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A B S T R A C T

Although in the last years thermoelectric generators have arisen as a solution to boost geothermal power
generation, tests on field are still scarce. The vast majority of the available studies focus on computational
simulations or laboratory experiments, mainly with active heat exchangers that require pumps or fans, and,
consequently, present moving parts and auxiliary consumption. The present paper demonstrates for the
first time the suitability of a geothermal thermoelectric generator (GTEG) with passive phase change heat
exchangers, and therefore, without moving parts nor auxiliary consumption, on the shallow Hot Dry Rock
(HDR) field of Timanfaya National Park (Canary Islands, Spain), where 173 °C air anomalies can be found.
The device has been in operation without maintenance for 2 years now, producing more than 520 kWh of
energy. In terms of power generation, since the installed device is in turn composed of two prototypes with 10
and 6 thermoelectric modules, it has been confirmed that installing more modules leads to a lower generation
per module, although total generation can be higher. In fact, the prototype with 10 thermoelectric modules
generated a maximum of 20.9W (2.09 W per module) with a temperature difference between sources of 158 °C,
while the prototype with 6 thermoelectric modules obtained 16.67W (2.78W per module) under the same
conditions. These results open the door for a large-scale exploitation thanks to the intrinsic advantages of
modularity, reliability, robustness, and minimal environmental impact of the developed device.
1. Introduction

Despite the efforts made in the last years, fossil fuels still remain
dominant in the global energy scenario, accounting for 78.5% of global
energy demand and being responsible of three-quarters of global CO2
emissions [1]. Therefore, a structural shift in the global energy system
is increasingly urgent [1], trying to stop emissions that contribute to
climate change and leading to energy independent countries. For this
purpose, it is necessary to take into account all renewable sources, since
a combination of them will permit achieving the desired objectives.

The present paper focuses on one of the largest renewable sources,
geothermal energy, which, in comparison with other sources, presents
the advantage of being independent of weather, thus providing sta-
bility and a high potential. Furthermore, it can be used for heating-
cooling applications as well as for electricity generation. Nevertheless,
its contribution to the global energy scenario is minimal, specially in
electricity generation, with less than 0.4% of the global demand [2],
mainly due to the high initial investment, the long payback and con-
struction time, as well as the difficulties assessing the resource and
modularizing [3].
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In order to speed up the growth of geothermal power, thermo-
electric generators have been identified as one of the technologies
that ‘‘may make breakthrough’’ [3]. Thermoelectric generators (TEGs)
are solid-state devices whereby heat is directly converted into elec-
tricity, and that present the advantage of being modular, compact,
and permitting a noiseless generation without moving parts, which
minimizes maintenance. The latter characteristics are intrinsic to the
thermoelectric modules, the core of TEGs in which the transformation is
held due to the Seebeck effect. Nonetheless, the whole generator would
maintain such advantages or not depending on the heat exchangers that
are used in order to maximize the temperature difference between the
sides of the thermoelectric modules, as their efficiency mainly depends
on it, with higher efficiencies with higher temperature differences.
Thus, it is not only important to have low thermal resistances on the
heat exchangers, as a 10% reduction on the thermal resistance leads
to an 8% higher generation [4], but also to take into account that
those heat exchangers with auxiliary equipment such as fans or pumps
include moving parts, avoiding the mentioned benefits, and also have
associated an extra power consumption that reduces net generation.
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Nomenclature

Variables

𝑄̇ Heat flux (W)
𝜂 Efficiency (%)
𝐸 Energy (kWh)
𝑚 Number of thermoelectric modules
𝑃 Electric Power (W)
𝑅 Thermal resistance (K∕W)
𝑇 Temperature (K)
𝑡 Time (h)

Subscripts and Superscripts

𝑎𝑚𝑏 Ambient
𝐶 Cold side
𝐶𝐻𝐸 Cold side heat exchanger
𝑔 Geothermal air
𝐻 Hot side
𝐻𝐻𝐸 Hot side heat exchanger
𝑇𝐸𝑀 Thermoelectric module
𝑡𝑜𝑡𝑎𝑙 Total

Abbreviations

CCTEG Concentric Cylindrical Thermoelectric Generator
GTEG Geothermal Thermoelectric Generator
HDR Hot Dry Rock
TEG Thermoelectric Generator
TEM Thermoelectric module

In the literature, most of the proposed geothermal thermoelectric
enerators (GTEGs) use heat exchangers with a circulating fluid, which,
lthough present moving parts and auxiliary consumption, recall to tra-
itional geothermal power systems based on Rankine cycles. Hence, the
irculating fluid is pumped into the ground, absorbing geothermal heat
nd transporting it to the thermoelectric modules, which will transform
art of this heat into electricity, releasing the rest to the environment,
ormally with another heat exchanger with a pumped circulating fluid.
ith such configuration, Niu et al. built a device capable of generating
46.5W with a temperature difference between sources of 120 °C and
6 thermoelectric modules (2.62W per module) [5]. Ahiska and Mamur

also demonstrated the feasibility of this configuration with a prototype
capable of producing 41.6W under a 100 °C gradient with 20 modules
(2.08W per module) [6]. On their behalf, Suter et al. preferred to
perform a computational analysis, and optimized a 1 kW thermoelectric
stack by simulating different operating parameters and geometries [7].

More recently, some authors have focused on the improvement of
the hot side heat exchanger in order to extract as much geothermal
heat as possible. This is the case of Ding et al. who believe in the ad-
vantages of thermoelectric generators for geothermal power generation
(packaging, lack of moving parts, direct heat to electrical conversion,
and zero-emission), and that designed segmented annular concentric
cylindrical thermoelectric generators (CCTEGs) and evaluated them
with a mathematical model, leading to a generation of 136 kW un-
der a temperature difference between sources of 130 °C with a 500m
long CCTEG system with 100 segmented thermoelectric generators and
1500 × 470 P-N semiconductors in each generator [8]. Liu et al. were
also convinced that segmented concentric cylindrical thermoelectric
generators are the best configuration. In their case, they evaluated
their suitability in oil and gas wells, following the studies of Wang
et al. [9,10], in order to supply power to the downhole sensors and
2

control tools. With a mathematical model, they estimated a generation
of 800W with a CCTEG system with a total length of 200m composed of
40 segmented thermoelectric generators with 1500 × 70 P-N elements
per generator [11].

Nonetheless, although the configuration with heat exchangers with
a circulating fluid is the most common one, some authors, such as
Xie et al. believe that these conventional geothermal exploitation tech-
nologies with water extraction bring on many issues such as high
operation cost, low electricity generation efficiency, and huge envi-
ronmental impact [12]. Therefore, they propose the use of heat pipes
or biphasic thermosyphons for geothermal heat extraction. This type
of heat exchangers are based on phase change, permit transporting
great amounts of heat almost isothermally, and do not require auxiliary
equipment since fluid moves thanks to density differences, gravity, and,
in the case of heat pipes, wick materials [13]. Deng et al. agree that
these heat exchangers are the most suitable ones to absorb geothermal
heat [14]. In their case, they proposed two-phase thermosyphons to
extract heat from coalfields and reduce subsurface fires and their
ecological disasters while generating electricity with a TEG, estimating
a generation of 960W per hole. A similar configuration of TEG, with
a heat pipe as hot side heat exchanger and circulating water in the
cold side, was proposed by Zhao et al. [15] for geothermal power
generation. They delved into their operation at the laboratory, making
the device work under different conditions and with different number
of thermoelectric modules. In their study, they found that, although the
maximum efficiency of a single module is achieved with a generator
composed of only one thermoelectric module, in terms of total genera-
tion it is better to include more modules until a maximum is reached.
With their specific configuration, the best alternative consisted of four
thermoelectric modules, which led to 10.85W in total.

The first geothermal thermoelectric generator (GTEG) that included
phase change heat exchangers at both sides of the thermoelectric
modules was developed by Catalan et al. achieving a completely passive
device, without moving parts nor auxiliary consumption; thus extrapo-
lating the benefits of thermoelectricity to the whole generator [16]. In
fact, they demonstrated at the laboratory that this configuration leads
to a 54% higher generation than with fin dissipaters at the cold side:
3.29W per module with a temperature difference between sources of
180 °C. Afterwards, they delved into the study of such configuration
by means of a computational model validated thanks to the previous
experimental data [17]. In this study, they reached the same conclusion
as Zhao et al. [15] regarding the influence of the number of ther-
moelectric modules, determining that there is an optimal number of
thermoelectric modules per device due to the weight of each thermal
resistance. Based on this model, they designed and built two prototypes
and tested them at the laboratory, as gathered by Alegria et al. [18].
Under a thermal gradient between sources of 160 °C, the first prototype
was able to generate 17W with 10 thermoelectric modules, while the
second one led to 19W with 6 thermoelectric modules, demonstrating
in practice that with less modules, the generation per module increases
and so does efficiency.

The present paper continues analyzing the behavior of the former
GTEG [18], but it goes a step further, studying it on field. As has
been observed, the tendency in the literature is to make computational
studies or laboratory experiments. However, in order to boost the
development of GTEGs and make them finally a reality, it is necessary
to know their behavior on real geothermal fields. In the literature,
few examples of low-power generators oriented to sensors can be
found [19–21]. Nonetheless, Li et al. are the only ones that have
developed and tested a large-scale generation device on field. Focused
on making a modular device, after several investigations [22–25] they
ended up designing and building a five-layer thermoelectric generator
with 90 thermoelectric modules that can be installed with modularized
units. In the laboratory, they were able to generate an electric power
of 45.7W with a temperature difference of 72.2 °C between the cold
and hot sides (0.51W per module). Afterwards, they tested the device

during two days at Bottle Rock (The Geysers, California, USA) after
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an upgrade to a six-layer device [26]. The whole six-layer TEG could
generate on field about 500W electricity with a temperature difference
of approximately 152 °C between the hot and cold fluid manifolds
(3.9W per module). Nevertheless, in order to achieve such values, heat
exchangers with a circulating fluid and, consequently, moving parts and
auxiliary consumption, were used.

Thanks to the use of phase change heat exchangers, the present
paper supposes the first large-scale generation device without moving
parts that it is installed and analyzed on field. In particular, this
research studies the effect of the number of thermoelectric modules and
the environmental conditions on the temperature distribution, power
generation, efficiency, and energy production of a GTEG installed at
Timanfaya National Park (Lanzarote, Canary Islands, Spain), one of
the most significant Hot Dry Rock (HDR) fields in the world, with
anomalies where geothermal gases ascend to the surface with a tem-
perature between 150 and 500 °C [27]. The device was installed on
field in August 2020, which implies more than two years of continuous
operation, a sufficiently long time period to deeply know the behavior
of the developed GTEG for the sake of a future large-scale installation
thanks to the scalability of the design and its minimal environmental
impact.

2. Operation and installation of the geothermal thermoelectric
generator (GTEG)

Although the device that has been experimented on field in this
paper is the same than the one developed by Alegria et al. [18], since
the anomalies available at Timanfaya National Park (Lanzarote, Canary
Islands, Spain) are of gaseous nature (hot gases emerge from the bore-
holes), it is necessary to introduce slight modifications to the design
in order to improve heat transfer with the geothermal gases. Thus, the
extruded aluminum pattern with 31 fins 17mm high and 2mm thick
detailed in Fig. 1 has been added along the lowest 1.5m of the hot side
heat exchangers, where rope heaters provided heat at the laboratory.
These heat exchangers are cylindrical biphasic thermosyphons made of
copper with a diameter of 41.27mm, a thickness of 1.25mm, and water
as working fluid (0.5m high). As depicted in the figure, the inferior
2m are inserted in the borehole, while the overground length depends
on the specific prototype. Thus, Prototype A, with 10 thermoelectric
modules (5 levels), stands 1m above ground, while Prototype B, with
6 thermoelectric modules (3 levels), presents an overground height of
0.85m.

Geothermal heat causes the vaporization of the water inside each
hot side heat exchanger, which ascends to the upper part of the tubes.
In this part, the heat is released to the thermoelectric modules, condens-
ing and returning to the inferior part thanks to gravity. Nonetheless,
since the hot side heat exchanger is round and the thermoelectric
modules are planar, a 60mm2 squared copper block 40mm high and
graphite sheets have been added as detailed in Fig. 2 in order to ensure
a good thermal contact.

The used thermoelectric modules are the commercial Marlow TG12-
8LS, with 127 Bismuth-Telluride thermocouples and a maximum op-
erating temperature of 230 °C. These modules transform part of the
heat directly into electricity, releasing the rest to the environment.
For this purpose, again heat exchangers based on phase change have
been used, as it was demonstrated by Catalan et al. that are the most
suitable ones for this application [16]. As depicted in Figs. 1 and 2, each
thermoelectric module counts with its own cold side heat exchanger,
which is composed of four copper sintered heat pipes with a diameter
of 8mm and a length of 500mm inserted in an aluminum fin dissipater
with a 14.5mm thick base and fifteen 40 × 1.5mm2 corrugated fins.
With the objective of improving heat dissipation, 104 × 27.5 × 0.3mm3

aluminum fins have also been added to the heat pipes with a separation
of 5mm.

The operation of this GTEG has also been represented in Fig. 3 by
means of the schematics of thermal resistances. Thus, each prototype
3

Fig. 1. 3D representation of the installed geothermal thermoelectric generator (GTEG),
detailing its dimensions, the operation of the hot side heat exchangers, and the extruded
aluminum fins.

Fig. 2. Detail of the assembly between the heat exchangers and the thermoelectric
modules.

has a unique hot side heat exchanger, depicted by 𝑅𝐻𝐻𝐸 , that absorbs
geothermal heat 𝑄̇𝐻 . This heat is transferred to the thermoelectric
modules, each of which has its own cold side heat exchanger, as rep-
resented by the branches composed by the thermal resistances 𝑅𝑇𝐸𝑀
and 𝑅𝐶𝐻𝐸 . Part of the heat absorbed by each thermoelectric module
(𝑄̇𝐻 divided by the number of modules m) is transformed into electrical
energy 𝑃𝑇𝐸𝑀𝑖

, releasing the rest (𝑄̇𝐶 ) to the environment, as indicated
by Eq. (1). The total power generated by the prototype 𝑃𝑡𝑜𝑡𝑎𝑙 will
be obtained by the addition of the individual power of each module
(Eq. (2)), while its efficiency 𝜂 derives from Eq. (3).

𝑃𝑇𝐸𝑀𝑖
=

𝑄̇𝐻
𝑚

− 𝑄̇𝐶 (1)

𝑃𝑡𝑜𝑡𝑎𝑙 =
𝑚
∑

𝑖=1
𝑃𝑇𝐸𝑀𝑖

(2)

𝜂 =
𝑃𝑡𝑜𝑡𝑎𝑙 (3)

𝑄̇𝐻
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Fig. 3. Schematics of the operation of the developed prototypes with thermal
resistances.

The heat flux that is extracted from the geothermal gases 𝑄̇𝐻
corresponds, in turn, with Eq. (4), which is obtained dividing the
temperature difference between the geothermal air 𝑇𝑔 and the hot side
of the thermoelectric modules 𝑇𝐻 by the thermal resistance of the hot
side heat exchanger 𝑅𝐻𝐻𝐸 . This heat flux can also be approximated as
the temperature difference between the ground 𝑇𝑔 and the environment
𝑇𝑎𝑚𝑏 divided by the total thermal resistance of the prototype 𝑅𝑡𝑜𝑡𝑎𝑙,
whose expression is detailed in Eq. (5) taking into account that there is
a common hot side heat exchanger and several parallel branches with
the thermoelectric modules. Similarly, the heat flux that is released
by each thermoelectric module follows the expression depicted in
Eq. (6), with the temperature difference between the cold side of the
thermoelectric modules 𝑇𝐶 and the environment 𝑇𝑎𝑚𝑏, divided by the
thermal resistance of the cold side heat exchanger 𝑅𝐶𝐻𝐸 .

𝑄̇𝐻 =
𝑇𝑔 − 𝑇𝐻
𝑅𝐻𝐻𝐸

=
𝑇𝑔 − 𝑇𝑎𝑚𝑏
𝑅𝑡𝑜𝑡𝑎𝑙

(4)

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝐻𝐻𝐸 +
𝑅𝑇𝐸𝑀 + 𝑅𝐶𝐻𝐸

𝑚
(5)

𝑄̇𝐶 =
𝑇𝐶 − 𝑇𝑎𝑚𝑏
𝑅𝐶𝐻𝐸

(6)

If the thermal resistances of the heat exchangers are reduced, the
temperatures of the hot and cold sides of the thermoelectric modules
will resemble better the ground and ambient temperatures respectively.
Thus, with a greater temperature difference between the sides of the
thermoelectric modules, their efficiency will increase and more power
will be generated. Nonetheless, it is also necessary to take into account
that the generated power is also influenced by the number of thermo-
electric modules installed [15,17]. Hence, with more thermoelectric
modules 𝑚, the total thermal resistance of the prototypes 𝑅𝑡𝑜𝑡𝑎𝑙 is
reduced. According to Eq. (4), this causes an increase in the heat
flux that is absorbed from the geothermal field 𝑄̇𝐻 . Since the thermal
resistance of the hot side heat exchanger remains constant with the
heat flux [18], this means that the temperature of the hot side of the
thermoelectric modules will diminish. Therefore, the more thermoelec-
tric modules, the lower the temperature difference between the sides
4

Fig. 4. Location of the GTEG installed at Timanfaya National Park, in the area of Casa
de los Camelleros.

of the modules, reducing generation. In fact, as it was demonstrated by
Catalán et al. and also addressed by Zhao et al. [15], there is an optimal
number of thermoelectric modules when total generation reaches its
maximum [17]. Since the present paper studies a generator composed
of two prototypes, one with 10 thermoelectric modules (Prototype A)
and other with only 6 (Prototype B), this effect will be analyzed in
depth in the next section thanks to the results obtained on field.

2.1. Installation of the GTEG on field

The device described above was installed at Timanfaya National
Park, in the area of Casa de los Camelleros (Fig. 4), on 27th August
2020, which supposes two complete years at the moment of writing
the present manuscript. Specifically, the device was installed in an
existing borehole with a diameter of 305mm and a depth of 31m, where
geothermal gases go out with a temperature of around 170 °C and an
approximate velocity of 6m∕s.

In order to avoid the hot geothermal gases to affect the operation
of the cold side of the generator, a deflector was added to the base
of the borehole as depicted in Figs. 5 and 6. For this purpose, it
is also important that the device has a proper orientation regarding
the predominant wind direction. Therefore, the device was installed
facing N-NE, so that the geothermal gases are diverted away from the
generator, at the same time that the operation of the cold side heat
exchangers is optimized. To ensure that heat is only evacuated through
these cold side heat exchangers, the outer parts of the hot side heat
exchangers where there are no thermoelectric modules were insulated
with rock-wool and protected with aluminum tape.

The device also included a monitoring system in order to register
its behavior. On the one hand, thermocouples were installed in order
to measure the temperature of the geothermal gases 𝑇𝑔 , the temperature
of the hot 𝑇𝐻 and cold 𝑇𝐶 sides of the thermoelectric modules installed
in the first and last levels of each prototype, as well the ambient
temperature 𝑇𝑎𝑚𝑏. On the other hand, the power generation of each
level, where two thermoelectric modules are connected in series to the
optimal electrical resistance of 6.4Ω [18], was also measured. In both
cases, an Arduino Mega was used for the measurements every 30 s,
with type K thermocouples connected to MAX31855 for temperature
measurements [28], and INA219 for the power generation ones [29].
Finally, a meteorological station was also installed in order to measure
the wind velocity and its direction.

3. Results and discussion

Once the device and its installation on field have been described,
this section deals with the analysis of the results monitored during



Applied Thermal Engineering 222 (2023) 119843L. Catalan et al.
Fig. 5. Complete device installed at Timanfaya National Park, with Prototype A on
the right, Prototype B on the left, and the deflector on the borehole.

Fig. 6. Panoramic view of the complete device installed at Timanfaya National Park.

the last two years, detailing its operation first and making a global
analysis afterwards. During this time, it is important to highlight that
no maintenance has been performed thanks to the robustness of the
passive heat exchangers that have been installed, with no moving parts
nor auxiliary consumption.

Firstly, Fig. 7 depicts the temperature distribution of both proto-
types on a typical week in April with predominant N-NE wind, showing
the temperature of the geothermal gases 𝑇𝑔 , the temperature of the
hot 𝑇𝐻 and cold 𝑇𝐶 sides of the thermoelectric modules located at
the lowest and highest levels of each prototype (1 and 5 in case
of Prototype A, and 1 and 3 in case of Prototype B), as well as
the ambient temperature 𝑇𝑎𝑚𝑏. As can be observed, the geothermal
gases always ascend with a constant temperature of around 173 °C,
while ambient temperature suffers the greatest variations, oscillating
during night and day between 18 and 35 °C in the selected week. The
desirable temperature difference in the thermoelectric modules is the
one between the former temperatures. However, in reality, the sides
of the modules present a lower gradient, which is in turn affected by
the thermal resistances of the heat exchangers. Thus, it can be seen
5

Fig. 7. Temperature distribution of the geothermal gases 𝑇𝑔 , the hot 𝑇𝐻 and cold 𝑇𝐶
sides of the thermoelectric modules located at the lowest and highest levels of each
prototype, and the ambient 𝑇𝑎𝑚𝑏 during one week in April 2021.

that the temperatures of the cold sides of the thermoelectric modules
are very close to the ambient temperature, being practically similar
during the day and with a difference of less than 10 °C during the night
independently of the prototype. Regarding the levels, both prototypes
present the same behavior, with slightly lower temperatures at the
highest levels due to the greater distance to the geothermal gases.

In contrast, there exists a greater temperature loss between the
geothermal gases and the hot side of the thermoelectric modules that
is due to the low convection coefficients between the geothermal gases
and the hot side heat exchangers, which still have a great weight in
the thermal resistance despite the addition of fins. More specifically,
in Prototype B the temperature difference is of approximately 45 °C,
while in Prototype A the loss ascends to 56 °C. This 11 °C difference is
related with the number of thermoelectric modules installed, with 6
thermoelectric modules (3 levels) in Prototype B and 10 modules (5
levels) in Prototype A. As has been explained before and according
to Eq. (5), with a higher number of thermoelectric modules 𝑚, the
total resistance of the prototype is reduced. Therefore, given a certain
temperature difference between the geothermal gases and the ambient,
the heat flux extracted from the geothermal field increases as deduced
from Eq. (4). Consequently, since both prototypes have the same hot
side heat exchanger, whose thermal resistance does not vary with
the heat flux [18], according to the same equation, with a higher
number of thermoelectric modules, the temperature difference between
the geothermal gases and the hot side of the thermoelectric modules
increases, leading to a lower 𝑇𝐻 with more thermoelectric modules.
This in turn provokes a lower temperature difference between the
sides of the thermoelectric modules, which diminishes generation per
module, as can be observed in Fig. 8 during the same period of time.
Hence, while each level of Prototype B generates an average power of
5.1W, in Prototype A each level produces 4.1W, with exception of level
5 with 60% of the power, which seems to be due to a poor contact or to
a failure in the modules of this level since the temperature difference
between their sides was similar. Nonetheless, despite the lower gen-
eration per module, total generation of the prototype can be higher,
as it was computationally demonstrated by Catalan et al. [17] and it is
experimentally observed in reality. Thus, Prototype A presents a higher
generation, with an average of 18.9W in the selected week, 23.5%
higher than Prototype B, with an average of 15.3W. It is important to
highlight that all this generation is net, due to the passive nature of the
used heat exchangers.

If instead of analyzing a unique week, the whole two years are taken
into consideration, the former statement remains true regardless the
external conditions. This can be observed in Fig. 9, which represents
the average power generation of each prototype every two hours with

respect to the temperature difference between the geothermal gases
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Fig. 8. Power generation per level of Prototype A, with 5 levels, and Prototype B, with
3 levels (thin lines — right axis), as well as total generation of each prototype (thick
lines — left axis) during one week in April 2021..

Fig. 9. Average power generation of each prototype every two hours with respect to
the temperature difference between the geothermal gases 𝑇𝑔 and the ambient 𝑇𝑎𝑚𝑏.

𝑇𝑔 and the ambient 𝑇𝑎𝑚𝑏, with Prototype A in blue, Prototype B in
red, and the total generation of the device (sum of Prototypes A and
B) in green. In general, power generation follows a linear tendency
with respect the temperature difference between the heat sources, with
a slightly deeper slope in the case of Prototype A due to the higher
number of thermoelectric modules. Alegria et al. also obtained this
linear tendency at the laboratory, when supplying heat directly to
the external part of the hot side heat exchanger by means of rope
heaters [18]. However, they obtained that Prototype B generated more
at all conditions (not comparable with these ones). The present paper
studies on field the same prototypes, but before their installation, they
were reassembled, which explains the results obtained now, more in
concordance with the study of Catalan et al. that stated that for these
conditions, the optimal number of modules should be beyond 10 [17].
Therefore, with more thermoelectric modules, total generation could
be increased, although this will increase the total height of the device
and, consequently, its visual impact, something of utmost importance
for Timanfaya National Park, who recommends a maximum exterior
height of 1m, which corresponds with Prototype A.

In Fig. 9 it can also be observed that there are some points that do
not follow the linear tendency. This is due to the fact that the exterior
conditions are not always the same for a similar temperature difference
between the sources, specially regarding the intensity and direction of
the wind. For instance, with a temperature difference between 156 and
158 °C, both a generation of 26.31W and the maximum generation of
37.57W (20.90W of Prototype A, and 16.67W of Prototype B) have been
obtained. In order to analyze more in depth this fact, Fig. 10 represents
the temporal series of the total generation of both prototypes, the
6

Fig. 10. Total power generation of both prototypes, ambient temperature and wind
velocity during April 2021.

ambient temperature - in the left axis - and the wind velocity - in
the right axis - measured every 30 s during April, which represents
the average conditions available throughout the year. The temperature
of the geothermal gases has not been represented since it presents a
constant value of 173 °C.

As can be observed, total generation is firstly conditioned by am-
bient temperature. Thus, during the day, ambient temperature rises,
leading to a lower generation since the temperature difference between
the sides of the thermoelectric modules decreases. In contrast, during
the night, with lower ambient temperatures, this temperature gradient
increases, and so does total generation. In this month, total generation
normally oscillates between 32.5 and 35.5W. Nevertheless, there are
some periods of time in which total generation diminishes. This reduc-
tion occurs when the wind velocity decreases, which worsens the heat
dissipation of the cold side heat exchangers due to lower convection
coefficients. Moreover, with lower wind velocities, the hot geothermal
gases are not properly evacuated, ascending due to lower densities and
affecting the behavior of the cold side heat exchangers. An example
of power reduction can be observed the dawn of 30th April 2022,
when wind velocity decreased from 13 to 1.3 km∕h, causing a 17%
reduction in total generation, from 34.3W to 28.5W. This effect also
occurs when the wind comes from the W-SW direction, as indicated by
the red circles in Fig. 10, which causes that the hot geothermal gases
are impulsed directly to the prototypes. Nonetheless, according to the
wind rose of Lanzarote, most of the time there is a considerable wind
with predominant N-NE direction [30], which leads to scant periods of
diminished generation, as corroborated in Fig. 11, where the generation
of each prototype during the two years of study is represented.

Apart from the temperature distribution and power generation,
it also results interesting to calculate the efficiency of each proto-
type. Thus, for the average ambient temperature and wind velocity
of Lanzarote (21.9 °C and 22 km∕h), the average efficiency 𝜂 of each
prototype has been calculated based on the average temperature differ-
ence between the sides of the thermoelectric modules and the datasheet
provided by Marlow [31]. As can be observed in Table 1, the lower
temperature difference between the sides of the thermoelectric modules
of Prototype A leads to a lower generation per thermoelectric module
(𝑃∕𝑇𝐸𝑀) despite the higher generation of the whole prototype, which
causes a lower efficiency of Prototype A: 3.26% versus 3.57% of Pro-
totype B. Reiterating in previous explanations, this is due to the fact
that with more thermoelectric modules, the total thermal resistance
diminishes, leading to a bigger absorption of geothermal heat, but
provoking a lower hot side temperature in the thermoelectric modules.
This is corroborated in the table, where the heat flux absorbed from the
geothermal field has been estimated by using the definition of efficiency
(Eq. (3)). Thanks to this estimation, and since the average temperatures
of the geothermal gases (173 °C) and the hot side of the thermoelectric
modules are known (115.8 °C in Prototype A and 127.6 °C in Prototype
B), it has been possible to calculate the thermal resistance of the hot
side heat exchangers following Eq. (4), obtaining an average value
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Fig. 11. Average generation of each prototype every two hours from August 2020 to August 2022.
Table 1
Estimation of the efficiency 𝜂, the heat flux absorbed from the geothermal field 𝑄̇𝐻 , and the thermal resistances of the heat
exchangers 𝑅𝐻𝐻𝐸 and 𝑅𝐶𝐻𝐸 , based on the temperature difference between the sides of the thermoelectric modules 𝛥𝑇𝐻−𝐶
and their generation 𝑃 with the average ambient conditions of Lanzarote.
Prototype 𝛥𝑇𝐻−𝐶 𝑃 𝑃∕𝑇𝐸𝑀 𝜂 𝑄̇𝐻 𝑅𝐻𝐻𝐸 𝑅𝐶𝐻𝐸

(°C) (W) (W) (%) (W) (K∕W) (K∕W)

A 86.27 18.84 1.88 3.26 577.67 0.099 0.123
B 98.23 15.29 2.55 3.57 428.47 0.106 0.092
of 0.1025K∕W. For the calculation of the average thermal resistance
of the cold side heat exchangers, firstly the heat dissipated by each
thermoelectric module has been estimated with Eq. (1). Next, thanks
to Eq. (6) and the average temperature of the cold sides of the ther-
moelectric modules (28.8 °C in Prototype A and 28.2 °C in Prototype B),
the average thermal resistance of the each cold side heat exchanger
has been obtained, leading to an average of 0.1075K∕W. Although the
thermal resistances of both the hot and the cold heat exchangers are
quite similar, with considerably low values taking into account their
passive nature, it is important to highlight that the calculated results
consider the thermal resistance of each individual heat exchanger.
The prototypes share a common hot side heat exchanger, while each
thermoelectric module has its own cold side heat exchange. Therefore,
in the total thermal resistance of the device, the resistances of both the
modules and the cold side heat exchangers are divided by the number
of thermoelectric modules (Eq. (5)), and so does the absorbed heat 𝑄̇𝐻 ,
which causes a lower temperature difference between the cold side and
the ambient in comparison with the gradient between the geothermal
gases and the hot side of the thermoelectric modules, despite the similar
values of the thermal resistances.

Finally, in order to finish with a broad view of the generation of
the device during its first two years, the energy generated by each
prototype has been calculated. For this purpose, taking into account the
hourly average power measurement of both prototypes 𝑃𝑡𝑜𝑡𝑎𝑙 and the
time range 𝑡 (1 h), energy 𝐸 has been calculated as 𝐸 = 𝑃𝑡𝑜𝑡𝑎𝑙 ⋅ 𝑡. Fig. 12
represents the values obtained monthly, from September 2020 to Au-
gust 2022. As can be observed, the total generated energy oscillates
between 20 and 25 kWh, remaining considerably constant if compared
with other renewable sources thanks to the stability of geothermal
temperature. The variations are mainly due to the external ambient
conditions. Thus, although winter months tend to have the lowest
temperature, energy generation is higher in spring and autumn because
of the stronger wind conditions combined with moderate temperatures.
In fact, the maximum energy production corresponds to March 2021,
with almost 25 kWh, since the fastest wind speeds were registered in
this period. In total, during the two years considered in the present
paper, more than 520 kWh have been generated, which supposes
7

Fig. 12. Total energy production of the two prototypes during two years of operation.

270.25 kWh per year and, taking into account the occupied surface,
180.16 kWh∕m2. Thanks to the modularity of the proposed design and
its minimal environmental impact, these results open the door for a
larger scale exploitation at Timanfaya National Park, which would
permit reducing the dependency of fossil fuels while guaranteeing a
base-load power supply. Moreover, since it has been demonstrated
during these two years that maintenance is not necessary due to the
absence of moving parts, costs are reduced, entailing a promising and
very attractive alternative.

4. Conclusions

In conclusion, the present paper supposes the first large-scale
geothermal thermoelectric generator (GTEG) without moving parts that
has been installed and analyzed on field. In the literature, most of
the existing studies focus on computational simulations or laboratory
experiments, mainly with active heat exchangers that require pumps or
fans, and, consequently, have moving parts and auxiliary consumption.
Nonetheless, this work has demonstrated the suitability and robustness
of a GTEG with passive phase change heat exchangers (without moving
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parts nor auxiliary consumption) that has been in operation without
maintenance for more than 2 years in the shallow Hot Dry Rock (HDR)
field of Timanfaya National Park (Lanzarote, Canary Islands, Spain),
where geothermal gases ascend at an approximate temperature of
173 °C.

The installed device is composed of two prototypes, with the only
difference of having 10 or 6 thermoelectric modules, thus permitting
the analysis of the effect of the number of thermoelectric modules
besides the environmental conditions. Hence, it has been confirmed
in practice that a higher number of thermoelectric modules increases
total generation, although generation per module is reduced. Thus, the
prototype with 10 thermoelectric modules has produced a maximum
power of 20.90 W (2.09 W per module) with a temperature difference
between sources of 158 °C, while the one with 6 modules obtained

maximum of 16.67 (2.78 W per module). This is due to the fact
hat each prototype shares a common hot side heat exchanger with
ll the thermoelectric modules, each of which has its own cold side
eat exchanger. Therefore, with more thermoelectric modules, the
otal thermal resistance of the prototype is reduced, absorbing more
eothermal heat, but causing a reduction in the temperature of the hot
ide of the thermoelectric modules that diminishes its thermal gradient
nd therefore generation. This is also reflected in the efficiency, with
n efficiency with average conditions of 3.26% with 10 thermoelectric
odules and of 3.57% in the case of having 6.

Besides the effect of the number of thermoelectric modules, the
nfluence of the environmental conditions has also been analyzed,
btaining a practically linear dependency between power generation
nd the temperature difference between the geothermal gases and
he ambient, which is slightly reduced in case of unfavorable wind
onditions. Nonetheless, despite the variations with the meteorology,
he monthly energy production is quite stable, with values between 20
nd 25 kWh that have permitted obtaining more than 520 kWh in two
ears. Therefore, these results expose the suitability of the developed
rototypes and open the door for a larger scale exploitation at Timan-
aya National Park thanks to the modularity, reliability, robustness, and
inimal environmental impact of the developed device.
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