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A B S T R A C T

In the current climate and energy context, it is important to develop technologies that permit increase the use
of renewable sources such as geothermal energy. Enhancing the use of this renewable source is particularly
important in some places, due to its availability and the enormous dependence on fossil fuels, as is the case
of the Canary Islands. This work proposes the use of thermoelectric generators with heat exchangers working
by phase change to transform the heat from the shallow high temperature geothermal anomalies on the island
of Lanzarote directly into electricity, since the use of conventional geothermal power plants would not be
possible because they would damage the protected environment. To bring this proposal to reality, this work
has succeeded in developing and field-installing a geothermal thermoelectric generator that operates without
moving parts thanks to its phase-change heat exchangers. This robust generator do not require maintenance
nor auxiliary consumption, and produces a minimal environmental impact, it is noiseless, and the use of water
as working fluid makes it completely harmless.

The developed device consists of a thermosyphon as hot side heat exchanger, thermoelectric modules and
cold side heat exchangers also based in phase change. Tests were carried out in the laboratory at various
heat source temperatures and varying the number of thermoelectric modules. It was determined that installing
more modules decreases the efficiency per module (from 4.83% with 4 modules to 4.59% with 8 modules at
a temperature difference between sources of 235 ◦C), but for the number of modules tested the total power
increases, so the field installation was carried out with 8 modules. After the good results in the laboratory, it
was satisfactorily installed at Timanfaya National Park (Lanzarote, Spain) in a borehole with gases at 465 ◦C.
This generator presents a maximum output power of 36 W (4.5 W per module), and is generating 286.94 kWh
per year, demonstrating the great potential of the developed thermoelectric generators to build a larger-scale
renewable installation.
1. Introduction

The transition to the use of renewable energy sources is a global
necessity and a challenge. Many countries are making efforts to pro-
mote renewable energies in order to reduce greenhouse gas emissions
and mitigate global warming so as not to exceed the 1.5 °C of tem-
perature increase since preindustrial levels established in the Paris
Agreement (United Nations, 2016). The European Commission, through
the European Green Pact, adopted in 2019 a set of proposals to reduce
net greenhouse gas emissions by at least 55% by 2030 and 100% by
2050 compared to 1990 levels (European Comission, 2020). Although
there has been a large increase in energy produced from renewable
sources in recent decades, even today only 12.6% of the world’s pri-
mary energy is renewable (REN21, 2021). As a consequence, the need
for further technological development and the installation of more
renewable systems becomes evident.
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There exist renewable sources that have not achieved enough de-
velopment, such as geothermal energy, which contributed less than
3% to the worldwide electricity production in 2021 (REN21, 2021).
However, geothermal energy has a great potential and the advantage
that it is not an intermittent source, but is always available, regardless
of the weather.

The need for new technologies to promote the use of this renew-
able source is higher in some regions like the Canary Islands (Spain),
which have a great geothermal potential that is currently untapped.
These islands, with a 98% dependence on fossil fuels for their primary
energy (Red Eléctrica de España, 2021) and with an isolated electrical
system, require a deeper development of technologies that enhance
their decarbonization. Thus, the Sustainable Energy Strategy in the
Canary Islands, which is part of the Recovery, Transformation and
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Nomenclature

Variables

𝛥T Temperature difference (°C)
�̇� Heat flux (W)
𝜂 Efficiency
ℎ Heat transfer convection coefficient (W/m2

K)
𝑘 Thermal conductivity (W/m K)
𝑚 Number of thermoelectric modules in a

GTEG
𝑃 Electric power (W)
𝑅 Thermal resistance (K/W)
𝑇 Temperature (°C)
𝑣 Velocity (m∕s)

Subscripts and Superscripts

𝑎𝑚𝑏 Ambient
𝑏 Boiling
𝐶 Cold side of the thermoelectric module
𝑐 Condenser/Condensation
𝑐𝑜𝑛𝑑 Conductive
𝑐𝑜𝑛𝑠𝑡 Constriction
𝑐𝑜𝑛𝑣 Convective
𝑐𝑟𝑖𝑡 Critical temperature
𝑒 External
𝑒𝑞 Equivalent
𝐻 Hot side of the thermoelectric module
𝑖 Internal
𝑙 Liquid
𝑣 Vapour

Abbreviations

CHE Cold side Heat Exchanger
EGS Enhanced Geothermal System
EU European Union
GTEG Geothermal Thermoelectric Generator
HDR Hot Dry Rock Field
HHE Hot side Heat Exchanger
S Source of heat (In laboratory: TPCT wall. In

field: Hot gasses.)
TEG Thermoelectric Generator
TEM Thermoelectric Module
TNP Timanfaya National Park
TPCT Two Phase Closed Thermosyphon

Resilience Plan, financed by EU Next Generation funds, includes pro-
gramme number 6, whose objective is to promote innovative projects in
the field of energy, with innovative technologies that permit the use of
high temperature geothermal energy. In fact, one of the lines of action
focuses on medium/high temperature geothermal energy by promoting
research to demonstrate the viability of the geothermal resource on
the islands for use in electricity generation (Government of the Canary
Islands et al., 2022).

The Timanfaya National Park (TNP), in Lanzarote (Canary Islands,
Spain), is one of the most important shallow hot dry rock fields in
the world. The geothermal anomalies are caused by the presence of
a lava body at a depth of 1 km, corresponding to the last eruptions
of 1730 and 1824 (Garcia et al., 2009). Thus, geothermal gases in
2

this zone are 98% nitrogen due to the fact that the air that hits the
porous surface of some volcanic cones is heated by the magma and
rises by density difference to the surface (Troll and Carracedo, 2016;
Arana et al., 1973). However, the conventional technology to exploit
this type of fields requires the drilling of several wells, in which water
is inserted at high pressures to fracture the rock and create an artificial
reservoir. This method, called EGS (Enhanced Geothermal Systems), is
economically very costly and susceptible to collateral problems such as
induced seismicity, high visual impact and high water and maintenance
costs (Ganguly and Kumar, 2012; Li et al., 2015). Thermoelectric gener-
ators, despite their low efficiency compared to conventional geothermal
plants (Breede et al., 2013), would avoid all these drawbacks, favouring
geothermal generation in a more cost-effective, scalable and environ-
mentally friendly way. These geothermal thermoelectric generators
(GTEGs) could be implemented in any shallow geothermal anomaly in
the world, but in the Canary Islands this thermoelectric technology is
especially important (Ministerio para la Transición Ecológica y el Reto
Demográfico, 2020). Furthermore, GTEGs have been identified as the
only feasible solution to transform geothermal energy in the island of
Lanzarote into electricity (Government of the Canary Islands, 2019,
2021).

A geothermal thermoelectric generator is a device that directly
transforms geothermal energy into electricity thanks to its main com-
ponent, the thermoelectric module (TEM). Thermoelectric modules are
solid-state devices that, thanks to the Seebeck effect, are capable of
transforming a heat flux produced by a temperature difference between
its sides into an electric current. Its efficiency is higher with a higher
thermal difference. Hence, heat exchangers are very important, as they
are responsible of the temperatures achieved in the TEM’s sides. They
must transport the heat from a geothermal source to the hot face of
the TEM, and from the cold face of the TEM to the heat sink, which is
usually the ambient.

Due to their low efficiency, the use of thermoelectric generators
has been sidelined to militar or aerospace applications, where their
advantages such as robustness are more important than their efficiency.
The development of thermoelectric generators for civil applications is
meagre, and few experimental studies of GTEGs are found in the litera-
ture. Some of these studies focus on applications that require low power
supply, such as IoT devices. One example is a thermoelectric generator
that Mona et al. (2022) tested in a hot spring in Thailand, obtaining a
power output of 0.4 mW. Dell et al. (2018) developed a thermoelectric
generator that was able to produce more than 5 W (0.83 W per TEM)
in with a 130 °C difference between the ambient temperature and the
surface of a geothermal steam pipe in Iceland. Ahiska and Mamur
(2013) designed and tested a portable thermoelectric generator, also for
low geothermal temperatures, obtaining a maximum power output of
41.6 W (2.08 W per TEM) when the temperature difference between the
module surfaces was 67 °C. Zhao et al. (2022) developed a geothermal
thermoelectric generator with a passive heat pipe heat exchanger on
the hot side, but water-cooled with a pumping system on the cold side,
achieving a maximum power output of 10.85 W in the laboratory with
4 modules, but without taking into account the auxiliary consumption
of the pumping system for cooling the cold side of the TEMs. In a higher
scale, Suter et al. (2012) modelled and optimized a 1 kWe thermoelec-
tric stack for geothermal heat conversion with hot water inlet and outlet
temperatures of 140 °C and 20 °C. All these are laboratory or computer
studies and all of them include moving parts to circulate a fluid,
which entails auxiliary consumptions. For instance, Li et al. (2021)
developed and tested a GTEG at the Bottle Rock Geothermal Power Plant
(California, USA), using steam from a geothermal well as a heat source,
and cooled by a water flow on the cold side. They estimated that this
device can generate 500 W (3.6 W per TEM), but again, it requires
moving parts to recirculate the cooling fluid and a deep geothermal
installation. The use of heat exchangers with fluid circulation requires
the use of moving parts, which entails a need for maintenance and

auxiliary consumptions, losing the main advantage of thermoelectric
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Fig. 1. Temperature profile of the boreholes in Islote Hilario (Instituto Geológico Minero
Español, 1992).

modules, their robustness. The only GTEG developed without moving
parts are the ones developed by Catalan et al. (2020b,c). They firstly
developed a geothermal thermoelectric generator that uses volcanic
heat to supply electricity to volcanic monitoring stations, making them
totally autonomous, with results of 0.49 W generated by TEM. This
innovative autonomous monitoring system is operating in the fumaroles
of Teide volcano since 2019.

To go further, based on the conditions of the Timanfaya National
Park, Catalan et al. (2019) built and tested in the laboratory a proto-
type consisting of a two-phase closed thermosyphon (TPCT) as a heat
exchanger on the hot side, two thermoelectric modules, and considered
different heat exchangers on the cold side: fan-assisted finned dissi-
pators and loop thermosyphons, both with different geometries. They
demonstrated that thermosyphons were the best alternative due to their
low thermal resistance and, above all, their lack of moving parts nor
auxiliary consumption, which led to a maximum net power generation
of 3.9W per module with a temperature difference of 180 °C (200 °C
on the hot side and 20 °C as ambient temperature), 54% more than
with finned dissipators. Hence, they patented an unprecedented GTEG,
whose heat exchangers’ principle of operation was phase change. They
also developed a computational model based on the finite difference
method, capable of predicting the behaviour of this type of devices.
Following their study, Alegria et al. (2022) developed a new GTEG
in laboratory without moving parts achieving a generation of 36 W
with 16 TEMs and a temperature difference between sources of 160 °C.
But there are areas in the TNP where high temperature geothermal
anomalies can be found, with boreholes that present gases rising at
temperatures of 500 °C, as can be seen in Fig. 1.

Taking as a base the knowledge acquired in the previous studies of
GTEGs, this work goes a step further, developing a new device without
moving parts, with the advantages this entails, adapted to the highest
temperatures found in the volcanic area of Lanzarote and reaching the
new milestone of installing and testing in field. This innovative kind of
geothermal thermoelectric generator based on phase change is field-
tested during more than one year without maintenance, to leverage
these currently squandered high temperatures and to demonstrate the
feasibility of a high-scale installation to make the facilities at TNP
self-sufficient and renewable powered.

Thus, Section 2 describes the computational design of the generator.
Then, Section 3 contains the laboratory development of the parts of the
geothermal thermoelectric generator, including the whole assembly.
Afterwards, in Section 4, the installation in Timanfaya National Park is
carried out and the results of its field operation are shown. And finally,
Section 5 exposes the conclusions of this work and the future lines.
3

2. Computational design

The developed hot side heat exchanger (HHE) is based on the
working principle of phase change due to the mentioned advantages,
but for a detailed design, it was necessary to simulate its behaviour with
a computational model. The model employed is the one developed by
Catalan et al. (2020a) which, for the first time, considers heat exchang-
ers based on phase change at both sides of the TEMs. This model is
based on the thermal–electrical analogy derived from the application
of the implicit finite difference method to heat conduction equation.
Its basic idea consists in discretizing the system in a finite number
of nodes and obtaining the solution of the problem for those nodes.
For the implementation of this computational model, the environment
MATLAB has been employed and each part of the GTEG has been
modelled by means of its corresponding thermal resistance.

The hot side heat exchanger has a total thermal resistance 𝑅𝐻
𝑡𝑜𝑡𝑎𝑙 that

corresponds to Eq. (8). It is a two phase closed thermosyphon (TPCT)
absorbing heat by convection from the hot gases of the borehole, so this
total resistance of the hot side is the sum of the convection thermal
resistance (𝑅𝐻

𝑐𝑜𝑛𝑣, Eq. (1)), the conduction in the evaporation zone
(𝑅𝐻

𝑘1, Eq. (2)), the boiling and condensation resistances (𝑅𝐻
𝑏 and 𝑅𝐻

𝑐 ),
whose coefficients are calculated according to Forster and Zuber (1955)
and Rohsenow et al. (1998), respectively, and finally, the last thermal
resistance in the condensation zone (𝑅𝐻

𝑘2, Eq. (7)), which is composed of
a conduction resistance (𝑅𝐻

𝑘2,𝑐𝑜𝑛𝑑 , Eq. (5)) and a constriction resistance
(𝑅𝐻

𝑘2,𝑐𝑜𝑛𝑠𝑡, Eq. (6)) due to the fact that condensation occurs in an area
bigger than that of the module.

𝑅𝐻
𝑐𝑜𝑛𝑣 = 1

ℎ𝐻𝑐𝑜𝑛𝑣 ⋅ 𝐴𝐻
𝑐𝑜𝑛𝑣 ⋅ 𝜂

𝐻
𝑓𝑖𝑛

(1)

𝑅𝐻
𝑘1 =

ln
(

𝐷𝐻
𝑒 ∕𝐷𝐻

𝑖
)

2 ⋅ 𝜋 ⋅ 𝐿 ⋅ 𝑘
(2)

𝑅𝐻
𝑏 = 1

ℎ𝐻𝑏 ⋅ 𝐴𝐻
𝑏

(3)

𝑅𝐻
𝑐 = 1

ℎ𝐻𝑐 ⋅ 𝐴𝐻
𝑐

(4)

𝑅𝐻
𝑘2,𝑐𝑜𝑛𝑑 =

𝑒𝐻𝑐
𝑘𝐻 ⋅ 𝐴𝐻

𝑐
(5)

𝑅𝐻
𝑘2,𝑐𝑜𝑛𝑠𝑡 =

𝛹𝐻

𝑁𝑇𝐸𝑀 ⋅ 𝑘𝐻 ⋅
√

𝐴𝑇𝐸𝑀
(6)

𝑅𝐻
𝑘2 = 𝑅𝐻

𝑘2,𝑐𝑜𝑛𝑑 + 𝑅𝐻
𝑘2,𝑐𝑜𝑛𝑠𝑡 (7)

𝑅𝐻
𝑡𝑜𝑡𝑎𝑙 = 𝑅𝐻

𝑐𝑜𝑛𝑣 + 𝑅𝐻
𝑘1 + 𝑅𝐻

𝑏 + 𝑅𝐻
𝑐 + 𝑅𝐻

𝑘2 (8)

Then, the thermoelectric modules’ thermal resistance (𝑅𝑇𝐸𝑀
𝑡𝑜𝑡𝑎𝑙 ) is

composed by that of the n-type semiconductors (𝑅𝑛(𝑖,𝑖+1)), the p-type
semiconductors (𝑅𝑝(𝑖,𝑖+1)), the unions (𝑅𝐻

𝑢 and 𝑅𝐶
𝑢 ) and the insulation

(𝑅𝐻
𝑖𝑛𝑠 and 𝑅𝐶

𝑖𝑛𝑠).

𝑅𝑛(𝑖,𝑖+1) =
𝐿𝑛∕9

𝑁𝑇𝐸𝑀 ⋅𝑁𝑡𝑐 ⋅ 𝑘𝑛(𝑖,𝑖+1) ⋅ 𝐴𝑛
𝑖 = 1 − 9 (9)

𝑅𝑝(𝑖,𝑖+1) =
𝐿𝑝∕9

𝑁𝑇𝐸𝑀 ⋅𝑁𝑡𝑐 ⋅ 𝑘𝑝(𝑖,𝑖+1) ⋅ 𝐴𝑝
𝑖 = 1 − 9 (10)

𝑅𝐻
𝑢 = 𝑅𝐶

𝑢 =
𝐿𝑢

𝑁𝑇𝐸𝑀 ⋅𝑁𝑡𝑐 ⋅ 𝑘𝑢 ⋅ 𝐴𝑢∕2
(11)

𝑅𝐻
𝑖𝑛𝑠 = 𝑅𝐶

𝑖𝑛𝑠 =
𝐿𝑖𝑛𝑠

𝑁𝑇𝐸𝑀 ⋅ 𝑘𝑖𝑛𝑠 ⋅ 𝐴𝑖𝑛𝑠
(12)

𝑅𝑇𝐸𝑀
𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑛(𝑖,𝑖+1) + 𝑅𝑝(𝑖,𝑖+1) + 𝑅𝐻

𝑢 + 𝑅𝐶
𝑢 + 𝑅𝐻

𝑖𝑛𝑠 + 𝑅𝐶
𝑖𝑛𝑠 (13)

And in this computational study, the thermal resistance of the cold
side heat exchangers (CHE), which also work by phase change, has been
introduced as a constant thermal resistance (𝑅𝐶 = 0.33K∕W) obtained
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Table 1
Results of the computational simulation.

Number ℎ𝑆 𝑇𝑡 𝑇𝐻
of TEMs (W/m2 K) (◦C) (◦C)

8 10 187.10 154.07
20 266.72 217.46

4 10 253.96 227.99
20 333.98 298.93

by the experimental characterization of the CHE in the laboratory,
explained in Section 3.

The thermal–electrical analogy is actually derived from the ap-
plication of the implicit finite difference method to heat conduction
equation, so with all the thermal resistances, the numerical resolution
is carried out in each node 𝑖 by an iterative method with Eq. (14),
considering a permanent regime and being 𝑗 each adjacent node.
∑

𝑗

𝑇𝑗 − 𝑇𝑖
𝑅𝑖𝑗

+ �̇�𝑖 = 0 (14)

The main objective of this computational simulation is to find a
suitable design. Thus, details such as the working fluid, the thickness
of the wall of the TPCT, the volume of water that fills it, the type
of thermoelectric modules depending on the temperatures they need
to resist, and the number of TEMs to install have to be determined.
The following are the boundary conditions in this calculation; the
temperature of the hot source or borehole (𝑇𝑆 ) was considered to
be 500 °C (Instituto Geológico Minero Español, 1992), the cold source
or ambient temperature (𝑇𝑎𝑚𝑏) was considered to be 25 °C, the mate-
rial was stainless steel and water as the working fluid. The entrance
parameters to the model are the following:

• Borehole gas temperature (°C)
• Flow rate of gases leaving the borehole (m3∕h)
• Borehole diameter (m)
• Number of thermosyphons per borehole
• Thermosyphon diameter (m)
• Thermosyphon length (m)
• Height of fluid inside the thermosyphon (m)
• Wall thickness of the thermosyphon (m) and material
• Number of fins in the thermosyphon
• Length of fins in the thermosyphon (m)
• Thickness of fins in the thermosyphon (m)
• Number of thermoelectric modules
• Number of levels with 2 thermoelectric modules in series
• Ambient temperature (°C)
• Wind speed (km∕h)

Thanks to the model, the temperature in the wall of the boiling
part of the TPCT and the temperature of the hot side of the modules
were determined and are shown in Table 1, varying the convection
coefficient of the hot gases (ℎ𝑆 ) between 10 and 20 W/m2 K, because
the velocity of these gases was unknown. The number of TEMs installed
was also varied from 4 to 8. The reason is that the installation will be
carried out in a protected national park, and to minimize the visual
impact, the maximum height requirement is 0.5 m from the ground.
To meet these height restrictions, due to the configuration of the cold
side heat exchangers, which is explained in Section 3, the developed
3D designs indicated that a maximum number of 8 TEMs could be
installed distributed in 4 levels of pairs of modules, each one with
its corresponding CHE, as shows Fig. 2. The minimum was estimated
at 2 levels (4 TEMs) so as not to overpass the maximum operation
temperature of the TEMs, taking into account the computational study.

One of the requirements to be met by the thermoelectric generator
developed is the minimum possible environmental impact. For this
reason, the use of water as working fluid is preferred, as well as for
4

Fig. 2. Design of the GTEG.

Table 2
Calculation of the pressure (𝑃𝑡𝑙), liquid mass (𝑚𝑙), vapour mass (𝑚𝑣), quality of vapour
(𝑥), liquid height (𝐿𝑙) and vaporization enthalpy (ℎ𝑙−𝑣) in the TPCT at different
temperatures of the water (𝑇𝑙).
𝑇𝑙 𝑃𝑙 𝑚𝑙 𝑚𝑣 𝑥 𝐿𝑙 ℎ𝑙−𝑣
(◦C) (bar) (kg) (kg) (m) (kJ∕kg)

175 8.93 0.4921 0.0079 0.016 0.486 2031.70
200 15.55 0.4866 0.0134 0.027 0.496 1939.70
225 25.50 0.4784 0.0216 0.043 0.506 1835.40
250 39.76 0.4664 0.0336 0.067 0.515 1715.20
275 59.46 0.4488 0.0512 0.102 0.521 1574.30
300 85.88 0.4227 0.0773 0.155 0.523 1404.60
325 120.51 0.3811 0.1189 0.238 0.514 1190.80
350 165.29 0.3020 0.1980 0.396 0.463 892.75

its price and its safety for people and for the environment, despite
its critical temperature (𝑇𝑐𝑟𝑖𝑡) of 374 °C (Lemmon et al., 2018), from
which phase change would cease to occur and the TPCT would lose
its working principle. Then, the corresponding pressure of the water
inside the thermosyphon must be calculated in order to determine the
thickness of the TPCT, as well as the quality of the vapour, the fluid
height and the vaporization enthalpy to make sure that there is always
a biphasic mixture inside the TPCT and phase change works.

On the one hand, the simulation determined that the working
temperature range on the outer wall of the thermosyphon (𝑇𝑡) varies
between 187.10 °C and 333.98 °C, depending on the convection coeffi-
cient with the air inside the borehole and the number of thermoelectric
modules installed. Thus, the rest of the calculations were made at a
temperature range from 175 °C to 350 °C. Table 2 shows the results for
the required values.

To determine the pressure corresponding to the water inside the
thermosyphon (𝑃𝑙), an infinitesimal TPCT thickness was considered,
so that the inside and outside temperature of the pipe are equal and
the water pressure is more restrictive. At a temperature of 350 °C,
the water pressure is 165.29 bar (Lemmon et al., 2018), so a 5 mm
thick AISI 316L stainless steel tube was selected for the manufacture
of the thermosyphon, which is not only capable of withstanding this
pressure, but has other advantages such as that the working pressure
does not decrease as drastically with temperature like other types
of stainless steel as AISI 304 (Sandvik, 2022). Although the thermal
conductivity of copper is much higher, 385 W/m K, compared to the
14 W/m K of 316L steel at room temperature, this material has better
mechanical properties which make it more suitable for working at high
temperatures. The outer diameter of this tube was 48 mm (38 mm inner
diameter), dimensions based on the computational study carried out by
Catalan et al. (2020a).
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Considering the density of water at different temperatures and
applying the equation system below, as well as Eqs. (15) and (16), the
quality of vapour (𝑥) and the liquid height (𝐿𝑙) were calculated. The
vaporization enthalpy was obtained from Lemmon et al. (2018).
{

𝑚𝑡𝑜𝑡 = 𝑚𝑙 + 𝑚𝑣
𝑣𝑡𝑜𝑡 = 𝑣𝑙 + 𝑣𝑣

𝑥 =
𝑚𝑣

𝑚𝑙 + 𝑚𝑣
(15)

𝐿𝑙 =
𝑣𝑙

𝜋
4 ⋅𝐷2

𝑖𝑛𝑡

(16)

As can be seen in Table 2, even in the most critical temperature case,
there would still be vapour–liquid mixture inside the thermosyphon
and, therefore, phase change would still occur. The liquid water would
reach a height inside the thermosyphon of 0.486m at 175 °C and of
0.463m at 350 °C. Since it should never operate at such a high temper-
ature, there will be no peril of all the water inside the thermosyphon
being vaporized and no phase change occurring.

Taking into account the simulation, the TPCT will consist of a 2 m
stainless steel tube of AISI 316L, with an outer diameter of 48 mm,
filled with 0.43 l of water. It has also two caps and a valve in the upper
cap in order to purge the air that could remain inside the TPCT worsing
its behaviour.

The water inside will absorb the heat rising through the borehole
and will transmit it to the upper part where the heat will be transferred
to the hot side of the thermoelectric modules. The rest of the heat that is
not transformed into electricity will be dissipated into the environment
by the cold side heat exchangers, whose configuration is based on the
previous research of Alegria et al. (2022). Given that Catalán et al.
demonstrated that the best heat exchangers for the application consid-
ered here are those whose operation principle is phase change (Catalan
et al., 2019), the CHEs consist of four heat pipes of 450 mm length
and 8 mm diameter press-fitted into a 80 mm × 90 mm heat sink with
17 aluminium fins of 14 mm × 1.5 mm, whose 14.5 mm flat base
was perfectly adapted to the planar surface of the TEM. Between the
base of the heatsink and the module, a graphite foil was added, which
improves the contact between the two parts, thus reducing the contact
resistance. Aluminium fins were inserted into the heat pipes every
5 mm to increase the heat exchange area, improving the convection
with the wind and the heat dissipation (Casi et al., 2020). The research
developed by Alegría shown that the CHEs were more compact by
placing the heat pipes horizontally and bending them 40◦, as they could
be installed in a row, so the CHE employed in this work, which is shown
in Fig. 3, has the same bending angle (Alegria et al., 2022).

3. Laboratory tests and development

The function of a cold side heat exchanger (CHE) is to transport the
heat as efficiently as possible from the cold side of the thermoelectric
modules to the ambient in order to make its temperature as close as
possible to that of ambient, thus achieving the highest possible 𝛥𝑇
in the TEM. Then, prior to the assembly of the complete generator,
a thermal characterization of these heat exchangers was carried out
to obtain the value of their thermal resistance and to ensure that
their operation was adequate. The characterization assembly was made
using the elements shown in Fig. 3, so that different known heat
flows (�̇�) passed through the exchanger by means of a heating plate.
Following Eq. (17), the thermal resistance of the heat exchanger, 𝑅𝐶𝐻𝐸 ,
was calculated by measuring the temperature difference between the
internal surface of the heat exchanger, 𝑇𝐶 , and the environment, 𝑇𝑎𝑚𝑏.

𝑅𝐶𝐻𝐸 =
𝑇𝐶 − 𝑇𝑎𝑚𝑏

�̇�
(17)

These tests were carried out inside a climatic chamber in order to
maintain a constant ambient temperature equal to 20 °C, with an air
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Fig. 3. Elements employed to carry out the CHE characterization tests.

Fig. 4. Thermal characterization of the CHE.

velocity of 1m∕s. The obtained results are shown in Fig. 4, which shows
that there is not a significant variation in thermal resistance as the
heat flux increases, with an average value of 0.33 K/W. The variations,
less than 8%, may be due to the measurement uncertainties, which
were calculated according to the method shown in Coleman and Steele
(2018), using the instruments whose reliability is shown in Table 3.
This way, each thermal resistance has associated a variation called
expanded uncertainty, so that the value of each thermal resistance
includes the uncertainty value, which depends on the random and
systematic errors.

After determining the hot and the cold heat exchangers comes the
complete assembly of the GTEG. The main part are the thermoelectric
modules, which are responsible for transforming a heat flow directly
into electricity. The commercial modules that are most widely used
industrially due to their operating temperature range, availability and
affordability are Bismuth-Telluride (𝐵𝑖2𝑇 𝑒3) (Champier, 2017; Saberi
and Sajjadi, 2022) modules. Thus, the ones used in this research work
are the TG12-8LS model from the manufacturer Marlow, which are
composed of 127 Bismuth-Telluride thermocouples and are capable of
operating at temperatures up to 230 °C.

Although the air outlet temperature in the borehole is around
500 °C, according to the previous computational study, it is expected
that the TEMs will not reach this temperature due to the thermal drop
from the borehole gases to the hot face of the modules. The hot side
working temperatures are expected to be lower than the maximum
operation temperature of the modules, except in the worst case (high
convection coefficient and only 4 thermoelectric modules).

A very important design factor is the number of thermoelectric mod-
ules to be installed in the generator. As explained Catalán and Alegría,
both the low thermal resistances of the exchangers and a number of
modules close to the optimum is very important for the power that a
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Fig. 5. Geothermal thermoelectric generator (GTEG) installed in the laboratory.

Fig. 6. Upper part of the GTEG.

GTEG is able to generate, as it is already known that the total generated
power depends on the number of thermoelectric modules, presenting an
optimum, from which the total power decreases (Catalan et al., 2020a;
Alegria et al., 2022). This phenomenon occurs because these generators
have one CHE per module installed, and all the modules share the same
HHE. Thus, experimental tests were be carried out in the laboratory to
determine the optimum number of modules to be installed.

To simulate the hot temperatures of the geothermal borehole, rope
heaters were installed along the 1.5 m of TPCT that would be inserted
in the ground and this part was insulated with a 80 cm diameter of
rock wool and a 2 cm layer of neoprene. The complete GTEG installed
in the laboratory can be seen in Fig. 5 and with more detail in Fig. 6.

For both laboratory and field tests, temperature probes and devices
were installed to measure the power generated by the modules through-
out the prototype. The position of the sensors can be seen in Fig. 7 and
6

Table 3
Resolution and accuracy of the measuring instruments.

Instrument Measure Accuracy Resolution

INA219 sensor Voltage (V) ±0.02 0.01
INA219 sensor Current (A) ±0.02 0.01
K-type thermocouple Temperature (◦C) ±0.5 0.1
Anemometer Ahlborn FVAD15-H Air velocity (m/s) ±1.5% 0.01

Fig. 7. Schematics of the rope heaters, temperature, voltage and intensity sensors
installed in the laboratory.

their characteristics, as well as the table of instrument resolutions and
accuracies, are detailed in Table 3.

Laboratory tests were carried out under forced convection condi-
tions using a fan that produced a wind of 1.5m∕s, simulating the wind
conditions that occur naturally in the Timanfaya National Park, so the
consumption of this fan will not be taken into account in the total
power generated by the thermoelectric device.

Tests were carried out with different temperatures of the hot source,
varying in the temperature range expected to be obtained in the lower
external part of the thermosyphon once installed in the corresponding
borehole in Timanfaya (220 °C, 258 °C and 290 °C). As mentioned, the
objective is to determine the total power that it is capable of generating
at different temperatures, as well as the power per module and to
determine if installing more levels of thermoelectric modules in the
device will harm or improve the total power generated. In the prototype
developed in this work, which for reasons of compactness and visual
impact contains a maximum of 4 levels (8 TEMs), it is important to
determine whether these 8 thermoelectric modules are before or after
the optimum number of modules, so test started with 8 TEMs and were
gradually reduced to 6 and 4, as Fig. 8 depicts. In each level, there were
2 modules connected in series with a load electrical resistance of 3.4 Ω
per module. Different heat fluxes were supplied to the rope heaters to
obtain the desired temperatures in the lower part of the TPCT, with
negligible thermal losses thanks to the insulation.

The results of these tests can be seen in Fig. 9, where the total power
generated and the average power generated per module for the three
heat source temperatures (𝑇𝑆 ) are shown for the 4, 3 and 2 level tests.

It can be seen that for the three hot source temperatures studied,
the power generated per module decreases as the number of mod-
ules increases since as more modules are installed, the total thermal
resistance on the cold side decreases, while the thermal resistance
on the hot side remains constant. According to the thermal–electrical
analogy in Fig. 10, where the thermal resistances of the thermoelectric
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Fig. 8. Schematics of the tests carried out with 8, 6 and 4 TEMs.

Fig. 9. Results of the generation tests at 𝑇𝑆 = 220 °C, 𝑇𝑆 = 258 °C 𝑦 𝑇𝑆 = 290 °C with
2, 3 and 4 levels of 2 TEMs in each one.

Fig. 10. Electrical analogy of the thermal resistances of the GTEG.

generator have been simplified to the maximum, there is a resistance
on the hot side (𝑅𝐻𝐻𝐸), shared by all the thermoelectric modules, one
corresponding to each module (𝑅𝑇𝐸𝑀 ) and another corresponding to
the cold side exchanger (𝑅𝐶𝐻𝐸), which each thermoelectric module
has one associated. As can be deduced from Eq. (18), an increase in
the number of modules means decreasing the term 𝑅𝑇𝐸𝑀𝑒𝑞 + 𝑅𝐶𝐻𝐸𝑒𝑞
because they correspond to parallel resistances. The heat flux that
the generator is capable of extracting corresponds to Eq. (19), where
𝑇𝑆 is the temperature of the heat source and 𝑇𝑎𝑚𝑏 the one of the
environment, therefore, if we increase the number of modules (𝑚),
𝑅𝑇𝐸𝑀𝑒𝑞 + 𝑅𝐶𝐻𝐸𝑒𝑞 will decrease and so will do the denominator of
the equation, therefore �̇�𝐻 will increase. As the heat flow through the
generator increases, keeping 𝑅𝐻𝐻𝐸 constant, the temperature of the hot
face of the modules (𝑇𝐻 ) decreases according to Eq. (20). This makes
the efficiency decrease and, therefore, the power generated by each
module (𝑃𝑇𝐸𝑀 ) also decreases, according to Eq. (21).

𝑅𝑇𝐸𝑀𝑒𝑞 + 𝑅𝐶𝐻𝐸𝑒𝑞 =
𝑅𝑇𝐸𝑀 + 𝑅𝐶𝐻𝐸

𝑚
(18)

̇𝑄𝐻 =
𝑇𝑆 − 𝑇𝑎𝑚𝑏

𝑅𝐻𝐻𝐸 + 𝑅𝑇𝐸𝑀𝑒𝑞 + 𝑅𝐶𝐻𝐸𝑒𝑞
(19)

̇𝑄𝐻 =
𝑇𝑆 − 𝑇𝐻 (20)
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𝑅𝐻𝐻𝐸
Fig. 11. Temperature drop from the wall of the TPCT (1), the hot side of the TEM
(2), the cold side of the TEM (3) and the ambient (4).

𝑃𝑇𝐸𝑀 =
�̇�𝐻
𝑚

− �̇�𝐶 (21)

𝑃 = �̇�𝐻 − �̇�𝐶 ⋅ 𝑚 (22)

Although the power generated per module decreases with the in-
crease in the number of modules, the total output power of the gen-
erator (𝑃 ), which corresponds to Eq. (22), increases with the number
of modules for the tested values. Moreover, it increases very signifi-
cantly, up to 90% with 4 module levels compared to 2, in the highest
temperature test. In the range of modules studied, the addition of one
more level compensates for the decrease in power per module. This
means that with 4 levels installed, i.e. with 8 thermoelectric modules,
the optimum point of modules from which the total power starts to
decrease has not been reached yet. This result is very favourable, as
the available space of the thermosyphon protruding from the ground is
being used to the maximum, maximizing the compactness of the device.

The temperatures obtained in the 𝑇𝑆 = 258 °C test have been repre-
sented in Fig. 11 at four points of interest: the temperature of the heat
source (𝑃𝑜𝑖𝑛𝑡1), the temperature of the hot face of the thermoelectric
modules (𝑃𝑜𝑖𝑛𝑡2), the temperature of the cold face of the thermoelectric
modules (𝑃𝑜𝑖𝑛𝑡3) and the ambient temperature (𝑃𝑜𝑖𝑛𝑡4). It is observed
that, for equal temperature of the hot and cold sources, the temperature
of the hot face is higher in the case of 2 levels (𝑇𝐻 = 216.19 °C),
followed by that of 3 (𝑇𝐻 = 208.64 °C) and finally that of 4 levels
(𝑇𝐻 = 202.33 °C). This corresponds to the explanation given about
Fig. 10, since as 𝑅𝑇𝐸𝑀+𝑅𝐶𝐻𝐸 increases in the 2-level test, for invariant
𝑇𝑆 , 𝑇𝑎𝑚𝑏 and 𝑅𝐶 , the temperature of the hot face of the modules 𝑇𝐻
increases. Meanwhile, the temperature of the cold side (𝑇𝐶 ) increases
as the number of levels or modules increases, but less than the increase
of 𝑇𝐻 , since the resistance of the cold side becomes less predominant
than the one of the HHE. That is why the different 𝑇𝐶 in each test is
barely appreciated in Fig. 11. Thus, the fewer modules are installed, the
greater the thermal difference between the TEMs faces (Catalan, 2020).

The total power output of the developed thermoelectric generator
was plotted as function of the temperature difference between the hot
and cold sources. This result is shown in Fig. 12, where it has been
represented with the 4, 3 and 2 levels of thermoelectric modules. The
highest power value achieved was 55.95 W in total, which is 6.99 W per
TEM, with 4 levels (8 modules) and a temperature difference between
the thermosyphon wall and the environment of 269 °C. For the same
temperature difference, the power obtained with 3 levels (6 modules)
was 42.21 W (7 W per TEM), and with 2 levels (4 modules) 29.10 W
(7.27 W per TEM). Fig. 13, it can be seen that the maximum efficiency
in the transformation of a heat flow into electricity (𝜂 = 𝑓𝑟𝑎𝑐𝑃 �̇�) is
achieved when two levels of modules are installed, with a value greater
than 5%. In the case of 3 and 4 module levels, the maximum efficiency
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Fig. 12. Total generated power depending on the temperature difference between the
wall of the TPCT and the ambient.

Fig. 13. Efficiency of the GTEG depending on the temperature difference between the
wall of the TPCT and the ambient.

per module decreases to 5 and 4.8% respectively. If we take into
account the intermediate temperature tested (temperature difference
between sources of 235 °C), the efficiency values obtained are between
4.59% and 4.83%, which are very high efficiency values compared to
the GTEGs existing in the literature.

4. Field installation and results

Thanks to the tests carried out in the laboratory, the correct opera-
tion of the thermoelectric generator for high-temperature geothermal
energy was ensured. After determining that the highest generated
power was achieved with 4 levels (8 thermoelectric modules), com-
pared to the obtained with 3 and 2 levels, the generator was reassem-
bled and shipped to the Timanfaya National Park, where its installation
were carried out.

4.1. Installation and commissioning

Fig. 14 shows the generator finally installed, with the four lev-
els of thermoelectric modules, i.e. 8 TEMs in total, each with its
corresponding heat exchanger on the cold side.

The device was installed in the S-5 borehole in Fig. 15, whose tem-
perature profile is shown in Fig. 1. Firstly, the base and the fastenings
were placed and the temperature of the hot gases was measured, which
reached 464 °C, as Fig. 16 shows.

In the installation, the generator was oriented towards the predomi-
nant wind direction (N-NE) to take maximum advantage of convection
and the GTEG was anchored to the base the deflector, which directs
the hot exit gases at a distance of 0.5 m from the generator. The
base was insulated so that heat would not reach the heat exchangers
8

Fig. 14. Geothermal thermoelectric generator for high temperature geothermal
anomalies installed in Islote Hilario (Timanfaya National Park, Lanzarote).

Fig. 15. Location of the HT-GTEG in Islote Hilario (Timanfaya National Park).

Fig. 16. Borehole and temperature measurement.

on the cold side of the lower levels. The positions of the instruments
for measuring the temperature, voltage and current of the modules
and the wind speed/direction were are shown in Fig. 17. One sensor
measures the air temperature inside the borehole (𝑇𝑎𝑖𝑟), two measure
the temperature of the thermosyphon inside the borehole (𝑇𝑡1 and 𝑇𝑡2)
and two other measure the module face temperatures (𝑇𝐻 and 𝑇𝐶 ) at
each level. In addition, the voltage (𝑉 ) and current (𝐼) generated by
the two modules connected in series are also measured at each level.
Finally, one more sensor measures the ambient temperature and an
anemometer measures the wind speed. After the entire device reached
a temperature above 100 °C, the thermosyphon was purged to remove
any air that might remain inside and that would impair the operation
of the device.
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Fig. 17. Distribution of the sensors in the HT-GTEG installed in field.

Fig. 18. Generated power in field versus the temperature difference between the heat
source and the ambient.

4.2. Operation and results

After successfully installing and commissioning the generator in the
TNP, it has been working correctly, continuously and without the need
for maintenance since June 2021 (for more than one year), which is a
very important achievement for a geothermal thermoelectric generator
installed in field, as there are not other GTEGs in the literature installed
in a geothermal field with such high temperatures. It is a very robust
device due to the absence of moving parts. The maximum power
generation was obtained in November 2021 with 36 W in total (4.5
W/TEM), with a temperature difference between the gases and the
ambient of 444 °C and a wind velocity of 10 km/h.

Fig. 18 shows the average values (every 2 h during the first 3
working months) of the total generated power with respect to the tem-
perature difference between the heat source (air leaving the borehole)
and the cold source (the environment). This figure clearly shows the
linear increasing tendency of the output power with the temperature
difference, which is exactly the same tendency as in the laboratory (see
Fig. 12), although the hot source in this case is a mixture of gases.
Despite the linear tendency, there exists a deviation caused by changes
in the wind velocity and, thus, in the CHEs thermal resistance.

In order to observe how the power generated depends on the
ambient temperature and on the wind, the average value of the power
generated every two hours, the wind speed and the ambient temper-
ature during a month of operation are represented in Fig. 19. Here,
9

Fig. 19. Power generated by the GTEG, ambient temperature and wind speed during
one month in 2021.

Fig. 20. Registered temperatures in the GTEG.

the power generated varies with the ambient temperature, presenting
generation peaks at night, when the ambient temperature is lower, and
the power valleys occur during the central hours of the day because the
ambient temperature is higher.

Fig. 20 shows the temperatures measured at various points on
the generator during one week of operation. These points are the air
temperature coming from the borehole (𝑇𝑎𝑖𝑟), the ambient temperature
(𝑇𝑎𝑚𝑏), the temperatures of the hot (𝑇ℎ) and cold (𝑇𝑐) side of the
thermoelectric modules, and also the outside temperature of the lower
wall of the thermosyphon (𝑇𝑡). It can be seen that the temperature of the
geothermal heat source is constant and equal to 460 °C. From an avail-
able temperature difference between sources of approximately 435 °C
constant, the difference achieved between the TEMs’ faces is 155 °C.
On the cold part, the temperature differs by less than 20 °C between
the cold face of the module and the ambient, which is totally successful
considering that this CHE is completely passive. On the TEM’s hot side,
however, there is a very significant temperature drop of 285 °C from the
heat source. That is normal and the main reason is the high convection
resistance with the air inside the borehole, as temperature 𝑇𝑡 shows,
which experiences a drop of 246 °C with respect to the temperature of
the gases. The equation corresponding to the convective heat transfer
between the borehole gases and the thermosyphon is Newton’s Cooling
Law, which, applied to this system, is Eq. (23). Given that the air
leaves the borehole at a constant temperature 𝑇𝑎𝑖𝑟 of 460 °C and with
a constant convection coefficient ℎ, to achieve a higher temperature in
the thermosyphon 𝑇𝑡, the convective heat transfer area 𝐴𝑐𝑜𝑛𝑣 should be
increased, so it would be convenient to include fins in the boiling zone
of the TPCT to increase the convective area between the thermosyphon
and the air leaving the borehole.

�̇� = ℎ ⋅ 𝐴 ⋅ (𝑇 − 𝑇 ) (23)
𝑐𝑜𝑛𝑣 𝑎𝑖𝑟 𝑡
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Table 4
Average values of efficiency and thermal resistances of the GTEG.
𝑃 (W) 34.14
𝑃∕𝑇𝐸𝑀 (W) 4.27
𝛥𝑇(𝐻−𝐶) (◦C) 133.05
𝜂 (%) 4.28
�̇�𝐻 (W) 797.20
𝑅𝐻𝐻𝐸𝑐𝑜𝑛𝑣

(K/W) 0.252
𝑅𝐻𝐻𝐸𝑖𝑛𝑡

(K/W) 0.11
𝑅𝐶𝐻𝐸 (K/W) 0.215

The average efficiency of the GTEG developed was calculated fol-
owing Eq. (24), as well as the thermal resistances of the hot and cold
ide heat exchangers. The results are shown in Table 4 for a day in
anuary 2022 when the average ambient temperature was 18 °C and
he average wind speed was 20.5 km/h, similar values to the average
nnual conditions in Lanzarote (21 °C and 21.6 km∕h). The efficiency ob-
ained in this thermoelectric generator is 4.28%, managing to convert
nto electrical energy a heat flow transported by very efficient heat ex-
hangers with resistances of 0.11 K/W as the internal thermal resistance
f the hot side and 0.215 K/W per module the cold side (0.027 K/W
he total equivalent thermal resistance of the cold side). This efficiency
s very close to the maximum given by the datasheet, which is 4.97%,
o it is a very good result, even though the highest thermal resistance
s the one of convection with the gases (𝑅𝐻𝐻𝐸𝑐𝑜𝑛𝑣

= 0.252 K∕W) due to
the low density and convection coefficient of the gases. If this resistance
was lowered by including fins, the efficiency would be even better. Al-
though the efficiency is far from the one that conventional geothermal
plants can achieve (∼20%) (Breede et al., 2013), the reached value here
is great for a thermoelectric generator, taking into account that this
device presents important advantages such as the low environmental
impact and the possibility for self-consumption.

𝜂 = 𝑃
�̇�𝐻

(24)

Finally, to determine the feasibility of this technology on a large
scale, it is very important to determine how much energy the developed
GTEG can generate each year. Therefore, the energy generated every
month was calculated for a complete year from June 2021 until May
2022, which is plotted in Fig. 21. As seen, the monthly produced energy
is steady, with few fluctuations over the months, where the maximum
difference in power generated is 10% between the month that gener-
ated the most power (October) and the month that generated the least
(February). The total energy generated by this high-temperature GTEG
is of 286.94 kWh per year. Given that the area occupied is 0.75m2, the
annual electrical energy per unit of area is 382.59 kW h/m2, 5 times
higher than a PV panel occupating the same area (European Comission,
2022), given the continuity of geothermal energy.
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5. Conclusions

The developed GTEG was successfully installed in a borehole in the
area with the most extreme registered temperatures in the Timanfaya
National Park, with gases reaching 465 °C, and where this device has
been operating continuously and without the need for maintenance for
more than one year.

First of all, a computational model was employed to design the
hot side heat exchanger, which consists in a two phase closed ther-
mosyphon with water as the working fluid. After characterizing the cold
side heat exchanger, that also works by phase change, the generator
was tested in the laboratory. Tests were carried out with different
temperatures in the wall of the TPCT, reaching 290 °C, and varying the
number of thermoelectric modules installed. It was determined that, as
the number of thermoelectric modules installed in the thermosyphon
increases, the power generated by each one decreases. However, for the
values of modules studied here, this effect is compensated by adding
more modules, so the total power increases. Thus, the thermosyphon
with 8 modules distributed in pairs along 4 levels was the configuration
that allowed the maximum power generated in the laboratory.

Given the good laboratory results, the thermoelectric generator with
8 modules was successfully installed in the area of highest surface
temperatures of the Timanfaya National Park. After more than 12
months in perfect field operation, the maximum power generation was
36 W (4.5 W/TEM), with a temperature difference between the gases
and the ambient of 444 °C and a wind velocity of 10 km/h. The installed
cold side heat exchangers are very efficient, with a thermal resistance
of 0.215 K/W per module. The heat exchanger on the hot side has
a internal thermal resistance of 0.11 K/W, which is very successful.
Thus, phase change heat exchangers are completely adequate for this
application, as they transport heat very efficiently and they do not
require moving parts nor auxiliary consumption. In any case, the high
difference between the gases and the TPCT (of 246 °C) is caused by
the convective thermal resistance of 0.252 K/W, because there is a
heat transmission by convection with gases, which have low values of
convective coefficient. This convective thermal resistance could only be
improved by increasing the convective area of the boiling part of the
thermosyphon.

The efficiency of this GTEG in field is 4.28%, close to the maxi-
mum value given by the TEMs manufacturer, managing to generate
an energy of more than 286.94 kWh per year (382.59 kW h/m2), thus
emonstrating not only the viability of this technology, but also the
reat potential that exists for transforming the geothermal energy of the
sland of Lanzarote into renewable electricity. Furthermore, this robust
enerator does not require maintenance nor auxiliary consumption,
hich reduces its costs, and produces a minimal environmental impact,

t is noiseless, and the use of water as working fluid makes it completely
armless.

To conclude, this development demonstrates that it is viable to
se this technology to generate clean energy in an area with high
emperature geothermal anomalies, with very favourable results in
erms of energy generation.
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