The total resistance of the heater,
including the cable, was measured at 0.564 kQ
with a T-YAN MY-64 type multimeter.
According to this data, the thermal power
produced by the heater is P = U2/ R, and the
heater's power value is P = (220)%564 =
85.815watts.

The earth-air generator designed by TES Ltd. was
tested and approved in terms of what temperature
difference and what value of power is enough to
launch (to create the example application for) a
safety system. When the EATEG is measured, it
is at 21.4 volts when it is unloaded and at 5 volts
when it is loaded. It is observed that the safety
system is working during the measurement phase
when EATEG is neutral at 21.3 volts and when it
is charged at 5 volts.
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5. RESULTS AND DISCUSSIONS
(BULGULAR VE TARTISMALAR)

For AT that includes the temperature differences
calculated during field studies, EATEG
parameters are calculated experimentally and
compared to theoretical results. During
theoretical calculation, for a real EATEG's

H=25cm, D = 9,6cm, AT = 8°C, the output
voltage 1,5 V, power 12mW and for the
thermoelectric module, Z = 2,6%10° / °C values
are used. Both theoretical and experimental
results are identical, with an error margin of not
more than %5. These findings are shown in
Figure 9.
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Figure 9. Power Chart of EATEG (THTEJ iin Gii¢ Egisi)

Voltage-power-current features of EATEG are
gathered and compared to theoretical results.

The findings are shown in Figure 10.
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Figure 10. Thermoelectric Features of EATEG (THTEJ iin Termoelektrik Ozellikleri)

As shown in Figure 10, experimental and
theoretical results are‘quite’similar[8-10].

6. CONCRUSIONS (SONUCLAR)

This'study»analyses and examines the Earth-Air
Thermoelectricity Generator (EATEG) both
theoretically“and experientially, which works
with earth temperature and is recommended to be
used peculiarly in safety systems. To examine
how EATEG functions in natural
conditions, temperatures at the soil depth and soil
surface that were equal to the length of the
generator, and temperature differences between
these locations AT were measured and modelled
throughout four seasons in five different districts

in Ankara. Tmax = 23,9°C and Tmin = 2,2°C are
measured according to the data. To categorize all
temperature differences that include these values
as well, experimental research is carried out in a
EATEG laboratory The theoretical and
experimental results obtained were compared to
one another. In addition to the standard TEG
theory, a mathematical model of EATEG is
developed to either design a thermoelectric earth-
air generator and to calculate its parameters by
using both the thermic processes where the
thermoelectric generator works well for these
processes. With a custom test setup designed for
experimental operation, thermoelectric
parameters including power P(W), voltage U(V),
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and current 1(A) produced by the generator are
found to be in conformity with the experimental
results. Both theoretical and experimental results
are identical, with an error margin of not more
than 5%. As a prototype application, it was
discovered that a specially constructed actual
safety system operates with an earth-air
generator.
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