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Abstract

In the current energy situation, characterized by an unceasing growing demand and a large
dependence on fossil fuels, it is essential to promote efficient systems based on renewable
energies that contribute to better exploitation of the resources and are environmentally
friendly. In this sense, geothermal energy stands out among other renewable sources due
to its permanent nature, being independent of weather conditions. Nevertheless, its con-
tribution to the global energy system is minimal, especially towards electricity generation.

As an alternative to the traditional cycles used for geothermal power generation, the
present Ph. D. dissertation proposes the use of thermoelectric generators due to their mul-
tiple advantages such as reliability, durability, and scalability. More specifically, this thesis
focuses on shallow geothermal anomalies of volcanic origin for two different applications:
medium–scale power generation from hot dry rock fields, and stand–alone power supply of
remote volcanic vigilance stations.

Due to the importance of the heat exchangers in the total efficiency of thermoelectric
generators, initially, a deep study to determine which heat exchangers are more appropriate
has been conducted. In both applications, it has been experimentally demonstrated that
the most suitable heat exchangers are those based on phase change, since apart from
presenting low values of thermal resistance, do not require moving parts nor auxiliary
equipment, thus minimizing maintenance.

Additionally, it has also been of great importance to develop a quick and reliable com-
putational model that takes into account the heat exchangers and the heat reservoirs,
that does not neglect any thermoelectric effect, and that considers the thermal and elec-
trical contacts as well as the influence of temperature on the properties. This model,
programmed based on the finite difference method or thermal–electrical analogy, has be-
come a true design and optimization tool for the two applications subject of study in this
Ph. D. dissertation, thanks to its relative error of less than 8 %.
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The first studied application focuses on the medium–scale power generation in hot dry
rock fields. The utilization of thermoelectric generators with phase change heat exchangers
in this type of geothermal fields entails a more environmentally friendly alternative in
comparison with enhanced geothermal systems, the only technique existing nowadays,
which requires rock fracture and as a result, it is not used. Taking as reference the shallow
geothermal anomalies located at Timanfaya National Park (Canary Islands, Spain), it
has been experimentally demonstrated the viability of the proposed technology, with a
generation of 3.3 W per module, 54 % more than with fin dissipators, evincing that the
developed heat exchangers permit maximizing the temperature difference between the sides
of the thermoelectric modules, approaching it to the available one between the heat source
and sink and therefore, maximizing the efficiency. This result has served as basis for the
optimization and construction of a new prototype with promising potential, being able to
produce more than 680 MWh per year thanks to its scalability.

On a completely different scale, the second application aims the stand–alone power sup-
ply of volcanic vigilance stations. These stations become indispensable in order to predict
future eruptions and therefore, reduce their risks. Nevertheless, due to their remoteness,
obtaining autonomous, robust, and resistant power sources is an absolute challenge. This
Ph. D. dissertation has demonstrated that thermoelectric generators can solve these prob-
lems, transforming the heat emitted by volcanic fumaroles directly into electricity reliably
and without maintenance requirements, being able to generate up to 0.75 W in 83 °C fu-
maroles with the proposed design. This generation is enough to power the sensors used
to detect the precursors of the volcanic eruptions, as has been evinced with the system
installed at Teide volcano (Canary Islands, Spain), which has been in operation without
signs of degradation for more than 8 months, monitoring several variables and emitting
their data every 4 minutes to a center located 14 km away, just with the energy produced
by only one thermoelectric module.

The results derived from this Ph. D. dissertation demonstrate that thermoelectricity
can solve the power supply issues in hot dry rock fields and volcanic monitoring stations,
two unprecedented applications of thermoelectric generation that can make this technology
finally become a reality in the civil sphere.
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Resumen

En el contexto energético actual, caracterizado por un incesante aumento en el consumo de
energía y una gran dependencia de los combustibles fósiles, resulta imprescindible apostar
por sistemas eficientes y basados en energías renovables que contribuyan a un mejor apro-
vechamiento de los recursos y sean respetuosos con el medio ambiente. En este sentido,
la energía geotérmica destaca entre otras fuentes renovables por su carácter permanente,
al no depender de las condiciones meteorológicas. Sin embargo, su contribución al sistema
energético mundial es mínimo, sobre todo en generación de electricidad.

Como alternativa a los ciclos que tradicionalmente se emplean para la generación eléc-
trica geotérmica, esta tesis doctoral propone la utilización de generadores termoeléctricos
debido a sus numerosas ventajas tales como fiabilidad, durabilidad y escalabilidad. Con-
cretamente, la tesis se centra en anomalías geotérmicas superficiales de origen volcánico
para dos aplicaciones distintas: la generación eléctrica de media escala en yacimientos de
roca caliente seca y el abastecimiento autónomo de estaciones de vigilancia volcánica.

Dada la importancia de los intercambiadores de calor en la eficiencia total del sistema,
en ambas aplicaciones se ha realizado un profundo estudio para determinar qué tipo de
intercambiadores de calor son los más adecuados. En ambos casos, se ha demostrado
experimentalmente que los intercambiadores de calor más propicios son aquellos basados
en el cambio de fase, ya que aparte de presentar bajas resistencias térmicas, no tienen
partes móviles ni requieren de equipos auxiliares, minimizando así el mantenimiento.

Asimismo, también ha resultado de gran importancia el desarrollo de un modelo compu-
tacional rápido y fiable que tenga en cuenta los intercambiadores de calor, la fuente de calor
y el sumidero, sin despreciar ningún efecto termoeléctrico, y considerando los contactos
térmicos y eléctricos y la influencia de la temperatura en las propiedades. Este modelo,
programado en base al método de las diferencias finitas, se ha convertido en una verdadera
herramienta de diseño y optimización para las dos aplicaciones objeto de estudio en esta
tesis doctoral, gracias a su error relativo menor al 8%.
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La primera aplicación estudiada se centra en la generación eléctrica de media escala
en yacimientos de roca caliente seca. La utilización de generadores termoeléctricos con
intercambiadores de calor bifásicos en este tipo de yacimientos supone una alternativa
más respetuosa con el medio ambiente que la única técnica existente en la actualidad,
que requiere fracturar la roca y por tanto no se emplea. Tomando como referencia las
anomalías geotérmicas superficiales del Parque Nacional de Timanfaya (Islas Canarias,
España), se ha demostrado experimentalmente la viabilidad de la tecnología propuesta,
con una generación por módulo de 3,3 W, un 54% más que si se empleasen disipadores de
aletas, poniendo de manifiesto que los intercambiadores de calor desarrollados permiten
maximizar el salto térmico entre las caras de los módulos termoeléctricos, acercándolo
al disponible entre focos y maximizando la eficiencia. Este resultado ha servido de base
para la optimización y construcción de un nuevo prototipo que presenta un potencial muy
prometedor, pudiendo generar más de 680 MWh al año gracias a su escalabilidad.

En otra escala completamente diferente, la segunda aplicación tiene como objeto el
abastecimiento autónomo de estaciones de vigilancia volcánica. Este tipo de estaciones
resultan imprescindibles para la predicción de futuras erupciones y por consiguiente, la re-
ducción de sus daños. Sin embargo, dado su carácter remoto, el abastecimiento de energía
de manera autónoma, robusta y resistente a todo tipo de condiciones meteorológicas su-
pone un auténtico reto. Esta tesis ha demostrado que los generadores termoeléctricos son
capaces de resolver esta problemática, transformando el calor emitido por las fumarolas
volcánicas directamente en electricidad de manera fiable y sin necesidades de manteni-
miento, pudiendo proporcionar con el diseño propuesto una potencia de hasta 0,75 W por
módulo en fumarolas a 83 °C. Esta generación es suficiente para abastecer los sensores
empleados para detectar los precursores de erupciones volcánicas, tal y como ha eviden-
ciado el sistema instalado en el volcán del Teide (Islas Canarias, España), el cual lleva en
funcionamiento más de 8 meses sin signo alguno de degradación, monitorizando diferentes
variables y emitiéndolas cada 4 minutos a un centro ubicado a más de 14 kilómetros de
distancia, todo ello con la energía generada por un único módulo termoeléctrico.

De esta manera, los resultados derivados de esta tesis doctoral demuestran que la termo-
electricidad puede solucionar las problemáticas de generación eléctrica en los yacimientos
de roca caliente seca y en las estaciones de monitorización volcánica, dos aplicaciones iné-
ditas de generación termoeléctrica que pueden hacer que esta tecnología se convierta por
fin en una realidad en el ámbito civil.
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Chapter 1

State of the Art and Objectives

1.1 Introduction

Despite the efforts made all over the world, society still depends enormously on fossil
fuels. According to the International Energy Agency, 81.2 % of the world’s total primary
energy supply came from fossil fuels in 2018 [IEA2020a]. This percentage share has barely
changed since the 1970s, when fossil fuels accounted for 86.3 %. However, the net supply
has unceasingly increased, reaching 14 282 Mtoe in 2018, more than 2.5 times the supply in
1971 [IEA2020a]. Both the growing demand and the large dependence on limited resources
are the key aspects responsible for the actual energy problem. A complex issue that
encompasses traits of scientific, technological, economic, environmental, sociological, and
political nature.

Considering this scenario, two main trends have emerged in the last decades. On the
one hand, there has been increasing awareness regarding the necessity of making a rational
use of energy, avoiding its wasting. In this sense, different energy efficiency policies have
been implemented. As a result, in the last years, a reduction in the global energy intensity
has been detected, i.e. it has been possible to improve the gross domestic product of
the countries per unit of consumed energy. Without the adopted measures, in 2018, the
energy–related greenhouse gas emissions would have been more than 15 % higher [IEA2019].

On the other hand, the use of renewable energies has been encouraged, promoting a
sustainable and decentralized energy system that is independent of exporting countries or
price fluctuations and therefore more competitive. Nevertheless, although these energies
have expanded at a fast pace during the last years, nowadays they just account for less than
14 % of global energy production, mainly due to biofuels and waste (9.3 %) and hydropower
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CHAPTER 1. STATE OF THE ART AND OBJECTIVES

(2.5 %) [IEA2020a]. It is towards electricity generation that they have a larger, but still
insufficient, contribution: 26 % [IEA2020b].

Taking into account the future perspectives of renewable energies, the present Ph. D.
dissertation concentrates on one of the largest renewable sources [UN2000]: geothermal
energy, or in other words, the heat contained within the Earth. In comparison with other
sustainable sources, geothermal energy stands out because it can provide both heat and
electricity, it is unaffected by weather, it is stable, it has a high capacity factor, it can
be used as base–load power, and it has a high thermal efficiency. However, despite these
advantages, it is still positioned behind other renewable energies, especially in electricity
generation, with only 13.9 GW installed accounting for less than 0.4 % of global electricity
production [REN21-2020].

Li et al. identified that the reasons causing the low growth rate of geothermal power
are the high initial investment, the long payback and construction time, as well as the
difficulties assessing the resource and modularizing [Li2015]. In order to speed up its
growth, they pointed out three possible directions: co–produced geothermal power from
oil/gas fields, enhanced geothermal systems, as well as development and utilization of new
technologies such as thermoelectric generators. The present Ph. D. dissertation focuses on
the latter, developing a novel and alternative generating system to transform geothermal
heat into electricity.

Thermoelectricity is the branch of thermodynamics that deals with the study of phe-
nomena in which heat and electricity take part at the same time, and it is based in a series
of interactions that were discovered in the 19th century: Joule, Seebeck, Peltier, Thomson,
Hall, Nernst, Ettingshausen and Righi–Leduc. Nonetheless, only the first four cause a
significant macroscopic influence [Rowe2006].

Joule effect is the well–known interaction between an electric phenomenon (the con-
ducting of an electric current) and its associated thermal one (the heating of the conductive
material where the current flows). Matter offers some resistance to the movement of elec-
trons, which release kinetic energy in the successive collisions. This energy is dissipated as
heat and it is proportional to the internal electrical resistance of the material R0 and the
square of the intensity of the current I, as indicated in Equation 1.1.

Q̇Joule = R0 · I2 (1.1)

Seebeck effect denotes that given a circuit formed by two different materials, “A” and
“B”, connected by their ends, if these unions are maintained at a different temperature,
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1.1. INTRODUCTION

an electromotive force (Et) appears. This electromotive force depends on the Seebeck
coefficient (α) of each of the materials as well as on the temperature difference between
the unions, as depicted in Equation 1.2.

dEt

dT
= αA − αB (1.2)

In contrast to the Seebeck effect, Peltier effect consists in the cooling or heating of
the union between two materials when an electric current is flowing. This cooling or
heating depends on the Seebeck coefficient of each material, the current intensity, and the
temperature of the union, according to Equation 1.3.

Q̇Peltier = ±I · T (αA − αB) (1.3)

Lastly, Thomson effect deals with the absorption or generation of heat in a material
presenting a temperature gradient and in which there is an electric current flowing. Its
value is indicated by Equation 1.4, where σ is the Thomson coefficient.

Q̇Thomson = −σ #»

I
(

#    »

∆T
)

(1.4)

This Thomson coefficient is related with Seebeck effect by means of the Kelvin relation
shown in Equation 1.5.

σ = T · ∂α
∂T

(1.5)

Based on the previous interactions, thermoelectric devices are capable of directly trans-
forming heat into electricity, which is known as thermoelectric generation and it is of in-
terest in the present Ph. D. dissertation, or conducting the inverse process, converting
electricity into heat, which receives the name of thermoelectric cooling. The devices be-
longing to both lines resemble conventional thermal machines destined for cooling, heating,
or electricity generation (air conditioning devices, refrigerators, heat pumps, or motors),
with the difference that in this case, an electron current acts as working fluid. This char-
acteristic, in conjunction with the absence of moving parts, converts them into robust,
compact, and noiseless equipment, capable of operating in any position.

The transformation itself occurs in the thermoelectric modules. As shown in Figure 1.1,
a conventional thermoelectric module is made up of various thermocouples connected elec-
trically in series to increase the operating voltage, and thermally in parallel to increase
the thermal conductance. Each couple itself is typically composed of two semiconductor
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Figure 1.1: Thermoelectric module and thermocouple. Reprinted with the permission from
[Dey2016], in turn adapted from [Snyder2008].

thermoelements (an n–type one, in which free electrons predominate, and a p–type one,
dominated by free holes) connected by a metal conductor. Two rigid substrates of ceramic
material provide mechanical firmness to the whole system and isolate the internal circuit.

Neglecting the effect of the union between semiconductors, the efficiency of a ther-
mocouple, defined as the ratio between the electric power generated P and the absorbed
heat flux Q̇, can be approximated by the following relation for an optimal electric load
[Rowe2006]:

ηmax =
P

Q̇
=
TH − TC
TH

·
√

1 + ZT − 1√
1 + ZT + TC

TH

(1.6)

where T represents the working temperature of the thermocouple, average between the
temperature of the hot and the cold sides TH and TC respectively; and Z is the figure of
merit defined by Equation 1.7, which is a function of the Seebeck coefficient α, the thermal
conductivity k (both lattice and carrier) and the electrical resistivity ρ of the material.

Z =
α2

k · ρ (1.7)
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As can be observed, the maximum efficiency of a thermocouple is basically the product
of Carnot efficiency and a factor in which the dimensionless parameter ZT is the most
important element. Hence, the efficiency of a thermocouple, and by extension of a ther-
moelectric module, is directly related to the capability of the material as energy converter.
The ideal thermoelectric material should present a high Seebeck coefficient, thus permit-
ting an elevated voltage; low electrical resistivity, in order to minimize Joule effect; and low
thermal conductivity, so that the thermal gradient between the sides of the thermoelec-
tric module is maximized. Nevertheless, this is not an easy task as the three parameters
that define Z closely depend on one another, being strongly coupled through the carrier
concentration [Zhou2018].

Figure 1.2 depicts the typical values of thermoelectric efficiency for different values of
ZT . Currently available thermoelectric materials present a ZT of around 1 [Champier2017].
Therefore, only efficiencies lower than 10 % can be achieved. In the figure, it can also be
observed that the efficiency of the system increases with the temperature difference across
the thermoelectric modules. Hence, as shown in Figure 1.3, thermoelectric generators also
include heat exchangers at both sides of the thermoelectric modules, with the purpose of
approaching the temperatures of their sides, TH and TC , to the ones of the heat source
and sink respectively, thus increasing the temperature difference between the sides of the
thermoelectric modules, ∆TTEM , and therefore the generated power P .

Figure 1.2: Typical values of thermoelectric efficiency for different values of ZT. Reprinted
with the permission from [Champier2017].
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Figure 1.3: Schematics of a thermoelectric generator and its electrical analogy.

The low efficiency characteristic of thermoelectric generators has limited their use in
commercial applications. Nevertheless, there exist some cases in which these devices can
become the best alternative due to their well–known advantages, such as reliability, ro-
bustness, durability, lack of maintenance, and scalability [Champier2017]. This is the case
of the two applications to be analyzed in this Ph. D. dissertation, which are specifically
focused on shallow geothermal anomalies of volcanic origin.

The first application deals with medium to large scale geothermal power generation
from Hot Dry Rock fields (HDR). Traditionally, in order to generate power from the heat
contained within the Earth, a geothermal system is required (Figure 1.4). Geothermal
systems are characterized by three elements: a heat source, which is normally caused
by a magmatic intrusion; a fluid that acts as heat carrier, typically meteoric water from
rainfalls either in liquid or vapor state; and a reservoir from which the circulating fluids
extract heat [Dickson2004]. The essence of electricity generation from geothermal systems
is the conventional expansion of vapor in a turbine, producing a rotational movement that
generates electricity in an alternator. Depending on the temperature of the geothermal
system, conventional Rankine cycles (either directly with dry steam plants or after flash
vaporization), organic Rankine cycles (ORC) or Kalina cycles are used.

Hot dry rock fields, as indicated by their name, are characterized by a body of com-
pact and hot rocks. Thus, both the fluid that acts as heat carrier and the reservoir are
absent. Nowadays, there only exists one methodology for power generation from these
fields, which consists in the artificial implementation of the lacking elements, leading to
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Figure 1.4: Schematic representation of a traditional geothermal system. Source: Interna-
tional Geothermal Association [Dickson2004].

an Enhanced Geothermal System (EGS). In these systems, firstly, high–pressure water is
pumped through a specially drilled well into the body of rocks causing its hydraulic frac-
turing and creating a human–made reservoir. After that, the injection of the fluid at high
enough pressures holds open the interconnected network of joints created against the earth
stresses and forces its circulation in order to effectively exchange heat. The most critical
issue associated with this method is the induction of seismicities. As an alternative with
less environmental impact, the present Ph. D. dissertation studies, for the first time, the
use of geothermal thermoelectric generators from those HDR that are considered shallow.

On another scale, the second application of this Ph. D. dissertation is oriented to
the stand–alone power supply of remote volcanic monitoring stations. Since volcanoes are
one of the most dangerous natural hazards, their vigilance results indispensable so that
the precursors of volcanic eruptions are detected and their damage can be minimized.
For this purpose, it is necessary to install several data acquisition and communication
equipment in remote locations where normally there is no power grid. Nowadays, the
power supply is obtained by means of photovoltaic panels and batteries. However, this
solution does not guarantee a permanent energy supply in all locations due to the severe
conditions characteristic of some volcanoes, with long snow periods that can cover the
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photovoltaic panels or in extreme latitudes and therefore without sun during months. As
a solution, the present Ph. D. dissertation proposes thermoelectric generators to supply
the low power required by the stations by transforming the heat available at volcanic
fumaroles directly into electricity, making them completely autonomous regardless of the
environmental conditions.

The development of the former applications is encompassed in the research project
ELECTROVOLCAN, founded by the Spanish Ministry of Science, Innovation, and Uni-
versities under the grant RTC–2017–6628–3, which focuses on the geothermal anomalies
located in the Canary Islands (Spain). For this purpose, the project consortium, com-
posed of the Institute of Technology and Renewable Energies (ITER), the Volcanological
Institute of the Canary Islands (INVOLCAN), the Insular Agency of Energy of Tenerife
(AIET), the Spanish Geological and Mining Institute (IGME), GAIA Geothermal Energy
and Mineral Waters, Constante Group, and the Thermal and Fluids Engineering Research
Group ITF from Public University of Navarre (UPNA), counts on a budget of 1 254 649 e

during 3 years.

The Canary Islands are an archipelago of volcanic origin located in the Atlantic Ocean,
in front of the African northwest coast, that presents the highest geothermal potential
in Spain. Among the eight islands that compose the archipelago, Lanzarote and Tene-
rife are of interest for the project (Figure 1.5). Lanzarote is the eastern island in the
archipelago and hosts Timanfaya National Park, one of the most significant HDR fields
in the world, both in extension and intensity, with more than 11 700 m2 of geothermal
anomalies with temperatures of 100–400 °C at ground level and 210–550 °C at a depth of
5–10 m [Diez-Gil1987, IGME1992, Gomez-Ortiz2019].

Figure 1.5: Location of the Canary Islands (Spain). Among the eight islands that compose
the archipelago, Lanzarote and Tenerife are of interest for ELECTROVOLCAN
project.
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Due to the geographic isolation of the Canary archipelago, since the 1980s there have ex-
isted different projects oriented to the characterization of the geothermal anomalies located
within the protected area of Timanfaya National Park due to their elevated temperatures
[IGME1992]. Nevertheless, ELECTROVOLCAN is the first one focused on electricity gen-
eration, for which the results from the previous projects will be of great interest, especially
those related to thermodynamic aspects, which are summarized below.

Firstly, it was demonstrated that the low thermal diffusivity of the superficial hot rock
(8 · 10−4 cm2/s) complicates the heat transfer by conduction and causes a slow recovery of
the system after heat extraction. Figure 1.6 shows the temperature evolution of a borehole
in which water was introduced 30 hours after commencing the experiment. As can be
observed, in more than 60 hours the system was not able to return to the initial state.
Consequently, it was concluded that conduction is not a viable heat transfer mechanism
and convection needs to be used.

Figure 1.6: Temperature evolution of a borehole in the experiment to determine the con-
duction capability of the rocks. Adapted with the permission from [IGME1992].

Based on the previous statement, different experiments intended to evaluate the gas
fluxes that naturally ascend from the boreholes were performed. Hence, two different
locations within the park were characterized. Islote Hilario, with an extension of 3000 m2,
is the location with the highest temperatures. As depicted in Figure 1.7(a), at ground
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level temperatures of 450 °C are measured, which increase with depth up to 580 °C. In
Casa de los Camelleros, with an extension of 2000 m2, the temperature range is lower,
with maximum temperatures at ground level of 215 °C, and of less than 300 °C at higher
depths. Apart from temperature measurements, the velocity of the upcoming gases was
also measured in different boreholes. Thus, in Islote Hilario, the gases present a velocity
of 11.15 m/s, while in Casa de los Camelleros is of 6.03 m/s.

(a) (b)

Figure 1.7: Temperature of the volcanic gases with respect the depth in (a) Islote Hilario
and (b) Casa de los Camelleros.

On its behalf, Tenerife is the biggest island in the archipelago and presents a landscape
molded by several volcanoes. Teide is not only the highest volcano on the island, with
an altitude of 3718 m, but also the third highest volcano in the world from its base on
the seafloor (Figure 1.8(a)). This volcano is one of the most evident manifestations of the
active volcanism of the islands, which, among other phenomena, reveals in the form of
fumaroles (Figure 1.8(b)). These fumaroles present a temperature of around 83 °C, which
corresponds with water vaporization temperature at that height, and an average volumetric
composition of 83 % water vapor and 17 % volcanic gases, mainly CO2 (99.225 %), but also
other gases in lower proportions: 0.375 % nitrogen N2, 0.275 % hydrogen H2, 0.1225 %

hydrogen sulfide H2S and 0.0025 % ammonia CH4 [Alonso2019, Melian2012]. Figure 1.9
depicts one of the existing monitoring stations located at Teide volcano to monitor the
activity of the volcano and predict future eruptions.

Once introduced the context of the present Ph. D. dissertation, Section 1.2 reviews the
related state of the art. Afterwards, the motivation of the thesis is explained in Section 1.3,
the objectives detailed in Section 1.4, and the structure of the following chapters covered
in Section 1.5.
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Figure 1.8: (a) Teide volcano, located in Tenerife, with an altitude of 3718 m. (b) Fu-
maroles, one of the most evident manifestations of the activity of the volcano.

Figure 1.9: Volcanic monitoring station located at Teide volcano.
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1.2 State of the Art

Nowadays, the development of thermoelectric generation presents two parallel research
lines. On the one hand, there is an important investigation branch focused on materi-
als, which deals with both the search of new materials and the optimization of available
ones so that the efficiency of the thermoelectric modules is improved. On the other hand,
there exists another research line focused on the application of thermoelectric generators
developed with the actual resources to different fields. This line includes the design and
optimization of the thermoelectric generators taking into account not only the thermoelec-
tric modules, but also the rest of the components that compose these generators, such as
the heat exchangers, the assembly systems, or the inter–phase materials.

The present Ph. D. dissertation is encompassed in the second research line, developing
thermoelectric generators able to transform shallow geothermal heat of volcanic origin into
electricity for two different applications. For this purpose, an optimization of all the in-
volved components would be necessary, especially the heat exchangers. Therefore, the state
of the art exposed in this section is mainly focused on the applications of thermoelectric
generators and on the study of the different heat exchangers that are typically employed
in these devices. Nonetheless, due to the importance of thermoelectric materials, a brief
review of the most relevant research in this topic is also performed.

Subsection 1.2.1 describes some of the existing applications, in which the viability of
this technology has been proven. In this part, the applications that use geothermal en-
ergy as heat source are emphasized. Afterwards, Subsection 1.2.2 analyzes the main heat
exchangers installed in geothermal thermoelectric generators in order to increase the tem-
perature difference between the sides of the thermoelectric modules, and therefore, obtain
a higher generation. The composition of these thermoelectric modules and the advances in
thermoelectric materials is briefly analyzed in Subsection 1.2.3. Finally, Subsection 1.2.4
deals with the most common computational approaches for the modelization of thermo-
electric generators.

1.2.1 Thermoelectric Applications

As exposed in the introduction, thermoelectric generators present several advantages: elec-
tricity generation regardless of the thermal level of the heat source; direct energy conver-
sion, avoiding the intermediate transformation of thermal energy into mechanical one; no
moving parts nor working fluids inside the thermoelectric modules, and therefore noiseless
operation; possibility to work in any position or environment; and scalability, being able
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to be used for micro–generation or to produce kilowatts, simply modifying the number of
thermoelectric modules installed.

Nevertheless, despite their numerous advantages, the development of thermoelectric
generators has been limited by their low efficiency and high cost. Hence, for many years
they have just been restricted to space applications where their extreme reliability and lack
of maintenance justified their use. Nonetheless, in the last years, different applications
are emerging, taking advantage of their benefits. This section describes some of these
applications, insisting on those that use geothermal energy as heat source.

Spatial applications

Electricity generation in aerospace represents the first and most important application
of thermoelectric generation [Abelson2006]. Space exploration requires extremely reliable
systems that guarantee the power supply of all the equipment during extended periods
of time in which maintenance cannot be performed. Therefore, the space industry has
been using thermoelectric generators since the beginning of the conquest of space in com-
bination with thermal generators based on nuclear technology: the heat generated from
the natural decay of radioactive isotopes such as uranium–235 or plutonium–238 serves as
heat source for high power thermoelectric generators. These are the so–called Radioisotope
Thermoelectric Generators (RTGs) that have been installed in more than twenty manned
spacecrafts, spatial probes, and satellites.

Voyager probes are one of the best examples of durability and reliability. Initially
launched in 1977 with the objective of studying the planetary systems of Jupiter and Sat-
urn, these probes have exceeded the expectations and now, after more than 40 years, they
are still in operation exploring the outer boundary of the heliosphere in interstellar space
[JPL2020]. Nonetheless, due to the degradation of the nuclear fuel and the thermoelectric
materials, the generated power has diminished from the initial 453 W to the current 250 W,
forcing to disconnect some of the equipment [Champier2017].

Besides Voyager, thermoelectric generators have also been included in the navigation
satellite Transit (1961), in the weather satellite Nimbus (1969), in the Apollo projects for
lunar inspection (1969–1972), in the Viking plans for martial exploration (1975), as well
as in the probes Pioneer (1972), Galileo (1989), Ulysses (1990), Mars–96 (1996), Cassini
(1997) and New Horizons (2006) [NASA2020a]. More recently, a 250 W RTG was part
of the vehicles of the MSL–Curiosity mission in Mars, launched in November 2011, which
represents the first application of an RTG to a Martian rover. On 30th July 2020, a new
rover powered with RTGs, Perseverance, was launched with the objective of determining
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the habitability of Mars, searching for signs of ancient Martian life, and assessing natural
resources for future human explorers [NASA2020b]

The previous examples have proven that thermoelectric generators represent a com-
pact, light, durable, and highly–reliable source of electrical energy to explore the space,
especially for distant missions where sunlight is insufficient to supply solar panels. These
characteristics make them also suitable for those terrestrial environments that require a
reliable source over a very long period of time, bearing extreme operating conditions either
weather–related (very hot or very cold, very wet or very dry) or mechanic related (high vi-
brations), and requiring maintenance as low as possible, as it is the case of supplying power
to remote volcanic vigilance stations, subject of study of the present Ph. D. dissertation.

Waste heat recovery

Apart from spatial applications, the advantages of thermoelectric generators also make
them suitable for many more applications. One of the categories that is undergoing more
intense research is waste heat recovery, since it offers an opportunity for low–cost and
emission–free energy [Johnson2008]. A heat is denoted as waste if it has been obtained
as a sub–product of some processes and it is not used afterwards, but dissipated to the
environment. These days, waste heat accounts for 40 % of the primary energy consumed
in industrialized countries [Rattner2011, Lawrence2020]. Hence, in order to recover this
heat and make the most of the primary energy, two main trends have emerged: waste heat
recovery from transportation and waste heat harvesting from industry.

Transportation is the most researched sector for waste heat recovery by means of ther-
moelectric generators due to its permanent interest in obtaining more efficient vehicles that
consume less fuel. For a typical gasoline–fueled internal combustion engine vehicle, only
about 25 % of the fuel energy is utilized for vehicle mobility. The remainder breaks down
into 30 % in coolant, 40 % in exhaust gas and 5 % of other parasitic losses [Yang2005].
Therefore, converting this lost energy into electricity can improve the overall efficiency
of the vehicle and reduce its CO2 emissions, which results of great importance taking
into account the more and more restrictive normative about emissions from the European
Commission as well as its penalties [DiBattista2015].

In the literature, both computational and experimental studies can be found, with a
special focus on the optimization of the heat exchangers due to the requirements of be-
ing light and compact while presenting low thermal resistances. Hence, one of the most
common alternatives consists in adding fins inside the exhaust pipe and taking advantage
of the cooling system built into the vehicle to release the heat not converted into electric-
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ity [Kempf2016]. In other cases, it is preferred to use passive heat exchangers, without
auxiliary consumption, and heat pipes are commonly installed due to their low thermal re-
sistance and better heat distribution [Pacheco2020]. These studies, which in most cases are
supported by automotive companies, have demonstrated the technical feasibility of ther-
moelectric generators for the automobile industry if their introduction does not change the
operating point of the engine (the acceptable pressure losses are limited to around a few
tens of millibars) [Champier2017]. However, their cost is still too expensive and they have
just been applied in laboratory tests.

Waste heat can also be recovered from industries, since heat is often a byproduct of
the processes. Some examples of waste heat sources include waste water derived from
washing, cooling, drying or refrigeration systems, and exhaust air emitted from furnaces
or production halls [Elghool2017]. In some cases, this heat is used to preheat another
process or for district heating, while on other occasions, electricity is generated. In the
latter, organic Rankine cycles, Kalina cycles, or thermoelectric generators are generally
used [Huang2017]. Nonetheless, due to the complexity of the cycles and the habitual low
temperature of the waste heat, the studies about thermoelectric generators are widening
and therefore, the optimization of heat exchangers becomes again crucial. These studies
are mainly computational with small–scale laboratory setups to confirm the correctness of
the model, such as the one performed by Mirhosseini et al., who optimized a thermoelectric
generator for a rotary cement kiln at 500 °C, obtaining an average generation of 106 W/m2

with an average cost of 20.32 $/W [Mirhosseini2019]; or the one carried out by Araiz
et al., who focused on obtaining a completely passive thermoelectric generator with fin
dissipators in the hot side and loop thermosyphons in the cold one, and estimated that with
this system 240 W/m2 can be obtained, which applied to a real rockwool manufacturing
plant entails an annual electricity generation of 363 MWh with an investment of 10 e/W
[Araiz2018, Araiz2020].

Micro–generation for sensors

Another area with promising prospects for thermoelectric generators is micro–generation
for sensors, whose research has intensified in the last years. Nowadays, the implementation
of sensors is expanding at an impressive rate worldwide. For instance, industries are
incorporating new sensors in order to have better control of the process and improve the
quality. However, their implementation is not simply reduced to industries, sensors are
everywhere: wearables, alarms, presence detectors, cars...

Current intelligent sensors require only a few hundred microwatts or a few milliwatts to
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operate. Powering these devices from the electrical grid often requires very long cables to
provide very little energy. Hence, the alternative up to date has been batteries. Neverthe-
less, in some applications, such as chemical and military facilities, power plants, or secure
data centers, battery changes are often difficult and costly [Champier2017]. This has led
to the search of micro–generators producing a few milliwatts to power these instruments
and make them autonomous.

In this context, thermoelectric generators, with their low maintenance, good perfor-
mance even in difficult environments, and capability of operating with any heat source,
are an ideal candidate for the challenge. In the literature, all kinds of heat sources have
been proposed: waste heat from industrial processes, solar energy, human body... More-
over, there even exist companies as Micropelt prepared for commercializing such devices.
The thermoharvesting power module developed by this company is capable of operating
with temperatures differentials of less than 10 °C, leading to a configurable voltage be-
tween 1.8 and 4.5 V provided that the heat source temperature does not exceed 105 °C
[Micropelt2020].

Geothermal energy has also been considered as heat source for thermoelectric generators
oriented to sensors. Thus, two tendencies can be found. On the one hand, some proposals
combine traditional geothermal plants with thermoelectric generators. Hence, these devices
are installed on existing pipes, either from district heating or from geothermal power plants,
and supply power to all kind of sensors and actuators, such as an automated irrigation
system [Foley2015], a quadruped robotic system [Dell2016], a security camera [Dell2018],
or control systems [Liu2020].

On the other hand, there exist other examples of thermoelectric generators installed
directly in the ground. Due to the difference in heat capacity and conduction rate be-
tween the air and the ground, there normally exists a temperature difference between
them [Stevens2004]. Lawrence and Stevens demonstrated that this temperature difference
can be transformed into electricity by means of thermoelectric generators, permitting ob-
taining a few milliwatts to supply power to remote sensors [Lawrence2002, Stevens2013].
As indicated by Stokes et al., this type of self–sufficient power sources could serve for unat-
tended ground sensors (UGS) in defense and security [Stokes2010]. They experimented
this proposal at the laboratory, developing a complete sensor consisting of a thermoelectric
generator, a DC–DC boost converter, a wireless sensor transmitter, and supercapacitors,
which presented good performance with temperature differences as low as 1 °C.

Forest monitoring is another possible application. Similarly to volcano surveillance,
forests are also monitored in order to analyze the impact of droughts or fires, to uncover
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their structure, and to study variations of their biota, for which wireless sensors are used
[Yan2016, Norman2016, Cale2016]. Nevertheless, these sensors also present energy supply
problems due to their remoteness. As a solution, Wang et al. proposed the utilization
of thermoelectric generators to provide a stable power supply, taking advantage of the
mentioned temperature difference between the ground and the air [Wang2017]. Huang et
al. improved the previous micro–generator and performed field experiments under natural
conditions in two different locations [Huang2019a]. The results obtained during 6 months
revealed that the location influences the power generation that can be obtained. Hence,
in Harbin an average of 0.335 mW were generated, while in Beijing, only 0.076 mW could
be produced. In a later article, they concluded that in order to efficiently harvest micro–
energy from shallow soil, the thermoelectric generator needs to be placed where the soil
moisture is greater than 30 % [Huang2019b].

Roadway and bridge infrastructures also require energy harvesting in order to power
a multitude of data collection and communication applications [Wang2018a]. For this
purpose, it is considered that thermoelectric generators are one of the most readily available
methods [Gholikhani2020], transforming the heat absorbed from the exposure to solar
radiation into electricity. For instance, Tahami et al. fabricated a system to embed into
asphalt pavements, so that with the temperature difference between the pavement surface
and the soil below it, electricity could be generated. They optimized and tested a prototype
on field, obtaining 29 mW [Tahami2019]. Another alternative consists in making use of the
temperature difference between the road surface and ambient air, as proposed by Jiang et
al., who obtained up to 45 mW [Jiang2017].

As can be observed, all the previous examples lead to a generation in the range of
milliwatts. Nevertheless, for the unprecedented application of supplying power to volcanic
vigilance stations to be developed in the present Ph. D. dissertation, a larger generation
is expected, in the watts range. The only existing example in the literature with similar
characteristics is the thermoelectric generator developed by Xie et al., which led to a
maximum generation of 0.975 W per thermoelectric module from a 379 °C hydrothermal
vent located at a depth of 2765 m in the Indian Ocean [Xie2016]. However, their device
did not include the communications part, which is of great importance in the application
under consideration in this thesis, since data emission over several kilometers is required.

Medium and large scale geothermal thermoelectric generation

Geothermal energy has recently started to be also used as heat source for medium and
large scale geothermal power generation. In fact, due to their advantages, thermoelectric
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generators have been identified as the key technology for clean geothermal power generation
[Yu2020], and one of the proposals to speed up the installation of geothermal heat [Li2015]

Niu et al. [Niu2009] were the first ones building a geothermal thermoelectric generator
(GTEG). They were able to generate 146.5 W with 56 thermoelectric modules and a tem-
perature difference between the heat reservoirs of 120 °C (2.62 W per module). Based on a
similar design, Suter et al. [Suter2012] optimized a 1 kW thermoelectric stack by simulating
different operating parameters and stack geometries considering a 100 °C gradient. Liu et
al. [Liu2013, Liu2014a, Liu2014b] were also convinced about this technology. Hence, they
built a thermoelectric generator composed by 96 thermoelectric modules that generated
160 W with a temperature difference of 80 °C. They estimated that this prototype could
reach 500 W with a temperature difference of 200 °C. With another prototype with 600
modules they predicted a generation of 1 kW with a temperature difference of 120 °C. More
recently, Ahiska and Mamur [Ahiska2013, Ahiska2016] developed a prototype capable of
producing 41.6 W with 20 modules and 67 °C temperature difference (2.08 W per module),
while Trip et al. [Trip2017] developed a 0.4 W generator with a temperature difference
of 72 °C, composed by 40 thermoelectric modules (9.7 mW per module). On their behalf,
Wang et al. defended the combination of geothermal and hydrocarbons, integrating ther-
moelectric generators downhole in oil and gas wells. By means of a computational model,
they estimated a maximum power output of 8538 W with a 100 °C temperature difference
in a vertical well in China [Wang2018b], and 128 024 W in case of a horizontal one with a
156 °C gradient [Wang2019].

All the previous geothermal thermoelectric generators focus on medium–low temper-
ature geothermal fields (<180 °C), hence competing with Organic Rankine Cycle (ORC)
binary power generators, the frequently used technology to generate electricity from this
low enthalpy geothermal heat. The evaluation of possibilities in high–temperature geother-
mal fields has just been analyzed for the extraction of this energy from oceanic crust in
offshore wind turbine monopiles, which estimates a maximum power output of 242 kW

[Banerjee2018]. Therefore, the application of thermoelectric generators to high tempera-
ture shallow Hot Dry Rock (HDR) fields is studied for the first time in the present Ph. D.
dissertation. Furthermore, in contrast to the previous examples, the development of this
application includes field testing, not limiting to laboratory experiments or computational
studies, and will make an effort to reduce the moving parts and auxiliary consumption of
the heat exchangers, as analyzed in the next section.
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1.2.2 Heat Exchangers for Geothermal Thermoelectric Generators

In order to maximize power generation in the previous applications, a proper design and
optimization of the heat exchangers become indispensable. The purpose of these systems
is to approach the temperatures of the sides of the thermoelectric modules to the reser-
voirs’ ones, since the higher the gradient in the thermoelectric modules, the greater the
generation. In fact, a reduction of 10 % in the thermal resistance of the heat exchangers
leads to an 8 % higher generation [Astrain2010].

The decision about which type of heat exchanger is better for a certain application will
depend on the characteristics of the thermal reservoirs and the limitations of the considered
application. In this subsection, the most common technologies used as heat exchangers
for thermoelectric generators are addressed, concentrating on those that use geothermal
energy as heat source.

Hot side heat exchangers

The hot side heat exchanger of a geothermal thermoelectric generator (GTEG) has to
absorb geothermal heat and transfer it with a minimal temperature difference to the ther-
moelectric modules located overground. Therefore, its design is key, since heat may be
transmitted over relatively long distances depending on the depth of the geothermal anoma-
lies, as well as because it is necessary to ensure a good heat transfer between the ground
and the heat exchanger.

As derived from Subsection 1.2.1, there exist two different applications of GTEGs,
with a completely different scale. Therefore, the requirements of the heat exchangers will
vary depending on each case. On the one hand, for high scale geothermal thermoelectric
generators, heat needs to be absorbed from several meters deep into the ground. Hence,
as an imitation to traditional geothermal cycles, all the existing proposals incorporate
heat exchangers with a fluid as heat carrier. Thus, a fluid is pumped into the ground
so that it absorbs geothermal heat, and then transfers it to the thermoelectric modules.
These systems permit obtaining low thermal resistances due to the high heat transfer
coefficients that can be achieved with forced convection. Nevertheless, they require an
auxiliary consumption that reduces net generation. Apart from the extra consumption,
these type of heat exchangers also presents the handicap of being composed of an elevated
number of elements (the heat exchanger itself, the pump responsible for the circulation
of the fluid, and several pipes) that include moving parts. Consequently, they normally
require frequent maintenance.
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In the application under consideration in the present Ph. D. dissertation that studies
the possibilities of geothermal thermoelectric generation from shallow HDR fields, the use
of heat exchangers with a fluid as heat carrier would require rock fracture. Therefore,
it will be necessary to analyze other alternatives with minimal environmental impact, an
aspect of great importance since the geothermal field under consideration is located at a
natural reserve. The prerequisites of absence of moving parts and auxiliary equipment will
have a great influence on the final decision.

On the other hand, in the case of supplying power to sensors, heat is absorbed close to
the surface. In this application, the compactness of the device and the lack of maintenance
are important aspects to take into consideration. Therefore, the existing proposals use
passive heat exchangers to absorb geothermal heat, without moving parts nor auxiliary
consumption. Hence, Stevens as well as Stokes et al. opted for the simplest heat exchanger:
a solid metallic bar, similar to a stake [Stevens2013, Stokes2010]. Tahami et al. also used a
solid heat exchanger, but since in their case they wanted to absorb heat from the asphalt,
they installed a copper collector plate [Tahami2019].

The rest of the examples available in the literature preferred to install heat exchangers
based on phase change. These devices take advantage of the latent heat of an internal
working fluid that is cyclically vaporizing and condensing to transfer large amounts of
heat, nearly isothermally [Shabgard2015]. Hence, Lawrence, Wang et al., Huang et al.,
and Xie et al. used the so–called heat pipes, in which the condensed liquid returns by
capillary effect in the wick that covers the internal surface of the pipe [Lawrence2002,
Wang2017, Huang2019a, Huang2019b, Xie2016]. On their behalf, Jiang et al. installed a
vapor chamber because they needed a large and planar contact surface with the asphalt
[Jiang2017].

The advantages of heat exchangers based on phase change are their low thermal resis-
tance, their compactness, and that they do not need moving parts nor auxiliary consump-
tion. Moreover, these devices can transfer heat regardless of the distance, which is of great
utility with geothermal energy as heat source, since temperature normally increases with
depth. The best example of this aspect is demonstrated in the 400 m long thermosyphon
installed in Hannover for a geothermal heat pump [Ebeling2016], which reflects the viability
of this type of phase change heat exchangers for geothermal applications. Thermosyphons
differ from heat pipes because the former does not include the wick material of the latter,
and the return of liquid occurs simply by gravity.
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Cold side heat exchangers

The cold side heat exchanger of a GTEG is responsible for releasing the heat that has not
been transformed into electricity by the thermoelectric modules, a common task in other
thermoelectric applications as well. For this purpose, the most frequent heat exchangers are
fin dissipators, heat exchangers with a fluid as heat carrier, heat pipes, and thermosyphons
[Elghool2017]. Fin dissipators stand out due to their simplicity, robustness, and low price,
achieving low thermal resistances when working as active cooling systems, i.e. aided by a
fan so that forced convection conditions are obtained [Martinez2016, Tzeng2014]. Nonethe-
less, they can also operate under natural convection, which supposes an increase of their
thermal resistance, but avoids auxiliary consumption. On their behalf, liquid–based heat
exchangers present better convection coefficients, improving the performance of the system.
However, the pumps necessary to propel the liquid through the circuit require a higher aux-
iliary consumption and therefore reduce net generation [Aranguren2014, Aranguren2018].
Finally, heat pipes and thermosyphons are gaining attention in the last years. As exposed
previously, making use of the latent heat of an internal fluid that cyclically vaporizes and
condenses, these heat exchangers obtain low thermal resistances without requiring auxiliary
equipment [Shabgard2015, Remeli2015, Araiz2017].

Similarly to the hot side heat exchangers, depending on the specific application of
GTEGs, the existing proposals in the literature present different types of heat exchang-
ers. Thus, for medium and large scale geothermal thermoelectric generation, again heat
exchangers with a liquid as heat carrier is the only chosen alternative. This is due to the
resemblance to traditional geothermal power plants, dissipating the heat analogously to
condensers. On the other hand, when supplying power to sensors with a GTEG, the unique
criteria in this case opts for fin dissipators due to their simplicity, compactness, and low
cost. The use of phase change heat exchangers in the cold side is not contemplated in any
application of GTEGs, although they have been considered the most appropriate one for
this purpose for temperatures under 300 °C [Elghool2020].

1.2.3 Thermoelectric Modules

As exposed in the introduction, thermoelectric modules are the most essential element of
a thermoelectric generator since the direct transformation of heat into electricity is held in
them. Moreover, these components are also responsible for the low efficiency and elevated
cost of thermoelectric systems, which supposes a barrier for the broad implementation of
this type of generators [Champier2017]. Consequently, many researchers are focused on the
search and development of materials that permit obtaining a higher efficiency and working
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Figure 1.10: Contribution of various materials used in thermoelectric research. Reprinted
with the permission of [Gayner2016].

under a wider range of temperatures, while presenting lower costs.

Figure 1.10 depicts the individual contribution of various materials used in thermo-
electric research [Gayner2016]. As can be observed, the classic inorganic materials, such
as telluride–based materials (e.g. Bi2Te3 and PbTe), silicon–germanium alloys SiGe, half–
Heusler alloys, skutterudites, and clathrates, present the highest contribution. Nonetheless,
in the last years, there has been an increase in the development of organic materials due to
their cost–effectiveness, easy processing, low density, low thermal conductivity, and high
flexibility [Yao2019]. However, to meet the requirements of practical applications, the
performance of these materials still needs much improvement.

Figure 1.11 summarizes the ZT as a function of temperature for the former thermoelec-
tric materials [Yang2018]. Hence, as can be observed, most of the existing materials present
a value of ZT lower than 1.5, which is also highly dependent on temperature. According
to the inset included at the top left of the figure, this value of ZT leads to an efficiency
of less than 20 %. In the case of geothermal thermoelectric generators, it is expected that
a value of ZT of 2 would be necessary in order to be applied on a large scale in low and
medium temperature geothermal power fields [Yu2020].

In order to obtain high–performance materials, two complementary approaches can be
distinguished: search for new materials with intrinsically high ZT or optimize the thermo-
electric properties of existing materials [Yang2018]. Thus, in the former, machine–learning
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Figure 1.11: ZT as a function of temperature for typical high efficiency thermoelectric ma-
terials, inset is the relation between the efficiency η, temperature T , and tem-
perature difference ∆T of materials with different ZT values. Reprinted with
the permission of [Yang2018].

is spreading in the last years to discover new materials or new combinations of materi-
als more rapidly [Recatala-Gomez2020, Iwasaki2019]. In the latter, several techniques to
modify some properties such as their electrical resistivity, Seebeck coefficient or thermal
conductivity have been developed: phonon glass electron crystal (PGEC), doping, en-
ergy filtering, resonant states, multiple–band conduction mechanism and convergence of
electronic bands, scattering from nanoscale endotaxial precipitation and mesoscale grain
boundaries, atomic–scale alloy scattering, nanostructuring, quantum confinement, super-
lattices, and nanocomposites [Gayner2016, Maier2018].

Besides obtaining promising thermoelectric materials with elevated ZT, it is also im-
portant to be able to implement them in thermoelectric modules, for which it is necessary
to develop manufacturing techniques [Tan2019]. However, there is still a lack of techno-
logical transfer between research and commercialization. Thus, most of the commercially
available thermoelectric modules are based on alloys of bismuth and tellurium, Bi2Te3,
which present values of the dimensionless figure of merit, ZT , of 1 or less, and maximum
operating temperatures in the range between 200 and 300 °C [Marlow2020, TECTEG2020,
TEGMART2020]. Apart from Bi2Te3 thermoelectric modules, there also exist others made
up of PbTe that can operate efficiently at medium temperatures, between 327 and 527 °C,
with a low thermal conductivity, 2.3 W/mK, and a high Seebeck coefficient, 500 µV/K.
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For those applications with even higher temperatures, alloys of silicon and germanium,
SiGe, are used because of the elevated melting point of these compounds (∼ 1027 °C).
However, due to their high thermal conductivity at ambient temperature, their use has
been restricted to very specific applications or laboratory experiments [Wang2008]. Tak-
ing into account the temperature range and the heat transfer mechanisms involved in the
applications under study in this Ph. D. dissertation and the commercial availability, the
experimental prototypes to be developed in this thesis will include Bi2Te3 thermoelectric
modules.

1.2.4 Computational Models for Thermoelectric Generators

In the previous subsections, several studies of geothermal thermoelectric generators (GTEGs)
have been mentioned, both for micro–generation oriented to sensors and for medium to
large scale generation. Although in some cases laboratory prototypes were developed, the
general tendency is to employ computational models for the studies. The use of these
models has widely spread in the last years, becoming an indispensable tool for the design,
analysis, and optimization of real applications, since they reduce the necessity of building
prototypes and limit the number of experimental tests necessary in order to obtain signif-
icant information, which translates into cost savings. In the case of medium to large scale
GTEGs, these aspects gain even more importance.

Nevertheless, the modeling of thermoelectric generators (TEGs) is not an easy task
since phenomena related to heat, electricity, and the interaction between them, are simul-
taneously involved. Hence, a system of equations that considers the fundamental laws
of heat conduction, convection, and thermoelectric effects, needs to be solved, which has
historically caused many problems due to its high complexity. Nowadays, in the modeling
of TEGs, there exist four major kinds of models: standard simplified models, analytical
models, models based on the electrical analogy between heat transfer and electricity, and
numerical models based on finite elements [Fraisse2013].

The simplified models are the simplest approach to model a thermoelectric generator
and are based on a global balance of heat transfer and thermoelectric effects (macro ap-
proach). These models assume a symmetrical distribution of the Joule effect between the
hot and cold side of the thermoelements and, in general, consider constant thermoelectric
properties (Seebeck coefficient, thermal conductivity, and electrical resistivity). In some
cases, the Thomson effect is taken into account and assumed equitably distributed on both
sides of the semiconductors, leading to the so–called improved simplified models.

The analytical models are based on a local energy balance, permitting a more precise
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representation of the behavior of the thermoelectric modules. Nonetheless, like every ana-
lytical model proposed to solve a system of equations of a certain complexity, these models
also require the simplifying hypothesis of the simplified models so that the difficulty is
considerably reduced and an analytical expression is feasible. Another limitation of these
models is that they only focus on the thermoelectric modules and require the hot and cold
side temperatures as boundary conditions, which are indeed dependent on the thermal
characteristics of the heat reservoirs, the heat exchangers, and even the thermoelectric
modules themselves.

The models based on the electrical analogy between heat transfer and electricity have
demonstrated to be a reliable and quick alternative to model complex phenomena. This
thermal–electrical analogy is actually derived from the application of the implicit finite
difference method to heat conduction equation, and its basic idea consists in discretizing
the system in several nodes. The solution of the problem is obtained for those finite number
of nodes. Thus, the thermal dependence of the thermal coefficients, the transient regime, or
the variable section of the thermoelectric legs can be easily represented. Another advantage
of this analogy is that it permits modeling the heat exchangers in detail, including all the
involved phenomena.

Finally, numerical models based on finite elements permit the highest accuracy. Hence,
these models take into account the non–linearity of the thermoelectric materials resulting
from the temperature dependency of the material properties, allow the coupling of ther-
moelectric simulations to computational fluid dynamics models, and are suitable for 3D
and complex geometries, both in steady and transient regimes. Nevertheless, they present
the disadvantage of their complexity, the hardware requirements, and the increased com-
putational time.

The models used for GTEGs are mainly simplified models, which neglect the Thomson
effect and assume constant thermoelectric properties [Suter2012, Liu2014b, Wang2019].
Most of them, concentrate on a correct simulation of the heat exchangers, but simplify the
modeling of the thermoelectric modules, leading to a slight deviation in the calculation
of power generation [Fraisse2013]. The more precise thermo–electrical analogy has never
been used for the modeling of GTEGs.
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1.3 Motivation

Thermoelectricity has demonstrated to be a robust, reliable, and scalable technology that
does not require moving parts, working fluids nor auxiliary equipment. Nevertheless, in
civil applications, their development is mainly restricted to the academic field. Therefore,
there is an interest to find new applications in which thermoelectric generators can finally
be made a reality despite their low efficiency.

The development of such applications needs to be performed completely, with a proper
design and optimization of the whole generators, and a posterior experimental demon-
stration on field, not limiting to computational or low–scale proposals. Hence, there is
a necessity of an accurate computational model that considers all the involved elements,
including the modeling of not only the thermoelectric modules with all their thermoelectric
effects, but also the heat exchangers and the heat reservoirs taking into account all the
heat transfer mechanisms. Such a model serves as basis for the design and optimization of
real prototypes than can be subsequently built and installed on field.

In this process, it is of utmost importance to take into account that the robustness
of thermoelectric generators is one of their main advantages. Therefore, there is a great
interest in the development of high–efficiency heat exchangers without moving parts nor
auxiliary equipment, so that the advantages of the thermoelectric modules are extended
to the whole device.

In this scenario, the present Ph. D. dissertation studies the viability of two novel
applications of thermoelectric generators based on shallow geothermal anomalies of volcanic
origin. Thus, on the one hand, the prospects of this technology in hot dry rock fields will
be analyzed for the first time, as a more environmentally friendly alternative to the actual
enhanced geothermal systems, the only existing technique nowadays that causes induced
seismicities. On the other hand, the feasibility of completely autonomous volcanic vigilance
stations powered only by thermoelectricity will also be examined, taking a step forward
with respect to the available state of the art, developing a complete system that generates
in the watts range and communicates over several kilometers.

In order to accomplish these purposes, the present work contextualizes in an incom-
parable framework within the ELECTROVOLCAN project, counting on the experience
in thermoelectrics of the Thermal and Fluids Engineering research group from the Public
University of Navarre, with an extensive career in the development of thermoelectric de-
vices for both cooling and generation that includes deep research on heat exchangers; the
knowledge of expert geologists and volcanologists specialized in the geothermal anomalies

26



1.3. MOTIVATION

of the Canary Islands; as well as the counseling of a company that focuses on the real
manufacturing of the developed devices and their commercialization.
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1.4 Objectives

Considering the actual state of the art and once the motivation of the present Ph. D.
dissertation has been explained, the following general objective is contemplated:

Development of thermoelectric generators for shallow geothermal anomalies
of volcanic origin and their application to medium–scale renewable power
generation and stand–alone power supply of volcanic vigilance stations.

The attainment of this main objective encompasses a series of specific objectives to
be developed during the thesis. The specific objectives 1 and 2 lay the foundations of
thermoelectric generators for shallow geothermal anomalies, focusing the rest on the two
applications subject of study. Hence, medium–scale renewable generation is considered in
the specific objectives 3 and 4, while the specific objectives 5 and 6 concern the stand–alone
power supply of volcanic vigilance stations.

Specific Objective 1:

The first specific objective deals with the development of a computational model to simulate
the behavior of geothermal thermoelectric generators. For the following objectives of design
and optimization, it is necessary to take into account that several aspects have an influence:
the type of heat exchangers, their geometry and materials, the nature of the heat source
and sink, the number of thermoelectric modules, or the disposition and assembly of the
different elements among others. Therefore, it is essential to have a versatile computational
tool capable of predicting the behavior of a complete geothermal thermoelectric generator,
including an exhaustive discretization of the heat exchangers that considers all the heat
transfer mechanisms involved, and the singularities of the heat reservoirs.

The implementation of this computational model will be performed with the numerical
computing environment MATLAB, based on the implicit finite difference method, also
known as thermal–electrical analogy. Furthermore, in order to obtain a reliable tool, this
specific objective also includes the experimental validation of the computational model,
analyzing the capacity of both the individual parts and the complete model to resemble
the behavior of a real prototype.
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Specific Objective 2:

As exposed in previous sections, the heat exchangers are key elements of thermoelectric
generators, since they determine the temperature difference across the thermoelectric mod-
ules. Therefore, the second specific objective considers the study of high–efficiency heat
exchangers for geothermal thermoelectric generators.

In the two applications under consideration in the present Ph. D. dissertation, it will be
of utmost importance to accomplish the requirements of robustness and absence of moving
parts nor auxiliary equipment without jeopardizing efficiency. Hence, different types of
heat exchangers will be studied both computational and experimentally. More specifically,
purely conductive solid heat exchangers, fin dissipators, heat pipes, and thermosyphons will
be characterized considering different geometries and configurations. This characterization
will enable analyzing the influence of different factors in the operation of these devices,
serving as basis for their optimization in the following specific objectives.

Specific Objective 3:

The third specific objective focuses on the application of medium–scale renewable power
generation. Hence, based on the results obtained with the specific objectives 1 and 2, two
prototypes will be designed and optimized for the hot dry rock field located at Timanfaya
National Park (Canary Islands, Spain), one per each available temperature range. In this
process, apart from the maximization of the power generated per thermoelectric generator
for which different geometries and number of thermoelectric modules will be analyzed, it
will be of great importance to consider constructional aspects, facilitating the assembly
and installation of the devices while causing a minimal visual impact.

The final designs will be built at the laboratories of the Public University of Navarre,
assessing their technical viability. Moreover, prior to their installation at Lanzarote, the
behavior of the devices will be deeply studied at the laboratory, characterizing the behavior
of the heat exchangers individually and determining the power generation capabilities of
the complete generator under several operating conditions.

Specific Objective 4:

The second objective related to medium–scale renewable power generation, which is in
turn the fourth specific objective of the thesis, concerns the estimation of the energetic
potential of the high–scale implementation of the devices developed in the previous point,
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thanks to their scalability. In comparison with other renewable sources, geothermal energy
characterizes by its constancy, being always available independently of weather conditions,
which permits obtaining a high capacity factor.

The study will be performed by means of the computational model developed in the
first specific objective and will consider again Timanfaya National Park as reference. For
this purpose, it will be necessary to determine the specifications of the geothermal field,
including not only the temperature and mass flow of the gases, but also the capacity of
the system for heat extraction without cooling down.

Specific Objective 5:

Regarding the attainment of autonomous volcanic monitoring stations, the fifth specific
objective is related to the design and optimization of a thermoelectric generator to be
installed in volcanic fumaroles, one of the most evident manifestations of geothermal energy
in volcanoes. In this low–power application, the durability, and reliability of the developed
device gain importance versus the maximization of power generation. Therefore, it will be
necessary to develop a robust generator, without moving parts, capable of resisting in a
harsh and remote environment without maintenance.

After a design and optimization process thanks to the tools obtained in the specific
objectives 1 and 2, the designed generator will be built and characterized at the labora-
tories of the Public University of Navarre, studying the behavior of both the individual
components and the complete generator under different operating conditions. Afterwards,
the designed generator will be installed at Teide volcano (Canary Islands, Spain), where
its real viability will be analyzed. The field installation will also permit gaining experi-
ence about the heat transfer mechanism with the fumaroles and the corrosive environment
characteristic of volcanoes, providing essential information for future designs.

Specific Objective 6:

Finally, the last specific objective complements the previous one, concentrating on the
development of the electronic part necessary to achieve completely autonomous volcanic
vigilance stations. Hence, while the previous specific objective focuses on the generation
part, this one deals with the processing of the generated power ensuring that the thermo-
electric modules work at their optimal point, the storage of the excess energy, the control
of different sensors, and the emission of the measured data to a center that can be located
various kilometers away.
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The development of such an electronic system will be designed and evaluated at the
Public University of Navarre, previous to its field testing at Teide volcano. This field testing
will be performed simultaneously with the generator conceived in the specific objective 5,
so that the viability of a complete system that monitors different variables and emits them
to a center located several kilometers away, powered only with a thermoelectric generator
installed in a volcanic fumarole, can be confirmed.
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1.5 Thesis Structure

In order to accomplish the previous objectives, the present Ph. D. dissertation is structured
in seven chapters. Following this introduction, Chapter 2 represents the first approximation
to geothermal thermoelectric generators. Hence, the use of different heat exchangers is
experimentally studied. This chapter corresponds with the article “New opportunities for
electricity generation in shallow hot dry rock fields: A study of thermoelectric generators
with different heat exchangers” published in Energy Conversion and Management 200
(2019) 112061. Although the manuscript is oriented to medium–scale generation from
shallow hot dry rock fields, the study of the different heat exchangers is also applicable to
the stand–alone power supply of volcanic vigilance stations.

Afterwards, Chapter 3 presents the development and validation of the computational
model that simulates the behavior of geothermal thermoelectric generators. This chapter
coincides with the publication “Computational study of geothermal thermoelectric genera-
tors with phase change heat exchangers” published in Energy Conversion and Management
221 (2020) 113120. The manuscript not only makes a detailed description of the compu-
tational model including all the involved heat transfer phenomena, but also validates it
thanks to the experimental tests of Chapter 2 and studies the potential at Timanfaya
National park, analyzing the influence of different geometries, number of thermoelectric
modules and heat exchangers. As a result, an optimized design is obtained.

Based on the previous optimization, Chapter 4 details the prototype that has been de-
veloped to be installed in a real HDR field located in Timanfaya National Park considering
all the constructional aspects. Its experimental characterization at the laboratory is also
included in this chapter.

On its behalf, Chapter 5 is applied to obtaining autonomous volcanic vigilance sta-
tions. Hence, as developed in the article “Prospects of Autonomous Volcanic Monitoring
Stations: Experimental Investigation on Thermoelectric Generation on Fumaroles” pub-
lished in Sensors 20 (2020) 3547, the viability of thermoelectric generation from volcanic
fumaroles is studied by means of the installation of a prototype at Teide volcano.

Chapter 6 delves into the former application, with the objective of achieving a complete
autonomous volcanic monitoring station, capable of generating the required energy from
volcanic fumaroles with thermoelectric generators, ensuring that the modules work with
the optimal load resistance, managing the storage system, monitoring different parameters,
and sending them to a center located several kilometers away. This chapter corresponds
with the manuscript “Experimental evidence of the viability of thermoelectric generators
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to power volcanic monitoring stations” published in Sensors 20 (2020) 4839.

Finally, Chapter 7 highlights the main conclusions obtained in the thesis, exposes the
contributions achieved during its development, and presents the future lines arisen.
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Chapter 2

First Approximation to Geothermal
Thermoelectric Generators

This chapter supposes the first approximation to geothermal thermoelectric generators
(GTEGs), which need to absorb heat contained within the Earth and transport it over-
ground to the thermoelectric modules, that will transform part of it directly into electricity,
releasing the rest to the environment. For this purpose, this chapter performs a concep-
tual design of the heat exchangers more appropriate for this task, taking into account the
importance of devices without moving parts nor auxiliary equipment mentioned in the
introduction. This study is carried out experimentally, considering different types of heat
exchangers.

The obtained results are gathered in the publication “New opportunities for electric-
ity generation in shallow hot dry rock fields: A study of thermoelectric generators with
different heat exchangers” published in the journal Energy Conversion and Management
200 (2019) 112061. Hence, after contextualizing traditional and thermoelectric geothermal
generation, the operation of a geothermal thermoelectric generator is described, analyzing
different possibilities of hot side heat exchangers. Afterwards, it is experimentally studied
the performance of fin dissipators and loop thermosyphons as cold side heat exchangers,
for which the conditions available at Timanfaya National Park (Canary Islands, Spain)
are taken as reference. Although the study is focused on the application of medium–scale
generation from hot dry rock fields, the obtained results can also be extrapolated to the
stand–alone power supply of volcanic vigilance stations.

In the published article, there is a typographic error from the journal edition process
and Table 2 has some columns displaced to the left. The correct table is depicted below:
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Table 2.1: Useful heat flux, percentage of heat losses, thermal resistance of the hot side
two-phase closed thermosyphon (TPCT), total and net power generated by the
two thermoelectric modules, and total and net efficiencies for each experiment.

Cold side T Fan voltage Load Resistance Q̇ %losses RTPCT
∑
Ptotal

∑
Pnet ηtotal ηnet

heat exchanger (°C) (V) (Ω) (W) (W) (K/W) (W) (W) (%) (%)

L
oo

p
th

er
m

os
yp

ho
ns

200 -

inf 201.23 8.11% 0.29 -0.01 -0.01 0.00% 0.00%
1 241.81 6.95% 0.30 4.32 4.32 1.79% 1.79%

2.2 228.81 7.42% 0.30 5.50 5.50 2.41% 2.41%
3.2 223.34 8.46% 0.30 5.67 5.67 2.54% 2.54%
4.7 217.73 8.68% 0.30 5.36 5.36 2.46% 2.46%

180 -

inf 172.94 8.53% 0.30 0.01 0.01 0.00% 0.00%
1 204.84 7.52% 0.32 3.29 3.29 1.61% 1.61%

2.2 199.39 7.64% 0.31 4.29 4.29 2.15% 2.15%
3.2 194.28 7.57% 0.31 4.37 4.37 2.25% 2.25%
4.7 190.71 8.20% 0.31 4.21 4.21 2.21% 2.21%

160 -

inf 146.20 8.49% 0.32 0.00 0.00 0.00% 0.00%
1 173.87 7.41% 0.34 2.41 2.41 1.38% 1.38%

2.2 167.78 7.63% 0.34 3.22 3.22 1.92% 1.92%
3.2 163.74 7.77% 0.33 3.30 3.30 2.02% 2.02%
4.7 160.38 8.08% 0.33 3.14 3.14 1.96% 1.96%

F
in

di
ss

ip
at

or
s

200

12

inf 180.11 8.57% 0.31 0.00 -3.84 0.00% -2.13%
1 202.82 7.72% 0.32 3.85 0.01 1.90% 0.01%

2.2 197.65 8.07% 0.32 4.92 1.08 0.00% 0.00%
3.2 194.13 8.39% 0.32 5.15 1.31 2.65% 0.67%
4.7 191.39 8.49% 0.32 4.96 1.12 2.59% 0.59%

10

inf 177.04 8.90% 0.31 0.00 -2.90 0.00% -1.64%
1 202.79 7.73% 0.32 3.51 0.61 1.73% 0.30%

2.2 196.91 8.07% 0.32 4.78 1.88 0.00% 0.00%
3.2 193.40 8.33% 0.32 4.93 2.03 2.55% 1.05%
4.7 191.23 8.57% 0.32 4.69 1.79 2.45% 0.94%

8

inf 177.16 8.84% 0.31 0.00 -2.00 0.00% -1.13%
1 201.76 7.81% 0.32 3.45 1.45 1.71% 0.72%

2.2 195.85 8.17% 0.32 4.52 2.52 0.00% 0.00%
3.2 191.94 8.63% 0.32 4.71 2.71 2.45% 1.41%
4.7 190.07 8.72% 0.32 4.60 2.60 2.42% 1.37%

6

inf 173.60 9.03% 0.32 0.00 -1.26 0.00% -0.73%
1 196.77 8.14% 0.32 3.12 1.86 1.59% 0.95%

2.2 191.38 8.49% 0.32 4.08 2.82 0.00% 0.00%
3.2 188.72 8.57% 0.32 4.29 3.03 2.27% 1.60%
4.7 185.35 9.01% 0.32 4.13 2.87 2.23% 1.55%

4

inf 165.93 9.34% 0.31 0.00 -0.68 0.00% -0.41%
1 185.61 8.47% 0.32 2.39 1.71 1.29% 0.92%

2.2 181.52 8.88% 0.32 3.31 2.63 0.00% 0.00%
3.2 179.45 9.11% 0.32 3.49 2.81 1.95% 1.57%
4.7 177.61 9.33% 0.32 3.38 2.70 1.90% 1.52%

0 3.2 158.38 9.50% 0.31 2.24 2.24 1.42% 1.42%
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A B S T R A C T

Despite being one of the largest renewable sources, geothermal energy is not widely utilized for electricity
generation. In order to leverage shallow hot dry rock (HDR) fields, the present paper proposes an alternative to
enhanced geothermal systems (EGS): thermoelectric generators. Based on the conditions of Timanfaya National
Park, a prototype has been built to experimentally analyze the feasibility of the proposed solution. The prototype
is composed by a two phase closed thermosyphon (TPCT) as hot side heat exchanger, two thermoelectric
modules, and it considers different cold side heat exchangers: fin dissipators assisted by a fan and loop ther-
mosyphons, both with various geometries. Experiments have demonstrated that loop thermosyphons represent
the best alternative due to their low thermal resistance and, especially, due to their lack of auxiliary con-
sumption, leading to a maximum net power generation of 3.29W per module with a temperature difference of
180 °C (200 °C in the hot side and 20 °C as ambient temperature), 54% more than with fin dissipators. Hence,
there exists a new opportunity for electricity generation in shallow hot dry rock fields: thermoelectric generators
with biphasic thermosyphons as heat exchangers, a patented and robust solution.

1. Introduction

Geothermal energy is considered one of the largest renewable
sources and lacks one of the main disadvantages of other renewable
energies: it is not weather affected [1]. Nevertheless, electricity gen-
eration based on geothermal energy represents less than 0.4% of the
global electricity generation thanks to the installed capacity of
13.5 GW, which seems insignificant compared to hydro-power
(1096 GW), wind power (487 GW), or photovoltaics (303 GW) [2].

Li et al. [3] identified that the reasons causing the low growth rate
of geothermal power are the high initial investment, the long payback
and construction time, as well as the difficulties assessing the resource
and modularizing. In order to speed up its growth, they pointed out
three possible directions: co-produced geothermal power from oil/gas
fields, enhanced geothermal systems, and development and utilization
of new technologies such as thermoelectric generators. The present
paper focuses on the latter, trying to analyze the possibilities of ther-
moelectric generators to directly convert geothermal heat into elec-
tricity.

Traditionally, in order to generate electricity from the heat con-
tained within the Earth, a geothermal system is required. Geothermal
systems are characterized by three elements: a heat source, a fluid that
acts as heat carrier, and a reservoir. However, geothermal systems are

not always available, as it occurs in one of the most extended geo-
thermal fields: Hot Dry Rock (HDR) fields, which in the United States
represent 99% of the available resources [4]. These fields, as indicated
by their name, are characterized by high temperature compact rock.
Thus, their lack of both reservoir and natural working fluid difficults
electricity generation.

Nowadays, there only exists one process capable of generating
electricity based on HDR fields: enhanced geothermal systems (EGS),
which consist in the artificial creation of a geothermal system. For this
purpose, a fluid is pumped at high pressure causing hydraulic fractures
in the rock and leading to an artificial reservoir. Once created, a
working fluid is cyclically introduced at certain pressure so that part of
the heat of the rocks is absorbed. The expansion of the vaporized fluid
generates electricity in an alternator similarly to natural geothermal
systems.

The most critical issue of the hydraulic fracturing method are the
induced seismicities, which can cause a considerable impact in the
environment and can become critical in those fields bounded to recent
vulcanism. To the previous issue, it is necessary to add the required
equipment in the cycles (turbines, pumps, cooling towers…), which are
complex, expensive, require recurrent maintenance, and present ele-
vated operating costs. This series of technical problems cause the ex-
istence of numerous HDR fields which, despite having elevated
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temperatures, are not currently under exploitation. Nowadays, the
Geodynamics plant in Habanero (Australia) is the only commercial EGS
plant in the world [5].

Faced with this situation, for those shallow HDR fields, thermo-
electric generators (TEGs) can represent an alternative with reduced
environmental impact and a greater ability to modularize. TEGs are
devices based on solid-state physics whereby heat is directly converted
into electricity due to Seebeck effect. This transformation is held on the
so-called thermoelectric modules. Since the efficiency of the thermo-
electric modules increases as their sides approach the temperature of
the heat source and sink, the introduction of heat exchangers with low
thermal resistance between the modules and each of the thermal re-
servoirs becomes necessary in order to maximize the temperature dif-
ference of the modules and therefore, their generation [6]. Thus, a
thermoelectric generator is composed by thermoelectric modules and
heat exchangers.

The most typical heat exchangers used in TEGs are fin dissipators
and liquid based heat exchangers [7]. Fin dissipators are simple, robust,
as well as easy and cheap to manufacture. These dissipators lead to
relatively low thermal resistances when working as active systems, this
is, assisted by a fan [8–10]. Since liquids normally present higher
convective coefficients than air, heat exchangers based on a liquid are
also very common [11]. They present lower values of thermal re-
sistance, with the drawback of being more complex and requiring a
higher number of elements (pump, pipes, secondary heat exchanger…)
[12]. In both cases, the most important limitation is their auxiliary
consumption due to the electric power necessary to operate the fans
responsible of the forced convection, and the pumps that provoke the
recirculation of the working fluid, which can drastically reduce power
generation of TEGs [13].

In the last years, heat exchangers based on phase change (heat pipes
and biphasic thermosyphons) have received a lot of attention [11].
These devices take advantage of the latent heat of an internal working
fluid to transfer a large amount of heat, nearly isothermally, with a
minimal driving temperature difference through a small cross sectional
area [14]. Their operation is similar: the absorption of heat causes the
evaporation of the working fluid, which will naturally ascend until it
reaches the lower temperature condenser section, within which

condensation of the fluid occurs. Heat pipes and thermosyphons differ
only in the inclusion of an internal wick in the former, which acts as a
capilary pump that moves the condensed liquid from the condenser to
the evaporation section, a process driven by gravity in thermosyphons
[15]. As a consequence, heat pipes are able to work in any orientation
and even in zero-gravity environments. However, this gives rise to some
negative aspects such as the introduction of an extra thermal resistance,
lower heat fluxes, and a higher complexity for design and construction
that makes them more expensive [16].

There already exist different proposals to transform geothermal heat
directly into electricity by means of TEGs. Niu et al. [17] were the first
ones building a geothermal thermoelectric generator (GTEG). They
were able to generate 146.5W with 56 thermoelectric modules and a
temperature difference between sources of 120 °C (2.62W per module).
Based on a similar design, Suter et al. [18,19] optimized a 1 kW ther-
moelectric stack by simulating different operating parameters and stack
geometries considering a 100 °C gradient. Liu et al. [20–22] were also
convinced about this technology. Hence, they built a thermoelectric
generator composed by 96 thermoelectric modules that generated
160W with a temperature difference of 80 °C. They estimated that this
prototype could reach 500W with a temperature difference of 200 °C.
With another prototype with 600 modules they predicted a generation
of 1 kW with a temperature difference of 120 °C. More recently, Ahiska
and Mamur [23,24] developed a prototype capable of producing 41.6W
with 20 modules and 67 °C temperature difference (2.08W per
module), while Trip et al. [25] developed a 0.4W generator with a
temperature difference of 72 °C, composed by 40 thermoelectric mod-
ules (9.7 mW per module). On their behalf, Wang et al. defended the
combination of geothermal and hydrocarbons, integrating thermo-
electric generators downhole in oil and gas wells. By means of a com-
putational model, they estimated a maximum power output of 8538W
with a 100 °C temperature difference in a vertical well in China [26],
and 128024W in case of a horizontal one with a 156 °C gradient [27].

All the previous geothermal thermoelectric generators (GTEGs)
have two aspects in common. On the one hand, they focus on medium-
low temperature geothermal fields (< 180 °C), hence competing with
Organic Rankine Cycle (ORC) binary power generators, the frequently
used technology to generate electricity from this low enthalpy

Nomenclature

Variables

Q ̇ heat flux. If not specified, useful heat flux (substracting
thermal losses) (W)

η efficiency
A area (m2)
h convection coefficient (W/m2 K)
I electrical current (A)
k thermal conductivity (W/mK)
L thickness (m)
Nu Nusselt number
P electric power (W)
pint internal pressure (bar)
Pr Prandtl number
R thermal Resistance (W/mK)
Re Reynolds number
T temperature (°C)
V voltage (V)
M number of thermoelectric modules

Subscripts

amb ambient

fan auxiliary fan
he base of the heat exchanger
ins insulation
mod thermoelectric module
net net, removing auxiliary consumption
p heating plate
tl thermal losses
total total, including thermal losses or auxiliary consumption
1 upper part of the TPCT
2 hot side of the thermoelectric module
3 cold side of the thermoelectric module
4 cold side heat exhanger
R heating resistances

Abbreviations

EGS enhanced geothermal system
FD fin dissipator
GTEG geothermal thermoelectric generator
HDR hot dry rock
LT loop thermosyphon
ORC organic rankine cycle
TEG thermoelectric generator
TPCT two phase closed thermosyphon
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geothermal heat. The evaluation of possibilities in high-temperature
geothermal fields has just been analyzed for the extraction of this en-
ergy from oceanic crust in offshore wind turbine monopiles, which
estimates a maximum power output of 242 kW [28]. On the other hand,
all these generators use liquid based heat exchangers, normally with
water, achieving low values of thermal resistances but presenting an
extra consumption that reduces net generation.

The application of thermoelectric generators in HDR fields nor the
utilization of heat exchangers other than those based on liquidshas
never been studied. Hence, the objective of the present paper is to, for
the first time, experimentally analyze the possibilities of thermoelectric
generators in shallow HDR fields, studying different heat exchangers.
For this purpose, the conditions available at Timanfaya National Park
(Spain) will be taken as reference. Due to the last eruptions in 1730–36
and 1824, this National Park hosts one of the greatest shallow HDR
geothermal system in the world, both in extension, with more than
11,700m2 of geothermal anomalies, and intensity, with temperatures
of 100–400 °C at ground level and 210–550 °C at a depth of 5–10m
[29].

Section 2 describes the geothermal thermoelectric generator (GTEG)
developed in order to experimentally analyze the feasibility of a GTEG
with different heat exchangers for shallow HDR fields. Section 3 details
the methodology followed in all the experimental tests while Section 4
shows and discusses the obtained results. Finally, Section 5 collects the
main conclusions of the present paper.

2. Description of the GTEG

Fig. 1 depicts the operation principle of a geothermal thermoelectric
generator (GTEG) for shallow HDR fields. A heat exchanger introduced
in the superficial geothermal anomalies will transfer heat to the ther-
moelectric modules, which will transform part of this heat into elec-
tricity, releasing the rest to the environment by means of the cold side
heat exchangers.

The present section details all the elements that constitute the
prototype used in order to experimentally analyze the possibilities of
GTEGs in HDR fields: hot side heat exchanger, thermoelectric modules
and cold side heat exchangers.

2.1. Hot side heat exchanger

The purpose of the heat exchanger located at the hot side of the
thermoelectric generator is to transmit the necessary geothermal heat
flux to the hot face of the modules, trying to approximate the tem-
perature of the modules to the temperature of the heat source. In order
to carry this heat without fracturing the rock, the simplest device
consists in a solid bar of a highly conductive material such as alu-
minum. However, the temperature loss is considerable. According to
Fourier’s law of heat conduction, the rate of heat transfer through any
material is proportional to the temperature gradient TΔ , the area A and
the inverse of the thickness L. For a unidirectional flux and focusing on
the magnitude rather than in the heat flow direction, Eq. (1) is ob-
tained, where k represents the proportionality constant, which is known
as thermal conductivity [W/mK].=T

L
Q

A k
Δ ̇

· (1)

Based on this equation, Fig. 2 represents the temperature drop per
unit of length for different highly conductive materials (aluminum,
copper, and silver) with respect the transmitted heat flux. As it can be
observed, in order to obtain a minimum temperature loss, low heat
fluxes and big sections are required, which increment the weight and
cost of the solution. In the case of a GTEG that needs to extract heat
located several meters deep in the ground, and whose generation is
proportional to its temperature difference and heat flux, this solution is
considered unacceptable.

The temperature drop can be reduced by means of a heat exchanger
based on phase change, as it is the case of two-phase closed thermo-
syphons (TPCTs), a type of biphasic thermosyphon. The use of this type
of heat exchangers in order to absorb geothermal heat with a minimum
temperature loss has already been proven for distances as high as 400m
[30] in their application for a heat pump. Chet et al. [31] also proposed
it for a geothermal thermoelectric generator (GTEG) due to its passive
character and good heat transfer capacity, but they did not experi-
mentally tested it. Hence, the thermoelectric generator experimented in
this paper incorporates a TPCT as hot side heat exchanger.

The hot side TPCT consists in a one meter long stainless steel AISI
304 ACX 120 squared tube with a section of ×60 60 mm2 and a
thickness of 5mm (Fig. 3). This heat exchanger is designed to hold
water as working fluid up to pressures of 20 bar and its squared shape
facilitates thermal contact with the thermoelectric modules. The design
is completed with two valves (one in each end), which permit filling up
the thermosyphon with the working fluid; as well as two metallic plates
in the middle, with the only objective of holding the prototype during
the experiments.

2.2. Thermoelectric modules

Thermoelectric modules represent the most important element of
the generator, since the transformation of heat into electricity is held on
them. For the considered prototype, two Marlow TG12-8L modules [32]
have been used, each of them releasing heat to one of the heat ex-
changers detailed in next subsection. These thermoelectric modules are
composed by 127 Bismuth-Telluride thermocouples and are able to
operate with temperatures up to 230 °C.

2.3. Cold side heat exchangers

The purpose of the heat exchangers located at the cold side of the
thermoelectric generator is to approximate the temperature of the cold
side of the thermoelectric modules to the temperature of the heat sink,
the environment. In order to determine the best configuration for a
GTEG, two different alternatives of cold side heat exchangers have been
analyzed: fin dissipators and loop thermosyphons.

Fig. 1. Schematics of the operation of a geothermal thermoelectric generator
(GTEG).
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2.3.1. Fin dissipators
As a consequence of heat transfer laws, the easiest way for reducing

the thermal resistance of a heat exchanger is to increase its area. This is
the essence of fin dissipators, which increment the surface of a highly
conductive plate by means of a metallic fin array, normally presenting a
rectangular profile. A further reduction of the thermal resistance can be
obtained thanks to a fan since it improves the convection coefficient,
with the disadvantage of presenting an extra consumption.

Thermoelectric modules are characterized by elevated heat fluxes
across a relatively small surface (typically 40×40mm2). Hence, the
spreading component gains importance in the total thermal resistance
of a fin dissipator [33]. In order to study the real influence of this
phenomenon, in the present paper, the two different geometries of
aluminum fin dissipators shown in Fig. 4(a) have been analyzed. Both
dissipators are 90mm wide, have a base 14.5 mm high and present a
pattern of 1.5 mm wide and 39.5 mm high fins spaced 4.8 mm apart.
Each dissipator is also assisted by an 80×80mm2 ventilator in its
lowest part, perpendicular to the fins and aligned with the thermo-
electric module. The only difference between both dissipators is their
length: one is 150mm long and the other 250mm. Thus, it will be
experimentally analyzed the importance of increasing the area (which
theoretically leads to lower thermal resistance) versus the spreading
phenomenon (which can curb the previous increase).

2.3.2. Loop thermosyphons
The second type of heat exchangers studied for the cold side of the

geothermal thermoelectric generator is similar to the one used for the
hot side: biphasic thermosyphons. As it has been stated, these heat
exchangers present low thermal resistances, being able to transmit a
large amount of heat with a minimal temperature loss thanks to phase
change.

In the present paper, the two different geometries of loop thermo-
syphons shown in Fig. 4(b) have been analyzed. Both loop thermosy-
phons have a 50× 50mm2 boiling area, 35mm wide, and a mixture of
water/ammonia as working fluid. The only difference between them is
the condensation/convection zone: one presents 8 levels of 420mm
long tubes with a diameter of 6mm, and the other one only 6. In both
cases, there are two sets of tubes. The loop thermosyphons will work
passively, without any external fan. Hence, convection is expected to be
important in the total thermal resistance of the loop thermosyphons,
and presumably, the difference of size will lead to different values of
thermal resistance, being lower with higher convection areas.

3. Methodology

Based on the prototype described in the last section, different ex-
periments have been carried out. The methodology followed in each of
them is explained in this section, differentiating, on the one hand, the
characterization of the cold side heat exchangers and, on the other
hand, the study of the geothermal thermoelectric generator (GTEG) for

Fig. 2. Temperature drop per unit of length for aluminum, copper, and silver
with respect the transmitted heat flux, considering different cross-sectional
areas.

Fig. 3. Designed two phase closed thermosyphon (TPCT) for the hot side of the
geothermal thermoelectric generator (GTEG).

Fig. 4. Experimented heat exchangers: (a) 150mm and 250mm long fin dissipators (b) 8 level and 6 level loop thermosyphon.
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Timanfaya National Park. In both cases, each experiment has been re-
peated three times and the uncertainties have been calculated ac-
cording to [34].

3.1. Characterization of the cold side heat exchangers

The characterization of the cold heat exchangers refers to the ex-
perimental determination of the thermal resistances of the heat ex-
changers for different heat fluxes and air velocities (in the case of fin
dissipators).

In order to experimentally determine the thermal resistance of the
fin dissipators described in Section 2.3.1, a ×40 40 mm2 electric
heating plate provided a heat flux Qṫotal, which was in turn divided into
useful heat flux Q ̇ and thermal losses Qṫl. The heat flux corresponding to
these thermal losses was minimized with an 8 cm rock-wool insulation
and an additional 2 cm neoprene-sheet layer, so that thermal losses
were lower than 1%.

The thermal resistance R of each fin dissipator was calculated ac-
cording to Eq. (2), where The is the temperature measured at the base of
the dissipator thanks to a groove that reaches the center of the heating
plate, Tamb is the ambient temperature, and Q ̇ is the useful heat flux
obtained subtracting the thermal losses Qṫl to the power supplied to the
electric heating plate Qṫotal (Eq. (3)). The thermal losses Qṫl were cal-
culated thanks to the temperature difference between the external part
of the insulation (Tins) and the ambient (Tamb), the insulation area Ains
and a convection coefficient h derived from Eq. (4) [35].= −R T T

Q ̇
he amb

(2)= − = − −Q Q Q V I h A T Ṫ ̇ ̇ · · ·( )total tl p p ins ins amb (3)=⎡⎣⎢ ⩽ ⩽< ≈ ⎤⎦⎥
Nu Pr Re

Pr
Re Re

0.664· ·

0.6 50
5·10

L L

x c

1/3 1/2

,
5

(4)

For each fin dissipator, its thermal resistance was calculated for the
heat fluxes and air velocities summarized in Table 1.

The methodology followed for determining the thermal resistance of
the loop thermosyphons described in Section 2.3.2 was similar to the
one described for the fin dissipators. The only difference is that in this
case, the study was just referred to different heat fluxes since the con-
sidered loop thermosyphons work passively and therefore, do not in-
clude auxiliary fans. The studied values are summarized again in
Table 1.

3.2. Study of the GTEG for Timanfaya National Park

Aligned with the objective of the present paper, this section deals
with the study of the geothermal thermoelectric generator described in
Section 2 for the two characterized cold side heat exchangers and for
different conditions. The study includes an analysis of the temperature
distribution, an evaluation of the generation possibilities, the char-
acterization of the thermal resistance of the hot side TPCT as well as the
determination of the prototype efficiencies (total and net efficiencies).

Boreholes located at Timanfaya National Park present temperatures
ranging from 200 to 500 °C in their first meters [29]. In order to si-
mulate these extraordinary conditions in the laboratory, some heat was
directly applied to the lower part of the hot side TPCT by means of rope
heaters tighten thanks to several clamps (Fig. 5). Rope heaters covered
exactly the same height as the working fluid: 0.36m, approximately
one third of the total height of the TPCT. A 115mm layer of rockwool
followed by 59mm of neoprene prevented heat losses to the environ-
ment along the total height of the heat exchanger (Fig. 6). Rockwool
and neoprene were also added in order to minimize heat losses in the
valves and the supporting plates.

Experiments purposed to determine the best configuration for a

GTEG: with loop thermosyphons or with fin dissipators in the cold side.
On the one hand, for the analysis of loop thermosyphons, the two sizes
described in Section 2.3.2 were studied simultaneously, opposite to
each other as depicted in Fig. 7(a). The power generation of each
thermoelectric module was studied separately for different tempera-
tures of the hot source (160 °C, 180 °C, and 200 °C), and load resistances
(1, 2.2, 3.2, and 4.7Ω, as well as open circuit). This generation was
monitored by means of ALMEMO voltmeters and ammeters ZA9900 AB
and ZA9901 AB respectively, so that:=P V I·total mod mod (5)

On the other hand, in the case of fin dissipators, the two considered
sizes were independently analyzed (Fig. 7(b)). In this case, it was also
necessary to consider another variable of study: voltage supplied to the
fans. In particular, 0 (natural convection), 4, 6, 8, 10, and 12 V were
studied. This extra consumption needs to be subtracted from the total
generation of the modules Ptotal (Eq. (5)), leading to a net generation of:= − = −P P P V I V I· ·net total fan mod mod fan fan (6)

Besides power generation, temperatures were also monitored. A
total of 21 K-type thermocouples were distributed as depicted in Fig. 8:
5 in the heating resistances ( − − − − −T T T T and T, , ,R A R B R D R A R B1 1 2 3 3 ), 6 in
the exterior part of the insulation in order to measure heat losses
(T T T T T and T, , , ,E E E E E E1 2 3 4 5 6), one in the adiabatic part of the hot side
thermosyphonTAD, one to measure the ambient temperatureTamb, and 8
to determine the temperature of the hot and the cold side of the mod-
ules (T T T T T T T T, , , , , , ,B B B B S S S S1 2 3 4 1 2 3 4), 4 per each module (it was ne-
cessary to add a ×40 40 mm2 aluminum heat extender with grooves to
measure these temperatures without affecting thermal contact). More-
over, a pressure sensor determined the internal pressure of the hot side
thermosyphon (pint). As before, an ALMEMO data-logger collected the
information of all these sensors.

Based on these temperature measurements, an analysis of the tem-
perature distribution was performed, paying special attention to the
effect of the values of thermal resistances studied in the last section.
Furthermore, these temperatures allowed the calculation of the thermal
resistance per module of the hot side TPCT according to:= −R M T T

Q
· ̇TPCT

R 1

(7)

where TR is the mean temperature of the heating resistances, T1 is the
average temperature in the upper part of the TPCT and Q ̇ is the useful
heat, which is in turn calculated by subtracting the thermal losses Qṫl to
the total heat provided by the heating resistances Q ̇R (Eq. (8)). Since the
parameter of interest is the thermal resistance per thermoelectric
module, the previous expression was multiplied by the number of
modules =M 2. ∑= − = − −Q Q Q V I h A T Ṫ ̇ ̇ · · ·( )R tl R R ins ins amb (8)

Thermal losses Qṫl were calculated by adding the thermal losses of the
lower cap, the inferior part (under the supporting plates), the adiabatic
part over the supporting plates and the upper cap that insulates the
filling valve (Fig. 8).

Table 1
Heat fluxes and air velocities (function of the supply voltage) analyzed for the
characterization of each fin dissipator and loop thermosyphon.

150mm long Fin dissipators 250mm long Fin Dissipator Loop
Thermosyphons

Heat flux Air velocity
(Fan voltage)

Heat flux Air velocity
(Fan voltage)

Heat flux

20W 0.62m/s (6 V) 20W 0.53m/s (6 V) 20W
60W 0.78m/s (8 V) 60W 0.70m/s (8 V) 40W
100W 0.89m/s (10 V) 100W 0.81m/s (10 V) 60W
140W 0.97m/s (12 V) 140W 0.89m/s (12 V) 100W

140W
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Finally, the efficiencies of the GTEG were estimated with Eq. (9),
dividing the sum of the electric power generated by the two modules
installed in the prototype by the useful heat Q ̇ calculated with Eq. (8).
The sum of Ptotal gives rise to the total efficiency ηtotal, while the sum of
Pnet leads to the net efficiency ηnet.∑= =η

P

Q ̇
M 1

2

(9)

4. Results and discussion

Based on the previous methodology, this section presents and ex-
plains the obtained results. First, Section 4.1 details the characteriza-
tion of the cold side heat exchangers. Afterwards, Section 4.2 studies
the whole geothermal thermoelectric generator based on the conditions
of Timanfaya National Park.

4.1. Characterization of the cold side heat exchangers

As it has been stated before, in thermoelectric generators it is of
utmost importance to include heat exchangers with low thermal re-
sistances so that the temperature of the sides of the thermoelectric
modules approximates, as much as possible, to the temperature of the
heat source and sink. Nevertheless, this is not always an easy task and it
often requires an extra consumption of energy.

Fig. 9(a) shows the thermal resistance of the fin dissipators with
respect to the useful heat flux Q ̇ for different supply voltages and sizes.
As it was expected, thermal resistance does not vary with heat flux due
to the fact that the properties barely change with temperature. For the
considered range, the thermal conductivity of aluminum remains al-
most constant and the variations on air properties blur due to forced
convection.

Nonetheless, the thermal resistance of fin dissipators does vary with
air velocity, this is, with the voltage supplied to the fans responsible of
forced convection (Fig. 9(b)). Thus, thermal resistance follows a similar
trend regardless the length: due to the improvement in the convection
coefficient, thermal resistance decreases as voltage increases, showing
values ranging from 0.27 to 0.37 K/W in case of the 250mm long fin
dissipator and from 0.28 to 0.38 K/W in case of the 150mm one.
However, values do not differ much with respect to the length due to
two aspects. On the one hand, the importance of spreading: not all the
area is effective for heat dissipation. On the other hand, the higher
pressure losses in the 250mm fin dissipator, which cause a reduction in
the air velocity for the same fan voltage (Table 1), and therefore, a
deterioration of the convection coefficient.

Passive loop thermosyphons are the other type of heat exchangers
that have been studied. Since these heat exchangers are based on the
phase change of an internal fluid and the properties of this fluid im-
prove with temperature, heat flux does influence on their thermal re-
sistance (Fig. 10). Hence, as heat flux increases, thermal resistance
decreases. In this case, the difference on size has a greater influence
than in fin dissipators, with values that vary from 0.16 to 0.29 K/W in
case of the 8 levels loop thermosyphon, and from 0.24 to 0.4 K/W in
case of the 6 levels one. One of the main advantages of loop thermo-
syphons is that all the convective area is effective for heat dissipation
since heat flux is uniformly distributed among it, leading to lower
thermal resistances with bigger convective areas. Due to this aspect, it is
possible to obtain low values of thermal resistance without the need for
forced convection.

In comparison with fin dissipators, the 8 levels loop thermosyphon
presents lower values of thermal resistances, while the 6 levels one
present similar ones. Nonetheless, it is necessary to take into account
that fin dissipators are active heat exchangers that require a fan, with
its corresponding energy demand, in order to achieve those values of

Fig. 5. Rope heaters used as heat source: (a) detail of the rope heaters (b)
clamps used to ensure good contact between the heaters and the hot side TPCT.

Fig. 6. Insulation to prevent heat losses: (a) Bottom view of the insulation
layers (b) global view of the insulation of the hot side TPCT.
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thermal resistances. Therefore, it will be necessary to consider this
consumption of energy when determining the net generation of the
thermoelectric generators presented in the next section.

4.2. Study of the GTEG for Timanfaya National Park

The previous cold side thermal resistances influence the tempera-
ture distribution in the geothermal thermoelectric generator (GTEG).
Fig. 11 shows the temperature of the heat source (TR), the upper part of
the hot side thermosyphon (T1), the hot and the cold side of the ther-
moelectric modules (T2 and T3 respectively), the cold side heat ex-
changer (T4), as well as the ambient temperature (Tamb). For all the
studied cases, as desired, the maximum temperature difference occurs
between the hot and the cold side of the modules. Nonetheless, this
difference depends on the temperature of the heat source and the
thermal resistance of the cold side heat exchangers. The introduced
heat extenders cause a reduction of the temperature difference between
the sides of the modules ( −T T2 3), which will lead to a lower gen-
eration. However, they are necessary in order to measure the tem-
perature of the hot and the cold side of the modules without affecting
the thermal contact.

Since loop thermosyphons present lower values of thermal re-
sistances, the present section emphasizes their analysis. Fig. 11(a) de-
picts the temperature distribution for the loop thermosyphons config-
uration taking into account different temperatures of the heat source.
As it can be observed, the variation on the heat source temperature
principally affects those points located close to the source. Thus, since
the hot side temperature of the thermoelectric modules approaches the
temperature of the heat source, there exists a greater difference be-
tween the sides of the module with higher source temperatures. This
temperature difference is slightly higher for the 8 levels loop thermo-
syphon since its lower value of thermal resistance causes the tem-
perature of this heat exchanger to resemble the ambient one more.
Furthermore, it can also be observed that the temperature difference in
the hot side TPCT remains practically constant regardless the heat
source temperature, so it appears that its thermal resistance does not
vary. This fact will be studied later in this section.

For the configuration with fin dissipators, only the temperature
distribution for a heat source of 200 °C and 250mm long fin dissipators
is shown for different supply voltages of the auxiliary fans. In this case,
the higher the voltage (and consequently the velocity of the forced air),
the higher the temperature difference between the sides of the module,
since the lower values of the thermal resistance lead again to an ap-
proximation of the temperature of the cold side of the module to the
ambient one. Regarding the temperature difference in the hot side
TPCT, in this case all the experiments also present similar values. This
temperature difference practically coincides with the one obtained with
loop thermosyphons.

Fig. 7. Studied configurations in the cold side: (a) loop thermosyphons (b) 250mm fin dissipator.

Fig. 8. Distribution of the K-type thermocouples installed in order to mon-
itorize the prototype and detail of the heat fluxes.
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Continuing with the comparison between Fig. 11(a) and (b), the
importance of having cold side heat exchangers with a low thermal
resistance becomes definitely evident. The lower thermal resistance of
loop thermosyphons leads to a lower temperature difference on those
heat exchangers so that the cold face of the thermoelectric modules is
closer to the ambient temperature and the temperature difference of the
modules is higher. Hence, the lower the value of the thermal resistance,
the higher the temperature difference in the thermoelectric modules,
leading to a greater generation.

Fig. 12 represents the power generation per thermoelectric module
for different load resistances and temperatures of the heat source, in the
case of the loop thermosyphons configuration. Regardless the size of the

thermosyphon, maximum generation is obtained with a load resistance
of 3.2Ω, which corresponds with the electrical resistance of Marlow
TG12-8L modules. This generation is proportional to the temperature of
the heat source due to the higher temperature difference between the
sides of the modules with higher heat source temperatures. None-
theless, its value depends on the size of the loop thermosyphon used as
cold side heat exchanger. Thus, for the 8 levels thermosyphon, which
presents a lower value of thermal resistance, a power generation of
3.3W is achieved for a temperature of 200 °C, while in the case of the 6
levels one only 2.4W are obtained. Fig. 13 summarizes the influence of
both the heat source temperature and the value of the thermal re-
sistance, representing the maximum generated power per module
(corresponding to a load resistance of 3.2Ω) with respect to the tem-
perature of the heat source. Hence, for a GTEG, it is interesting to have
high temperature heat sources and heat exchangers with thermal re-
sistances as low as possible.

In the case of fin dissipators, the maximum total power generation
per thermoelectric module is 2.3W, which is obtained for the 250mm
long dissipator when its auxiliary fan was working at its maximum
voltage: 12 V (Fig. 14), and the load resistance connected was 3.2Ω.
Nevertheless, it is necessary to subtract the consumption of the fan in
order to obtain the net generation per thermoelectric module, which
can even be negative for small load resistances. Considering only net
generation, the maximum power generated per thermoelectric module
with fin dissipators is 1.5W for the case of a fan supply voltage of 6 V
(and again for a load resistance of 3.2Ω). As it can be observed in
Fig. 14(b), total power generation increases with the fan supply voltage,
since the increased air velocity leads to a better forced convection and
therefore a lower thermal resistance. However, net generation presents
a maximum for a supply voltage of 6 V when there is an equilibrium
between thermal resistance and fan consumption.

If generation with loop thermosyphons and fin dissipators is com-
pared, it is demonstrated that loop thermosyphons are a better

Fig. 9. Experimental thermal resistances of the fin dissipators (a) with respect to the useful heat flux and (b) with respect to the fan supply voltage.

Fig. 10. Experimental thermal resistances of the 8 levels (red) and 6 levels
(blue) loop thermosyphons with respect to the useful heat flux. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 11. Temperature distribution at relevant points: (a) for the loop thermosyphons configuration and different temperatures (b) for the fin dissipator configuration,= °T 200 C and different fan voltages.
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alternative for a geothermal thermoelectric generator. Although the
thermal resistance of the 6 level loop thermosyphon and the fin dis-
sipators are similar, the auxiliary consumption of the fans harms the net
generation for the fin dissipator configuration, leading to a 37.5% lower
generation if compared with the 6 levels loop thermosyphon config-
uration, and to a 54.5% less if compared with the 8 levels one. This fact
justifies why the study of the influence of the temperature of the heat
source has just been performed for loop thermosyphons (Fig. 13).

Finally, Table 2 shows for each experiment, the useful heat fluxes,
the magnitude of the thermal losses, the thermal resistance of the TPCT
located at the hot size, the total and net power generated by the two
thermoelectric modules installed, and the total and net efficiencies.

As it can be observed, for all cases, the magnitude of the thermal

losses is similar: around 8%. For small load resistances, such as 1 and
2.2Ω, the thermal losses are in general slightly lower than 8%, while
for bigger load resistances, the percentage of heat losses faintly in-
creases. These losses are mainly located at the supporting plates and the
upper cap, as shown in the thermography of Fig. 15. Nonetheless, the
notorious insulation has achieved its purpose, leading to minimal heat
losses.

Thanks to the useful heat flux and the temperature distribution, the
thermal resistance of the TPCT per module has been calculated.
Temperature difference in the TPCT remained practically constant re-
gardless the cold side heat exchanger, and this fact causes an almost
constant value of thermal resistance of around 0.31 K/W. This value
slightly increments with lower temperatures of the heat source, pre-
senting values of up to 0.34 K/W for 160 °C. The obtained value of
thermal resistance is considered very good and it is on concordance
with the thermal resistances of the cold side heat exchangers. In this
sense, it has been experimentally demonstrated the feasibility of a two-
phase closed thermosyphon (TPCT) as hot side heat exchanger. It pre-
sents a suitable thermal resistance (considerably lower than the solid
bar alternative), it does not require any auxiliary consumption nor
moving parts (as it was the case of the traditional liquid based heat
exchangers), and it is noiseless, modular and robust.

Lastly, considering also the total and the net power generated by the
two thermoelectric modules installed in the prototype, the total and the
net efficiencies have been respectively calculated. The efficiencies
follow the same trend as the power generated values. Thus, with the
3.2Ω load resistance, the higher efficiencies are obtained.

On the one hand, in the case of the loop thermosyphons config-
uration, the higher the temperature of the heat source, the higher the
efficiency. In this case, the total and the net efficiencies coincide due to
the passive nature of the loop thermosyphons used, reaching a max-
imum of 2.54% in the optimum case, with a heat source temperature of

Fig. 12. Power generation per module for different temperatures and load resistances: (a) with the 8 levels thermosyphon (b) with the 6 levels thermosyphon.

Fig. 13. Maximum power generated per module (corresponding to a load re-
sistance of 3.2Ω) with respect to the temperature of the heat source, for the two
considered loop thermosyphons.

Fig. 14. Power generation per module for the case of 250mm fin dissipator and T=200 °C: (a) Total and net generation for different load resistances and fan
voltages (b) Maximum total and net generation for each fan voltage.
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200 °C and a load resistance of 3.2Ω.
On the other hand, for the fin dissipators configuration, due to the

auxiliary fans, net efficiency is lower than the total one. Total efficiency
increases with the supply voltage of the auxiliary fans since convection
improves and their thermal resistance decreases, leading to more gen-
eration. Thus, for the case of 12 V, the total efficiency reaches a max-
imum of 2.65%, which is even a bit greater than for the loop thermo-
syphons configuration due to a lower heat flux. If the consumption of
the auxiliary fans is taken into account, efficiencies greatly decrease,
with even negative or zero values. As it occurred with net generation,
the highest efficiency is obtained for a supply voltage of 6 V, when there
is an equilibrium between thermal resistance and auxiliary consump-
tion.

5. Conclusions

The present paper has experimentally demonstrated the feasibility
of thermoelectric generators for shallow hot dry rock (HDR) fields,
leading to an alternative with minimal environmental impact and ele-
vated modularizing capacity in comparison with enhanced geothermal
systems (EGS). The experimented prototype includes an innovative heat
exchanger to extract geothermal heat: a two-phase closed thermosy-
phon (TPCT), which presents a low thermal resistance ( ≈R 0.31 per

module), allowing elevated a elevated heat tranfer with minimum
temperature loss. Furthermore, it does not include any moving part,
removing maintenance requirements, and it is completely noiseless.

For the cold side, two different types of heat exchangers have been
studied: fin dissipators assisted by a fan and loop thermosyphons. Loop
thermosyphons have demonstrated to be a better option in the two
studied geometries: 6 and 8 condensation levels. Due to the lower
thermal resistance of the 8 levels loop thermosyphon, its associated
thermoelectric module generates 3.3W for a heat source temperature of
200 °C, while the 6 levels one only generated 2.4W. The latter value is
comparable to the fin dissipators configuration. However, the auxiliary
consumption of the fans harms the net generation for the fin dissipator
configuration, leading to a 37.5% lower generation if compared with
the 6 levels loop thermosyphon configuration, and to a 54.5% less if
compared with the 8 levels one.

Thus, the importance of using passive heat exchangers, with no
auxiliary consumption, and presenting low thermal resistances has
become evident. The best configuration for a GTEG is therefore com-
posed by biphasic thermosyphons in both sides of the thermoelectric
modules. This solution is under the process of international patenting
due to its numerous advantages: robustness, modularizing capacity, no
moving parts, no maintenance requirements, noiseless operation, and
no auxiliary consumption, so that generation is maximized. This

Table 2
Useful heat flux, percentage of heat losses, thermal resistance of the hot side two-phase closed thermosyphon (TPCT), total and net power generated by the two
thermoelectric modules, and total and net efficiencies for each experiment.

Cold side T Fan voltage Load Resistance Q ̇ %losses RTPCT ∑ Ptotal ∑ Pnet ηtotal ηnet
heat exchanger °C (V) (Ω) (W) (W) (K/W) (W) (W) (%) (%)

Loop thermosyphons 200 – inf 201.23 8.11% 0.29 −0.01 −0.01 0.00% 0.00%
241.81 6.95% 0.30 4.32 4.32 1.79% 1.79%
228.81 7.42% 0.30 5.50 5.50 2.41% 2.41%
223.34 8.46% 0.30 5.67 5.67 2.54% 2.54%
217.73 8.68% 0.30 5.36 5.36 2.46% 2.46%

180 – inf 172.94 8.53% 0.30 0.01 0.01 0.00% 0.00%
204.84 7.52% 0.32 3.29 3.29 1.61% 1.61%
199.39 7.64% 0.31 4.29 4.29 2.15% 2.15%
194.28 7.57% 0.31 4.37 4.37 2.25% 2.25%
190.71 8.20% 0.31 4.21 4.21 2.21% 2.21%

160 – inf 146.20 8.49% 0.32 0.00 0.00 0.00% 0.00%
173.87 7.41% 0.34 2.41 2.41 1.38% 1.38%
167.78 7.63% 0.34 3.22 3.22 1.92% 1.92%
163.74 7.77% 0.33 3.30 3.30 2.02% 2.02%
160.38 8.08% 0.33 3.14 3.14 1.96% 1.96%

Fin dissipators 200 12 inf 180.11 8.57% 0.31 0.00 −3.84 0.00% −2.13%
202.82 7.72% 0.32 3.85 0.01 1.90% 0.01%
197.65 8.07% 0.32 4.92 1.08 0.00% 0.00%
194.13 8.39% 0.32 5.15 1.31 2.65% 0.67%
191.39 8.49% 0.32 4.96 1.12 2.59% 0.59%

inf 177.04 8.90% 0.31 0.00 −2.90 0.00% −1.64%
1 202.79 7.73% 0.32 3.51 0.61 1.73% 0.30%
2.2 196.91 8.07% 0.32 4.78 1.88 0.00% 0.00%
3.2 193.40 8.33% 0.32 4.93 2.03 2.55% 1.05%
4.7 191.23 8.57% 0.32 4.69 1.79 2.45% 0.94%
inf 177.16 8.84% 0.31 0.00 −2.00 0.00% −1.13%
1 201.76 7.81% 0.32 3.45 1.45 1.71% 0.72%
2.2 195.85 8.17% 0.32 4.52 2.52 0.00% 0.00%
3.2 191.94 8.63% 0.32 4.71 2.71 2.45% 1.41%
4.7 190.07 8.72% 0.32 4.60 2.60 2.42% 1.37%
inf 173.60 9.03% 0.32 0.00 −1.26 0.00% −0.73%
1 196.77 8.14% 0.32 3.12 1.86 1.59% 0.95%
2.2 191.38 8.49% 0.32 4.08 2.82 0.00% 0.00%
3.2 188.72 8.57% 0.32 4.29 3.03 2.27% 1.60%
4.7 185.35 9.01% 0.32 4.13 2.87 2.23% 1.55%
inf 165.93 9.34% 0.31 0.00 −0.68 0.00% −0.41%
1 185.61 8.47% 0.32 2.39 1.71 1.29% 0.92%
2.2 181.52 8.88% 0.32 3.31 2.63 0.00% 0.00%
3.2 179.45 9.11% 0.32 3.49 2.81 1.95% 1.57%
4.7 177.61 9.33% 0.32 3.38 2.70 1.90% 1.52%
3.2 158.38 9.50% 0.31 2.24 2.24 1.42% 1.42%
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generation will also be increased with higher temperatures of the heat
source as well as with heat exchangers with lower thermal resistances.
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Chapter 3

Development of a Computational
Model to Design and Optimize
Geothermal Thermoelectric
Generators

In the previous publication, it has been derived that heat exchangers based on phase change
are the most adequate ones for geothermal thermoelectric generators. Hence, this chapter
delves into their study, developing a computational model that serves as a true design
and optimization tool for the development of the two applications subject of study in the
present Ph. D. dissertation.

Due to the complexity of the phenomena that take place inside thermoelectric gen-
erators, in the last years, computational models have emerged as indispensable tools for
the design and optimization of real applications, predicting the behavior of such systems.
These models reduce the necessity of building prototypes and limit the number of exper-
imental tests necessary in order to obtain significant information, which translates into
cost savings. Nonetheless, in order to obtain a reliable tool, it is necessary to validate the
developed model, determining its capacity of resembling a real system.

This chapter corresponds with the article “Computational study of geothermal ther-
moelectric generators with phase change heat exchangers” published in the journal Energy
Conversion and Management 221 (2020) 113120. This paper thoroughly describes the de-
velopment of a computational model based on the finite difference method, also known as
thermal–electrical analogy, taking into account the discretization of the heat exchangers,
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the thermoelectric modules, and the heat reservoirs, and considering all the thermoelectric
effects, the thermal and electrical contacts, and the influence of temperature on the prop-
erties. In order to obtain a model that accurately resembles reality, the model has been
validated with the experimental results obtained in the previous publication.

Although the model is valid for any thermoelectric application, the paper focuses on
medium–scale geothermal generation in Hot Dry Rock (HDR) fields, analyzing the influence
of different heat exchangers, geometries, and dimensions for the specific case of the HDR
field located at Timanfaya National Park. Based on this analysis, an optimization of
the thermoelectric generators is performed for the different anomalies available within the
Park. Finally, the potential of the large–scale installation of such devices in the whole Park
is also studied.
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A B S T R A C T

The use of thermoelectric generators with phase change heat exchangers has demonstrated to be an interesting
and environmentally friendly alternative to enhanced geothermal systems (EGS) in shallow hot dry rock fields
(HDR), since rock fracture is avoided. The present paper studies the possibilities of the former proposal in a real
location: Timanfaya National Park (Canary Islands, Spain), one of the greatest shallow HDR fields in the world,
with 5000 m2 of characterized geothermal anomalies presenting temperatures up to 500 °C at only 2 m deep. For
this purpose, a computational model based on the thermal-electrical analogy has been developed and validated
thanks to a real prototype, leading to a relative error of less than 8%. Based on this model, two prototypes have
been designed and studied for two different areas within the park, varying the size of the heat exchangers and
the number of thermoelectric modules installed. As a result, the potential of the solution is demonstrated,
leading to an annual electricity generation of 681.53 MWh thanks to the scalability of thermoelectric generators.
This generation is obtained without moving parts nor auxiliary consumption, thus increasing the robustness of
the device and removing maintenance requirements.

1. Introduction

In the last decade, there has been much progress in the use of re-
newable energies and energy efficiency measures [1–3]. Nevertheless,
the international climate goals established under the Paris Agreement
are not on track to be met [4]. Therefore, there still exists a necessity for
further development of renewable energies.

Among all the renewable sources, geothermal energy stands out
because it is not affected by weather, it is stable, it can provide both
heat and electricity, it has a high capacity factor, it can be used as base-
load power, and it has a high thermal efficiency. However, despite these
advantages, geothermal energy is positioned behind other renewable
energies, especially in electricity generation, with only 13.3 GW in-
stalled accounting for less than 0.4% of global electricity production
[5].

Recently, in order to increase the growth rate of geothermal power,
thermoelectric generators (TEGs) have been proposed as an alternative
to traditional cycles [6]. TEGs are devices formed by the interconnec-
tion of one or multiple thermoelectric modules (TEMs) that, due to
Seebeck effect, generate electricity based on the heat received from a
hot source, emitting the rest to a cold sink, which is normally the en-
vironment. Carnot theorem applied to a TEG concludes that the effi-
ciency of the system increases as the sides of the TEMs approach the

temperature of the heat source and sink. Therefore, the introduction of
heat exchangers between the modules and each of the thermal re-
servoirs becomes necessary in order to maximize the temperature dif-
ference. In fact, Astrain et al. demonstrated that an improvement of
10% in the thermal resistance of the heat exchangers leads to an 8%
higher generation [7]. Fin dissipators, heat exchangers with a fluid as
heat carrier, and heat exchangers based on phase change are the most
common alternatives found in TEGs [8].

Most of the proposed geothermal thermoelectric generators (GTEGs)
use heat exchangers with a fluid as heat carrier, similarly to conven-
tional geothermal cycles. Thus, a fluid is pumped into the ground so
that it absorbs geothermal heat. The heat is then released to the ther-
moelectric modules, which transform part of it into electricity, releasing
the rest into the environment by means of another heat exchanger
based on a fluid, analogously to condensers. Since one of the main
drawbacks of thermoelectricity is its low efficiency, these GTEGs are
designed for low temperature geothermal fields ( < °T C150 ), where
they can become competitive in comparison to binary cycles (ORC and
Kalina), the most commonly used technology in the low temperature
range.

Among low temperature GTEGs with heat exchangers with a fluid as
heat carrier, their integration downhole in oil and gas wells seems to
have the highest potential. Thanks to this synergy, Wang et al.

https://doi.org/10.1016/j.enconman.2020.113120
Received 16 April 2020; Received in revised form 13 June 2020; Accepted 15 June 2020

⁎ Corresponding author.

Energy Conversion and Management 221 (2020) 113120

0196-8904/ © 2020 Elsevier Ltd. All rights reserved.

T



estimated that 8538 W can be produced in a vertical well located in
China, where there exists a 100 °C temperature difference [9], and
128024 W in a horizontal one, also in China, with a 156 °C gradient
[10]. Apart from the combination of geothermal energy and hydro-
carbons, there also exist some proposals of GTEGs for traditional low
temperature geothermal systems with again heat exchangers with a
fluid as heat carrier. Suter et al. modeled and optimized a 1 kW GTEG
working with a 100 °C gradient by modifying different operating
parameters and geometries [11,12]. Liu et al. also designed a 1 kW
GTEG consisting of 600 TEMs and working with a temperature differ-
ence of 120 °C [13]. In order to obtain this design, they had previously

built a real prototype with 96 TEMs that generated 160 W under a
120 °C gradient, and by extrapolation, 500 W with a temperature dif-
ference of 200 °C [14,15]. Niu et al. as well as Ahiska and Mamur also
built a prototype in order to demonstrate the viability of the tech-
nology. Thus, Niu et al. generated 146.5 W with 56 TEMs and 120 °C
gradient [16], and Ahiska and Mamur, on their behalf, produced
41.6 W with 20 TEMs and a temperature difference of 67 °C [17,18].

Only a couple of examples of GTEGs for high temperature geo-
thermal fields can be found in the literature. On the one hand, Banerjee
studied the installation of TEGs in offshore wind turbine monopiles to
extract geothermal energy and produce up to 242 kW using again heat

Nomenclature

Seebeck coefficient (K/W)
Psat Difference in saturation pressure corresponding to Tsat

(Pa)
Tsat Difference between wall and saturation temperature (°C)

Q Heat flux (W)
Ratio between equivalent radius, e.g. for the hot side

= A A/ / /TEM c
Efficiency
Surface tension (N/m)

c = + 1/( · )c
µ Dynamic viscosity (Pa⋅s)

Kinematic viscosity (m2/s)
c Parameter given by Eq. (13)

Dimensionless constriction resistance
Electrical resistivity ( ⋅m)
Thomson coefficient (V/K)

= e A/ /c c
A Area (m2)
Bi Biot number =Bi h A k·( / )/b c
cp Specific heat (J/kg⋅K)
D Diameter (m)
d Density (kg/m3)
e Thickness (m)
Et Electromotive force (V)
G Total mass flux (liquid + gas) per unit of area
g Gravity acceleration (m/s2)
h Heat transfer coefficient (W/m2⋅K)
I Intensity (A)
ilg Latent heat of vaporization (J/kg)
Jg Dimensionless vapour velocity
k Thermal conductivity (W/m⋅K)
L Length (m)
Lch Characteristic length (m)
Lch fin Characteristic length of a fin = +L L t( /2)ch fin fin

mw =m h S k D· /( · )w w w w w
2

mfin =m h k t2· / ·fin conv
H

N Number
Nu Nusselt number =Nu h L k· /ch
P Electric power (W)
pr Reduced pressure
Pr Prandtl number =Pr cp µ k· /
R Thermal resistance (K/W)
R0 Internal electrical resistance ( )
Rload Load electrical resistance ( )
Re Reynolds number =Re v L· /ch
S Space between (m)
t Fin thickness (m)
V Voltage (V)
v Velocity (m/s)
x Vapor quality

y Mass fraction
Z Shah’s correlating parameter: =Z x p(1/ 1) r

0.8 0.4

Subscripts and Superscripts

air Air/ Wind
amb Ambient
b Boiling
C Cold side
c Condensation/Condenser
co Contact
cond Pure conduction
const Constriction
conv Convective
e External
ev Evaporator
exp Experimental
fin Fin
G Geothermal gases
g Gas
H Hot side
i Internal
ins Insulator

Conductive
l Liquid
n Semiconductor n
p Semiconductor p
R Rope heaters
s Surface
sat Saturation
sim Simulated
sup Per unit of area
T Temperature (°C)
t Tubes
tc Thermocouple
u Union material
w Wired fins
i Node number

Abbreviations

CHE Cold side Heat Exchanger
EGS Enhanced Geothermal System
FD Fin dissipator
GTEG Geothermal Thermoelectric Generator
HDR Hot Dry Rock
HHE Hot side Heat Exchanger
LT Loop Thermosyphon
ORC Organic Rankine Cycle
TEG Thermoelectric Generator
TEM Thermoelectric Module
TPCT Two Phase Closed Thermosyphon
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exchangers with a fluid as heat carrier [19]. On the other hand, Catalan
et al. proposed the use of GTEGs in shallow hot dry rock (HDR) fields
[20], one of the most extended and potential geothermal fields [21],
leading to a generation of up to 3.2 W per module with a temperature
difference between sources of 180 °C. The novelty of this proposal was
not only the application itself, but also their conclusion, experimentally
demonstrating that passive heat exchangers based on phase change are
the most suitable ones for both sides of GTEGs, with a 54% higher
generation than fin dissipators.

Heat exchangers based on phase change take advantage of the latent
heat of an internal fluid, which is cyclically vaporizing and condensing,
to transfer a large quantity of heat over relatively long distances, thus
leading to a low thermal resistance. In combination with thermoelectric
generators, their use has generalized in the last years and these heat
exchangers can be found in several applications: waste heat recovery
from industries [22,23], automotive thermoelectric generators [24–26],
or concentrated solar thermoelectric generators [27] among others.
Some of them include an auxiliary consumption to reduce even more
the thermal resistance of the heat exchangers, especially improving
convection with the environment with the aid of a ventilator, while
others do not include any auxiliary component, obtaining a completely
passive heat exchanger.

In GTEGs, there do not exist many examples with phase change heat
exchangers. Huang et al. developed a thermoelectric micro-generator
with a heat pipe as hot side heat exchanger and fin dissipators as cold
side ones, to power forest wireless sensors in remote areas using the
temperature difference between the soil and the air [28,29]. On their
behalf, Dell et al. combined conventional geothermal steam pipes with
a thermoelectric generator with heat pipes as cold side heat exchangers,
so that different electronics systems were powered [30,31]. Catalan
et al. were the first ones proposing a GTEG with passive phase change
heat exchangers at both sides of the thermoelectric modules for high
scale generation, leading to a robust generator with minimal main-
tenance requirements. In their application to HDR fields, their use also
prevents rock fracture and induced seismicities, one of the most critical
issues of enhanced geothermal systems (EGS), the only existing tech-
nique nowadays.

The present paper delves into the study of these GTEGs with passive
phase change heat exchangers for high temperature HDR fields. More
specifically, its objective is to analyze the influence of different para-
meters taking as reference a real HDR field, Timanfaya National Park
(Canary Islands, Spain), whose potential will be also estimated. In order
to achieve this objective, it will be necessary to develop and experi-
mentally validate a computational model.

Section 2 details the operation of a GTEG with phase change heat
exchangers, Section 3 describes the computational model that has been
developed. This computational model has been validated with experi-
mental results, as described in Section 4. Based on it, Section 5 de-
scribes the analysis of different parameters and the potential of the
proposed solution considering as reference the HDR field located at
Timanfaya National Park (Canary Islands, Spain). Finally, Section 6
summarizes the main conclusions obtained in the present paper.

2. GTEG with phase change heat exchangers

In order to leverage shallow hot dry rock (HDR) fields, Catalan et al.
demonstrated the feasibility of thermoelectric generators as a greener
alternative to enhanced geothermal systems (EGS) [20]. In their study
of different heat exchangers, they concluded that those based on phase
change are the most adequate ones for GTEGs. Hence, since the present
paper delves into their development, analyzing the influence of dif-
ferent parameters and the potential of their large scale implementation
in a real location by means of a computational model, this section de-
tails the operation of the GTEG that will be modeled, including not only
the generator itself but also the heat source.

HDR fields represent the heat source of the generator. These fields

can be defined as geothermal fields characterized by high temperature
compact rocks, where the absence of both reservoir and fluid that acts
as a heat carrier prevents the existence of a geothermal system, which is
necessary for traditional geothermal power generation. The present
paper focuses on shallow HDR fields, where it would be easy to drill a
borehole to insert the generator. Due to the absence of a fluid as heat
carrier and the low diffusivity of the rocks, the transmission of heat to
the GTEG occurs by convection with the air that is naturally heated up
by the rocks [32]. Although this may seem an insufficient heat source,
in the HDR taken as reference in this paper and that is more deeply
described in Section 5, natural gas flows ascending at velocities of up to
11.15 m/s have been measured at temperatures higher than 200 °C, so
it definitely is a heat source to consider.

Fig. 1 depicts the schematics of the operation of a cylindrical GTEG
with phase change heat exchangers installed in a HDR field. The hot
side heat exchanger is a two phase closed thermosyphon (TPCT), i.e. a
hermetically sealed container filled with a small amount of working
fluid [33]. In contact with the hot air, the internal fluid vaporizes and,
due to natural convection, ascends to the upper part of the container,
where it condensates releasing heat to the TEMs. Since this process is
driven by phase change, heat is absorbed and transported with a
minimal temperature difference regardless of the distance, as it has
been previously demonstrated with a 400 m long TPCT [34]. In order to
improve the convection between the hot air and the TPCT, the present
paper will consider the addition of vertical fins to the external part of
this hot side heat exchanger.

The heat released in the condensation of the TPCT is transmitted to
the thermoelectric modules (TEMs), located overground in the upper
part of that heat exchanger. These TEMs transform part of the received
heat into electricity, releasing the rest to the cold side heat exchangers.
In this paper, commercial bismuth telluride TEMs will be considered.

The heat released by the TEMs needs to be dissipated into the

Fig. 1. Schematics of the operation of a cylindrical geothermal thermoelectric
generator (GTEG) with phase change heat exchangers.
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environment. Heat exchangers based on phase change have been de-
monstrated to be the most appropriate ones for this purpose for medium
temperature range under 300 °C [35] and the considered application of
GTEGs [20]. Thus, loop thermosyphons will be considered in this paper
due to their compactness. An individual loop thermosyphon will be
used per each TEM.

Thanks to the use of heat exchangers based on phase change at both
side of the TEMs, the proposed solution of GTEG presents several ad-
vantages: it is robust, modular, noiseless, independent of the depth of
the borehole, has a minimal environmental impact, and does not pre-
sent moving parts, removing maintenance requirements, nor auxiliary
equipment, thus maximizing power generation.

3. Computational model

In order to study the feasibility of GTEGs, most of the existing
proposals use computational models. The use of these models has
spread in the last years becoming an indispensable tool for the design,
analysis, and optimization of real applications, reducing the necessity of
building prototypes and limiting the number of experimental tests ne-
cessary in order to obtain significant information, which translates in
cost savings. In the case of GTEGs, these aspects gain even more im-
portance due to the high scale implied. Aligned with the objective of the
present paper, this section describes the computational model devel-
oped for the analysis of GTEGs with phase change heat exchangers at
both sides of the TEMs.

In the modeling of TEGs, there exist four major kinds of models:
standard simplified models, analytical models, models based on the
electrical analogy between heat transfer and electricity, and numerical
models based on finite elements [36]. The models used for GTEGs are
mainly simplified models, which neglect Thomson effect and assume
constant thermoelectric properties. Most of them, concentrate on a
correct simulation of the heat exchangers, but simplify the modeling of
the TEMs, leading to a slight deviation in the calculation of power
generation [36].

Models based on the electrical analogy between heat transfer and
electricity have demonstrated to be accurate alternatives with an as-
sumable computational cost in different applications [23,36–38]. This
thermal-electrical analogy also permits modeling heat exchangers

based on phase change, as Araiz et al. demonstrated for a loop ther-
mosyphon with errors lower than 9% [39]. Based on this character-
ization, they subsequently developed a computational model of a
complete TEG with loop thermosyphons as cold side heat exchangers,
and fin dissipators as hot side ones [40]. Other authors, such as Brito
et al. and Pacheco et al. also use the electrical analogy in order to model
heat exchangers based on phase change [25,41,42]. In particular, they
model TEGs with heat pipes in the hot side and heat exchangers based
on a fluid in the cold one in order to generate electricity from the ex-
haust gases of vehicles, although the resolution of the TEMs is simpli-
fied, neglecting Thomson effect and variable thermoelectric properties.

The computational model developed in this paper also follows the
electrical analogy between heat transfer and electricity, and it con-
siders, for the first time, heat exchangers based on phase change at both
sides of the TEMs. The thermal-electrical analogy is actually derived
from the application of the implicit finite difference method to heat
conduction equation. Its basic idea consists in discretizing the system in
several nodes. The solution of the original problem is obtained for those
finite number of nodes.

Fig. 2 depicts the discretization of a general GTEG, such as the one
described in Section 2. For simplicity, the explanation of the system will
be performed according to the three different blocks that compose it:
hot side heat exchanger (red block), TEMs (green block) and cold side
heat exchanger (blue block). Afterwards, it will be described the union
between these several blocks, which considers contact thermal re-
sistances, as well as other phenomena such as thermal bridges. In their
modeling, some simplification hypothesis have been considered: (i) all
materials are homogeneous, with uniform composition and structure;
(ii) the insulation of the electric circuit is perfect and the electric cur-
rent is unidimensional; (iii) the heat flux is also unidimensional, thus
lateral heat losses are neglected; (iv) only the stationary regime is
considered; and (v) no subcooling nor reheating occur in the heat ex-
changers. Finally, once all the thermal resistances have been described,
the resolution methodology to solve the system and obtain the tem-
perature of each node is detailed.

3.1. Hot side heat exchanger

The hot side heat exchanger is a two phase closed thermosyphon

Fig. 2. Thermal-electrical analogy of a GTEG with phase change heat exchangers.
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(TPCT). As a result of its discretization, the red block of Fig. 2 shows the
thermal-electrical analogy taking into account all the phenomena oc-
curring in this phase change heat exchanger. Superscript H refers to the
hot side heat exchanger.

Following the heat flux from the air heated up by the geothermal
HDR field, the first thermal resistance represents the convection be-
tween the hot air and the TPCT, which have fins in order to improve the
heat transfer. This resistance can be estimated as follows:

=R
h A

1
· ·conv

H

conv
H

conv
H

fin
H

(1)

where hconv
H is the convective heat transfer coefficient derived from the

Nusselt expression deduced by Sieder and Tate’s correlation for forced
convection in pipes (Eq. (2)) that is valid for Prandtl and Reynolds
numbers in the ranges [0.7, 160] and [10 , 10 ]4 6 respectively [43], Aconv

H is
the area in contact with the hot air (taking into account the fins and up
to the interior fluid’s height), and fin is the efficiency of the fins, which
is estimated with Eq. (3) [44].
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The next thermal resistance Rk
H
1 represents the heat conduction

through the wall of the evaporator, which is considered to take up to
the internal fluid’s height. In case of having a cylindrical TPCT, this
resistance is estimated according to Eq. (4), while for a TPCT with
planar surfaces, Eq. (5) applies [43].
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The heat conducted through the wall causes the vaporization of part
of the internal working fluid contained inside the TPCT. This process is
modeled by the boiling thermal resistance Rb

H , for which a boiling
coefficient is necessary (Eq. (6)). Assuming that nucleate pool boiling is
taking place, the correlation proposed by Forster and Zuber in 1955 is
used (Eq. (7)) [45]. This expression is commonly used due to its sim-
plicity, although it does not take into account the combination between
the surface and the boiling fluid [46].
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Next, the vapor ascends, due to its lower density, to the upper part
of the TPCT, where it condensates. In order to calculate the con-
densation thermal resistance, it is necessary to consider the area of
condensation of all the TEMs, and a condensation coefficient (Eq. (8)).
The phenomenon that takes place in this case is film condensation on a
vertical plate. Therefore, the heat transfer coefficient is determined by
Eq. (9) [46], which neglects convection effects in the film and assumes
a constant wall temperature.
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Lastly, the thermal resistance Rk
H
2 represents the last element of the

electrical analogy of a TPCT and deals with two different phenomena.

On the one hand, it considers the conduction that takes place in the
condenser. In this case, and since the TEMs need to be in contact with
the upper part of the TPCT, only the expression of heat conduction for
planar surfaces is considered (Eq. (10)) [43]. In this equation, subscript
c has been added to differentiate that it refers to the condenser part of
the TPCT.

=R e
k A·k cond

H c
H

H
c
H2, (10)

On the other hand, due to the fact that condensation occurs in an
area a bit bigger than that of the module, constriction effect appears
causing an increase in the thermal resistance. Lee et al. [47] estimated
that constriction resistance can be calculated as:

=R
N k A· ·k const

H
H

TEM
H

TEM
2,

(11)

where NTEM is the number of TEMs, kH is the thermal conductivity of
the material, ATEM the area of a thermoelectric module, and H is the
dimensionless constriction resistance expressed by Eq. (12).
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in which H is the ratio between the equivalent radius of a module and
the equivalent radius of the region in which condensation occurs per
each module and c

H follows Eq. (13).
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Thus, the thermal resistance Rk
H
2 is finally calculated by simply

adding the conduction and constriction resistances:

= +R R Rk
H

k cond
H

k const
H

2 2, 2, (14)

3.2. Thermoelectric modules

The second block, corresponding to the TEMs and depicted in green
color in Fig. 2, is the element most difficult to model since phenomena
related to heat transmission and thermoelectricity take part at the same
time. A TEM is made up of several thermocouples connected electrically
in series and thermally in parallel. Each thermocouple itself is com-
posed of an n-type semiconductor united by means of a conductive
material to a p-type semiconductor.

In order to capture all the phenomena that occur simultaneously in
a TEM, in each thermocouple, each semiconductor has been discretized
into 10 nodes since this leads to accurate results without increasing the
computational cost [23,37,38], and temperature dependent properties
have been considered. Since the dominant heat transfer mechanism is
conduction, all the thermal resistances of semiconductors n and p are
calculated by means of Eqs. (15) and (16) respectively, in which it has
been considered that the Ntc thermocouples that make up a TEM are
connected thermally in parallel, similarly to the NTEM thermoelectric
modules.

= =+
+

R L
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TEM tc n i i n
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( , 1) (15)

= =+
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p

TEM tc p i i p
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In these equations, Ln and Lp are the lengths of the semiconductors,
+kn i i( , 1) and +kp i i( , 1) are their thermal conductivities calculated at the

mean temperature of their delimiting nodes i and +i 1, and An and Ap
are their cross-sectional areas.

Both semiconductors are united by a conductive material. Many
times, the thermal resistance of this union material is neglected due to
its high thermal conductivity in comparison to the semiconductors.
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However, in order to duly resemble the model to reality, the present
paper considers it. As shown in Eq. (17), half of this material is con-
sidered in the n branch and the other half in the p one.

= =R R L
N N k A· · · /2u

H
u
C u

TEM tc u u (17)

The last thermal resistances that need to be considered in the model
are those corresponding to the electrical insulating material that pro-
tects the internal circuit and provides firmness to each TEM.

= =R R L
N k A· ·ins

H
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Apart from the former thermal resistances, it is necessary to con-
sider heat fluxes in the semiconductor nodes in order to model the
thermoelectric effects that take place. All nodes generate heat due to
Joule and Thomson effect. Furthermore, in extreme nodes, heat is also
produced by Peltier effect in the semiconductors and Joule effect in the
electrical contacts. For simplicity, only the expressions corresponding
to n semiconductor are shown.
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Seebeck effect is considered in the calculation of the power gener-
ated. Considering an electrical resistance Rload connected to the system,
the power generated in this resistance can be calculated according to
Eq. (22).
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where Et is the electromotive force generated per TEM (Eq. (23)), R0 is
the internal resistance of each TEM (Eq. 24), and m is a parameter
calculated with Eq. (25) in case that the TEMs are connected in series or
with Eq. (26) in case of a parallel connection.
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3.3. Cold side heat exchanger

Similarly to the hot side heat exchanger, the cold side one is also a
biphasic thermosyphon. Nonetheless, its geometry changes, being a
loop thermosyphon in this case, with a common evaporator and two

sets of tubes for releasing the heat to the environment. As a con-
sequence, some of the expressions change and two branches need to be
considered.

Blue block in Fig. 2 depicts the discretization of this cold side heat
exchanger, composed of five different thermal resistances, and where
superscript C refers to the cold side. Following again the direction of the
heat flux, the first thermal resistance that characterizes the cold loop
thermosyphon Rk

C
,1 represents the addition of two phenomena: con-

duction through the wall of the evaporator and spreading. Hence, the
former resistance is modeled again according to Fourier law (Eq. (5)).
Apart from pure conduction, Rk,1 also takes into account the spreading
phenomenon, which occurs because heat flows from a small surface of
the size of a TEM to a larger one, the evaporator’s base. This thermal
resistance is calculated as the constriction one (Eq. (11)), but con-
sidering the evaporator’s area instead of the condenser one.

After conduction and spreading, heat causes the vaporization of the
internal working fluid. In order to calculate this boiling resistance,
Forster and Zuber’s correlation is again used (Eq. (6)). Nonetheless, in
this case, it has been considered a mixture of two substances as working
fluid. The properties of the mixture are obtained with REFPROP [48],
except the thermal conductivity, kinematic and dynamic viscosities,
which have been calculated with Filippov and Novoselova [49], Gam-
bill [50] and Graham’s [51] models respectively (Eqs. (27)–(29)) using
the REFPROP properties of each substance.
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= +µ y µ y µ· ·1 1 2 2 (29)

Next, the vaporized fluid condensates. Nevertheless, in the case of a
loop thermosyphon, this process occurs along the loop tubes rather than
on a vertical plate as it happens in the hot TPCT. Hence, the heat
transfer coefficient of Eq. (8) varies. According to Shah’s correlation
[52], this coefficient depends on the regime of vapor calculated with
the dimensionless vapor velocity Jg (Eq. (30)).
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The former correlation has shown to be in good agreement with 22
different fluids; horizontal, vertical, and downward-inclined tubes; tube
diameters from 2 to 49 mm; reduced pressures from 0.0008 to 0.9; flow
rates from 4 to 820 kg/m ·2 s; all liquid Reynolds numbers from 68 to
85000; and all liquid Prandtl numbers from 1 to 18 [52].

After condensation, conduction needs to be considered. Due to the
circular shape of the tubes, in this case, according to Fourier law, Eq.
(4) applies again. Nonetheless, it is important to note that the length of
all the loops must be considered.

Finally, convection with the environment needs to be taken into
account. Hoke et al. experimentally determined the convective heat
transfer from a loop tubular geometry with wire fins [53], the typical
ones of loop thermosyphons. Hence,

=
+

R
h A h A

1
· · ·conv

C

t t w w w (33)

where ht is the convective coefficient of the tubes, which is indeed
derived from the wires’ one according to Eq. (34), At is the transmission
area of the tubes, w is the fins efficiency (Eq. (35)), hw is the convective
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coefficient of the wires derived from the Nusselt coefficient calculated
with Eq. (36) and Aw is the transmission area of the wires.
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3.4. Interconnection of blocks

Next, it is necessary to consider different phenomena consequence
of the interconnection between the different parts: thermal contacts and
thermal bridge [54]. On the one hand, the former deals with the fact
that when two surfaces are confronted, due to their roughness, the
contact is not perfect, introducing air gaps that reduce heat transmis-
sion. Different materials such as thermal grease, graphite sheets, or
even phase change materials are normally introduced in order to im-
prove this contact. The value of the thermal resistance depends on the
interface material and the pressure distribution, but it is estimated to be
between 0.01 and 0.1 K/W per module [54,55].

On the other hand, the latter can be defined as an area or compo-
nent of an object which has higher thermal conductivity than the sur-
rounding material, creating a path of least resistance for heat transfer
[56]. In TEGs, the main sources for thermal bridges are the screws used
to ensure a good contact and pressure distribution, and the direct heat
transfer between the hot and cold heat exchanger, skipping the slim
TEMs. Again, the value of this thermal resistance depends on the as-
sembly, but as reference, it can be considered a value between 30 and
60 K/W [40].

3.5. Numerical resolution

Once all the thermal resistances have been detailed, it is necessary
to address the numerical resolution of the system, so that the tem-
perature of each of the nodes can be obtained. As has been stated be-
fore, the thermal-electrical analogy is actually derived from the appli-
cation of the implicit finite difference method to heat conduction
equation. As a consequence, for each node i, considering a permanent
regime, Eq. (37) applies.

+ =
T T

R
Q 0

j

j i

ij
i

(37)

In this equation, i refers to the node under consideration, j to each
adjacent node, T is their temperature, Rij is the thermal resistance be-
tween nodes i and j, and Qi is the heat flux generated or absorbed by
node i. For an analogy with N nodes, a system of N equations with N
unknowns is obtained.

In the present paper, the resolution of the former system of equa-
tions has been iterative. Thus, an initial temperature has been supposed
for each node. Afterwards, new temperatures have been calculated with
Eq. (37). The process has been iteratively repeated until the difference
between the new and the last temperatures was lower than a tolerance.
This tolerance has been defined to be 0.01.

4. Experimental validation

In order to validate the computational model, the experiments
performed by Catalan et al. have been used [20]. The present section
first describes the prototype employed. Next, the results and analysis of
the validation are presented.

4.1. Prototype description

Fig. 3 depicts the GTEG with phase change heat exchangers devel-
oped and studied by Catalan et al. [20], based on which they concluded
that this type of heat exchangers are the most suitable ones for GTEGs.

The hot side heat exchanger was a 1 m long stainless steel TPCT
with a section of 60x 60 mm2 and a thickness of 5 mm. The used
working fluid was water up to a height of 0.36 m. The squared section
of this TPCT facilitated the installation of the TEMs. More specifically,
two Marlow TG12-8-01L bismuth telluride modules were used [57].

Each TEM dissipated heat to an individual loop thermosyphon. In
the considered experiments, two different geometries of loop thermo-
syphons were studied simultaneously, leading to a non-symmetrical
generator. Hence, one of the TEMs dissipated heat to a loop thermo-
syphon with a condensation/convection area consisting of 8 levels of
tubes, while the other one did it to a 6 levels loop thermosyphon.
Otherwise, the thermosyphons were similar: the evaporator had an area
of 50 × 50 mm2, a width of 35 mm and a thickness of 2 mm; the
internal working fluid was a mixture of water and ammonia; and the
condensation/convection section was composed of two sets of 6 mm
tubes with a length of 420 mm per level, with 1.5 mm wire fins sepa-
rated 5 mm.

4.2. Results and analysis

The experimental validation of the computational model has been
performed on two steps. Firstly, only the cold side heat exchangers have
been considered, measuring the capability of the model (blue block) to
determine their thermal resistance for different heat fluxes. Secondly,
the whole GTEG has been taken into consideration, leading to the va-
lidation of the whole computational model.

On the one hand, Fig. 4 shows the results corresponding to the es-
timation of the thermal resistance of the cold side heat exchangers. The
two different sizes of loop thermosyphons (8 and 6 levels) have been

Fig. 3. GTEG with phase change heat exchangers developed and studied by
Catalan et al. [20].
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characterized for four heat fluxes. In the experiments, a heating plate
was responsible for providing the desired heat flux Q, and temperature
at the base of the evaporator Tev and in the climatic chamber Tamb were
measured. Thus, thermal resistance was calculated as:

= =R T T
Q

T T
V I·

ev amb ev amb

(38)

The experiments were repeated three times and the uncertainties
calculated with [58], considering thermocouples with precision
± °C0.5 . The model is deterministic, so no variation of the results is
expected. As it can be observed, as heat flux increases, the thermal
resistance decreases. This is due to the fact that these heat exchangers
are based on the phase change of an internal fluid, and the properties of
this fluid improve with temperature. Besides, it can also be observed a
lower thermal resistance with more number of levels. Since in loop
thermosyphons all the convective area is effective for heat dissipation,
heat flux is uniformly distributed among it, leading to lower thermal
resistances with bigger convective areas. Due to this aspect, with this
type of heat exchangers, it is possible to obtain low values of thermal
resistance without the need for forced convection.

The discrepancy between the model and the experimental results
has been estimated by means of the relative error (Eq. (39)).

=Relative error
Value Value

Value
·100exp sim

exp (39)

A statistical analysis of this relative error states that this sample can
be described as a normal distribution with mean 0.26 and standard
deviation 7.27. Therefore, the model predicts the thermal resistance of
the loop thermosyphons with a relative error in the interval [−14.27%;
14.81%] in the 95% of the cases. The wideness of this interval is mainly
due to the big experimental uncertainties with low heat fluxes. If only
the operating range between 40 and 100 W is considered, in which the
GTEG will work, the relative error presents a normal distribution with
mean −0.43 and standard deviation 4.32, leading to a relative error in
the [−9.08%; 8.21%] interval in the 95% of the cases.

On the other hand, once the cold side block had been validated, it
was the turn of the whole GTEG. Since the prototype is non-symme-
trical, being composed of two loop thermosyphons with different geo-
metries, their thermal resistance is different, and so is the heat flux that
goes through them. Therefore, it was necessary to adapt the developed
computational model in order to correctly represent this behavior.
Fig. 5 depicts the thermal-electrical analogy, differentiating the two
branches that represent each loop thermosyphon. The split point be-
tween them is located between the boiling and the condensation re-
sistances of the hot side TPCT, which corresponds with the node at the
internal saturation temperatureTsat . Due to the difficulties of simulating
the real conditions of an HDR field at the laboratory, rope heaters di-
rectly in contact with the TPCT’s evaporator were used as heat source.
As a consequence, the model does not include the convective resistance
Rconv

H .
The validation of the model has been performed by comparing two

different parameters: power generation and temperature. Fig. 6 shows
the results corresponding to the estimation of power generation. More
specifically, Fig. 6(a) depicts the power generated by a TEM with a loop
thermosyphon composed of 8 levels for heat dissipation, while Fig. 6(b)
does the same for a loop thermosyphon with 6 levels. In both cases, the
values of power generation are shown for five different load resistances,
and three temperatures of the heat source, maintaining the ambient
temperature at 20 °C in all cases. As before, the experiments have been
repeated three times and their uncertainties calculated, while the model
is considered deterministic.

The maximum power generation is obtained with a load resistance
of 3.2 , whose value is similar to that of the internal electrical

Fig. 4. Experimental and simulated thermal resistance of the loop thermosy-
phons for different heat fluxes.

Fig. 5. Thermal-electrical analogy used in the experimental validation.
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resistance of the TEM [57]. Moreover, this generation increases with
higher heat source temperatures and lower thermal resistances of the
cold side heat exchangers. Power generation depends on the tempera-
ture difference between the sides of the TEMs, and in order to increase
this temperature difference, high temperature heat sources and heat
exchangers with low thermal resistances are needed. Since the 8 levels
loop thermosyphon had a lower thermal resistance in comparison with
the 6 levels one, the generation obtained in the left graph is higher than
in the right one.

The comparison between the experimental results and the model
predictions reveals a good concordance except for the values for 1.43 ,
for which the model estimates a generation higher than in reality, but
still encompassed in the uncertainty ranges. Fig. 7(a) graphs the power
estimated by the model versus the experimentally measured one. All the
values are encompassed in a ± 6% range, except those for 1.43 that
enlarge the positive range to + 25%. The problem with relative
deviations is that they soar for small values. The maximum absolute
error is actually 0.34. If, as before, the discrepancy between the model
and the experimental results is estimated by means of the relative error
(Eq. (39)) and a statistical analysis is made, the total mean error is −3.4
considering all values. When neglecting those corresponding to 1.43 ,
the errors follow a normal distribution with mean −0.28 and standard
deviation 1.42. In the study of the next section, which serves to achieve
the objective of this paper, generation will be always calculated with
the load resistance that maximizes generation, for which the model is
considered accurate enough.

A similar study has been performed for the temperature distribu-
tion. Hence, since the comparison of temperatures cannot be done in
absolute values, the temperature difference of the hot and the cold side
heat exchanger has been compared (HHE and CHE respectively).
Fig. 7(b) graphs the estimated temperature differences versus the ex-
perimental ones. As it can be observed, there is a good concordance in
the data, which is encompassed, in all cases, in the ± 8% range. A sta-
tistical analysis of the relative errors (Eq. (39)) reveals that they follow
a normal distribution with a mean of 0.18 and a standard deviation of
3.06. Thus, it is demonstrated that the model has been validated both
for optimal generation and temperature distribution, leading to a
competent tool for the analysis of the operation of GTEGs, as it is de-
veloped in the next section.

5. Computational study of a GTEG at Timanfaya National Park

Based on the developed and validated model, the present section
focuses on the analysis of the influence of different parameters on a
GTEG considering a real location: Timanfaya National Park (Canary
Islands, Spain), whose potential will also be estimated. Taking into

account that it is a nature reserve, it will be important to maximize the
power produced per thermoelectric generator, minimizing the number
of boreholes required, as well as using water as the internal working
fluid, so that the environmental impact is minimal.

Timanfaya National Park hosts one of the world’s greatest shallow
HDR field, both in intensity and extension. There are 11700 m2 of
geothermal anomalies presenting temperatures of more than 200 °C at
ground level and 615 °C at a depth of 5–15 m [32,59,60]. The origin of
these anomalies is believed to be a body of lava from the last eruptions
in 1730-36 and 1824, which has not reached the surface and is slowly
cooling down.

Due to the low thermal diffusivity of the superficial hot rocks
(8·10 4 cm2/s), which complicates the heat transfer by conduction and
causes a slow recovery of the system, heat extraction mechanism needs
to be convection [32]. Based on this statement, different experiments
intended to evaluate the gas fluxes that ascend from the geothermal
anomalies were performed, for which eight 60 m long boreholes were
drilled in 1991 and 1992 [59]. Within the park, two different areas
were studied: Islote Hilario, with 3000 m2, is the area with the highest
temperatures and air velocities, while Casa de los Camelleros, with
2000 m2, although presents lower temperatures, it is still considered a
high temperature geothermal field. Table 1 details the air velocity and
ground temperatures at different depths characteristics of each site.
These values were measured again in January 2019, so that it was
verified that the system had not cooled down since the last measure-
ments in the 1990s.

For each of the considered locations, the computational model de-
picted in Fig. 2 has been used to perform the computational study. The
geometries taken as reference derive from constructional aspects.
Hence, for Islote Hilario, due to its high temperatures and due to the
limitations of both the critical temperature of water, the used working
fluid, and the maximum temperature supported by Bi-Te TEMs
(250 °C), the hot side TPCT is a stainless steel finless tube with a dia-
meter of 48 mm and a thickness of 5 mm. In the case of Casa de los
Camelleros, the TPCT is a 46 mm aluminum tube, 3.25 mm thick, with
31 vertical fins with a length of 17 mm and a thickness of 2 mm. In both
cases, it is considered that water fills half of the inserted length of the
TPCT. The variables of study, apart from the location, are: the inserted
length of the TPCT (that determines the input temperature of the gases
TG), the size of the cold side thermosyphon (considering the two studied
geometries of 8 and 6 levels loop thermosyphons), and the number of
thermoelectric modules (TEMs). As before, each TEM incorporates an
individual cold side loop thermosyphon.

The temperature of the gases TG, which is one of the inputs of the
model, is considered constant and with a value equal to the average
temperature of the evaporator. Thus, for a TPCT inserted 3 m, whose

Fig. 6. Experimental and simulated power generated per module for different load resistances and heat source temperatures (a) considering an 8 levels loop
thermosyphon as cold side heat exchanger and (b) considering a 6 levels one.
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evaporator measures 1.5 m, the input temperature is the value at a
depth of 2.25 m. On the ambient side, the average temperature and
wind velocity of the park, 20.8 °C and 5.43 m/s, have been taken as
reference [61]. Regarding the contact between the different parts, per
each module, a thermal contact resistance of 0.05 K/W and a thermal
bridge resistance of 41.6 K/W have been considered [54,55].

Fig. 8 depicts the power generated (left axis) and the efficiency
(right axis) of GTEGs working with the optimal load resistance in Islote
Hilario, considering a different number of TEMs, three inserted lengths
of the hot side TPCT, and two sizes of cold side loop thermosyphons,
with an 8 levels loop thermosyphon in Fig. 8 and a 6 levels one in
Fig. 8(b). As can be observed, in all cases the efficiency of the generator
decreases as the number of modules increases. This efficiency is higher
with longer TPCTs, since the evaporator is larger and therefore

convective Rconv
H , conductive Rk

H
1 and boiling Rb

H thermal resistances
decrease (Eqs. (1), (4)–(6)) increasing the heat flux, as well as because
of slightly higher air temperatures deeper in the boreholes. Thus, the
temperature between the sides of the TEMs is higher, and so is their
efficiency. This also occurs with lower thermal resistances of the cold
side heat exchanger, leading to higher efficiencies in the case of the 8
levels loop thermosyphon.

Regarding total power generation, similarly to efficiency, with
longer TPCTs and bigger loop thermosyphons, i.e. lower thermal re-
sistances, more power is generated. Nonetheless, in this case, the var-
iation with respect to the number of TEMs is different. Despite the
continuous reduction of efficiency, in the beginning, when more TEMs
are added, total generation of the GTEGs increases until an optimum
point is reached, from which generation starts to decrease. This is due
to the fact that the TEMs share a unique TPCT. Hence, the thermal
resistances of convection with the hot geothermal gases, conduction in
the evaporator, and boiling remain constant regardless of the number of
TEMs. The rest of the thermal resistances of the thermal-electrical
analogy of Fig. 2 decrease with more TEMs. Since each added TEM has
its own cold side heat exchanger, the value of these resistances divides
by the number of TEMs due to their parallel connection, leading to a
lower global thermal resistance. As a consequence, more heat flux is
absorbed by the GTEG and the temperature of the hot side of the TEMs
decreases.

This reduction can be observed in Fig. 9(a), which shows the

Fig. 7. (a) Simulated power generation versus real one, for different temperatures of the heat source and the two different geometries of loop thermosyphons studied,
and (b) Simulated versus real temperature difference of the hot and cold side heat exchangers (HHE and CHE respectively) for different temperatures of the heat
source.

Table 1
Air velocity and ground temperatures at different depths characteristics of the
two areas of study within Timanfaya National Park.

Casa de los Camelleros Islote Hilario

vair (m/s) 6.03 11.15
T at surface (°C) 200 480
T at 0.75 m (°C) 205 490
T at 1.125 m (°C) 207 495
T at 2.25 m (°C) 210 510

Fig. 8. Power generated (left axis) and efficiency (right axis) of GTEGs in Islote Hilario, considering a different number of TEMs, three inserted lengths of the hot side
TPCT, and two sizes of loop thermosyphons: (a) with 8 levels and (b) with 6 levels.
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temperatures of the gasesTG, the saturation of the internal working fluid
Tsat (which never exceeds the critical value for water), the hot and the
cold side of the modules TH and TC , and the ambient temperature Tamb
for the case of a TPCT inserted 3 m in the ground and with 8 levels loop
thermosyphons as cold side heat exchangers. As the number of TEMs
increases, the temperature difference between the sides of the TEMs
decreases, mainly due to the reduction of the hot side temperature. As a
consequence, the efficiency decreases. Nonetheless, there is an op-
timum point where there exists an equilibrium between the number of
TEMs and the decreased efficiency. Given a fixed size of the cold side
loop thermosyphon, this optimum point occurs with more TEMs as the
thermal resistances R R,conv

H
k
H
1 and Rb

H decrease with longer inserted
lengths of the TPCT. This is due to the fact that the power generated per
module decreases at a slower rate with the addition of TEMs for lower
resistances, as can be observed in the decrease of efficiency, moving the
optimum point from 6 TEMs in the case of 1 m inserted, to 8 TEM for
1.5 m and to 16 TEMs for 3 m. The same optimum points are obtained
for GTEGs with 6 levels loop thermosyphons. Considering all the stu-
died cases, the optimal GTEG for Islote Hilario generates 68.07 W with
16 TEMs, when the inserted length of the hot side TPCT is 3 m and 8
levels loop thermosyphons are used as cold side heat exchangers.

In Casa de los Camelleros (from now on, Camelleros), due to the
lower temperature of the gases, which made it impossible to exceed
neither the critical point of water nor the maximum temperature stood
by the modules, vertical fins were added in the external part of the
evaporator. As it can be seen in Fig. 9(b), the addition of fins con-
siderably improves the heat transfer between the gases and the TPCT,
reducing its thermal resistance and leading to a smaller temperature
difference between the gases and the hot side of the modules, a dif-
ference which also increases with more TEMs.

Fig. 10 depicts the power (with an optimal load resistance) and the
efficiency with respect to the number of TEMs for all the studied geo-
metries, which follow a similar trend that in Islote Hilario. The main
difference between the two locations is that, for each geometry, the
optimal generator of Camelleros is composed of a higher number of
TEMs than in Islote Hilario. Due to the addition of fins, the thermal
resistance of the hot side has diminished, causing a slower decreasing
rate in the power generated per module with the addition of TEMs and
shifting the optimum point to the right of the graph. Hence, for the case
of having 8 levels loop thermosyphons in the cold side, the optimal
GTEG is composed of 10 TEMs for 1 m inserted, 14 TEMs for 1.5 m and
28 for 3 m. Furthermore, in contrast to Islote Hilario, in this case there
does exist a difference with the size of the cold side heat exchanger,
since the thermal resistance of the hot side has less weight in the global
thermal resistance. Thus, when having 6 levels loop thermosyphons at
the cold side, the optimal GTEG is achieved with 30 TEMs for 3 m. The

higher thermal resistance of the 6 levels loop thermosyphons causes a
more noticeable decrease of the global cold side thermal resistance with
the increase of TEMs, leading to a slower decrease of efficiency that,
due to a smaller decrease in the power generated per TEM, provokes
that the optimum point is achieved with more TEMs. Among all the
studied cases, in Camelleros the optimal GTEG is again inserted 3 m in
the ground and incorporates 8 levels loop thermosyphons as cold side
heat exchangers. The maximum generation of this device is 43.23 W,
achieved with 28 TEMs.

Instead of using phase change heat exchangers, an alternative
configuration that also fulfills the requirements of robustness and ab-
sence of both moving parts and auxiliary consumption, but it is simpler,
would have been solid heat exchangers. Hence, for the hot side heat
exchanger the easiest option would consist of a solid bar of a metallic
material, with suitable conductive properties; and for the cold side
ones, fin dissipators (FD). Fig. 11(a) shows, in yellow, the generation
obtained with a thermoelectric generator with the former configuration
for the two considered locations: Islote Hilario with filled lines, and
Camelleros with dashed ones. More specifically, the hot side heat ex-
changers present the same geometry and material than their equivalent
TPCT, considering an inserted length of 3 m since it led to the best
results. Each cold side heat exchanger is the fin dissipator characterized
by Catalan et al., which presents a thermal resistance of 0.745 K/W
under breeze conditions [20]. In order to simulate these results with the
computational model, at the hot side heat exchanger only convective
and conductive resistances have been taken into account, and in the
cold side two fin dissipators per level with a separation of 25 cm be-
tween levels have been considered.

As it can be observed, as more TEMs are added, generation con-
tinuously increases. In this case, generation per level is practically
constant, with a value that is higher for lower levels since its conductive
thermal resistance is smaller. Hence, when more levels are added, more
generation is obtained, although the increase in the total power gen-
erated gradually slows down with the addition of TEMs, stabilizing at a
certain value when adding more TEMs barely increases generation.
Nevertheless, in comparison with GTEGs with only phase change heat
exchangers, there exists a huge detriment in the generation. In Islote
Hilario, generation stabilizes at around 2 W, while in Camelleros at
8.2 W, 97% and 81% lower than the maximum values obtained pre-
viously. This reduction is caused by the enormous thermal resistance of
the solid hot side heat exchanger. In Fig. 11(a) the generation obtained
with 8 levels loop thermosyphons (LT) has also been depicted in ad-
dition to the values with fin dissipators (FD). Thus, although there ex-
ists a slight increase, the generation still shows a considerable reduc-
tion: 2 and 8.5 W respectively, confirming that the hot side heat
exchanger is responsible for the detriment. The greater reduction in

Fig. 9. Temperature distribution of the gasesTG , saturation of the internal working fluidTsat , the hot and cold side of the modulesTH andTC , and the ambientTamb for a
GTEG composed of a TPCT inserted 3 m and an 8 levels loop thermosyphons, located at (a) Islote Hilario or (b) Casa de los Camelleros.
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Islote Hilario is due to the low thermal conductivity of stainless steel,
which is used because of the really high temperatures that exist in this
location, and that other more conductor metals such as aluminum or
copper would not resist.

The main component of the thermal resistance of the solid hot side
heat exchanger is due to the conductive part. Fig. 11(b) depicts, for
Camelleros, the temperatures of the geothermal gases TG, the superficial
temperature of the hot side heat exchanger Tsup, the hot and cold sides
of the thermoelectric modules TH and TC of the highest level, and the
ambient temperature Tamb. Hence, while the superficial temperature is
very close to the gases’ one, it can be seen that the principal tempera-
ture drop occurs in the conductive part. This drop increases with a
higher number of TEMs, since apart from the effect of adding more
modules to a unique hot side heat exchanger, the length of the bar
outside the ground increases maintaining the same area and thermal
conductivity. Hence, the decrease in the temperatures with the number
of TEMs is more drastic than when having a TPCT. In Islote Hilario,
although not represented, due to the lower thermal conductivity of
stainless steel, the temperature difference is even higher and the re-
duction with the addition of TEMs is more severe.

Due to the high thermal resistance of the solid hot side heat ex-
changer, there was only a slight difference in the generation obtained
using fin dissipators or loop thermosyphons as cold side heat ex-
changers. Hence, in order to determine which one entails a better al-
ternative, Fig. 12 depics the generation results of a GTEG with again a

TPCT as hot side heat exchanger, and fin dissipators (FD) and loop
thermosyphons (LT) as cold side ones, both for Islote Hilario and Ca-
melleros. As can be observed, the influence of the thermal resistance of
the cold side heat exchanger is now more appreciable. Thus, with fin
dissipators the maximum generation in Islote Hilario is of 46.34 W,
obtained with 26 thermoelectric modules, while in Camelleros, the best
value is 31.52 W with 42 modules, which supposes a reduction of
31.9% and 27.1% respectively in comparison with loop thermosyphons
in the cold side. Apart from the decrease in the net power generation,
the utilization of fin dissipators at the cold side also requires a higher
number of thermoelectric modules to reach the optimal value, 10 and
14 more modules than with loop thermosyphons respectively, which
would increase the size of the whole generator.

Consequently, it becomes patent that in order to have a robust GTEG
without moving parts nor auxiliary consumption, the best configuration
is composed of phase change heat exchangers, reaffirming the novelty
proposed in the present paper.

Considering the optimal GTEG with phase change heat exchangers
of each location and taking into account the monthly average tem-
perature and wind velocity of Timanfaya National Park [61,62], Table 2
analyzes the energy that can be produced per year with each GTEG. For
more information, the most significant temperatures, the thermal re-
sistances of the hot and cold side heat exchangers (RHHE and RCHE), the
power generated and its efficiency are also depicted. As it can be ob-
served, the weather at Timanfaya National Park is quite stable all year

Fig. 10. Power generated (left axis) and efficiency (right axis) of GTEGs in Casa de los Camelleros, considering a different number of TEMs, three inserted lengths of
the hot side TPCT, and two sizes of loop thermosyphons: (a) with 8 levels and (b) with 6 levels.

Fig. 11. (a) Power generated by GTEGs composed of a solid bar inserted 3 m in the ground as hot side heat exchanger, and fin dissipators (FD) or 8 levels loop
thermosyphons (LT) as cold side ones. (b) Temperature distribution of the gasesTG, superficial temperatureTsup, the hot and cold side of the modulesTH andTC of the
top level, and the ambient Tamb for a GTEG composed of a solid bar inserted 3 m and fin dissipators, located at Casa de los Camelleros.
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long, with average temperatures between 17.3 and 24.6 °C and wind
velocities in the range from 4.6 to 6.4 m/s. As a consequence, the op-
eration parameters of the GTEG remain practically constant during all
months, and there is only 3.5 W of difference between the month with
the highest generation (January) and the one with the lowest (Sep-
tember in Islote Hilario and August in Camelleros).

The GTEG of Islote Hilario operates with an average temperature
difference in the TEMs of 120 °C, with approximately 162 °C in the hot
side and 42 °C in the cold one, leading to an average power of 68.66 W.
Given that the temperature of the geothermal gases is 510 °C, it is re-
markable to note the big temperature loss that occurs in the hot side
heat exchanger, which presents a value of 3.29 K/W per module, much
higher than the cold side one of 0.16 K/W. In the case of Camelleros, the
hot side heat exchanger has a considerably lower thermal resistance
due to the addition of fins. As a consequence, the temperature differ-
ence in this heat exchanger is of just 101 °C approximately. In this case,
the TEMs operate with an average temperature difference of 71 °C,
leading to an average generated power of 43.5 W. Since geothermal

energy is always available, GTEGs can generate energy permanently,
during the 8760 h of a year. Hence, in Islote Hilario each GTEG annually
generates 601.36 kWh and in Camelleros, 380.95 kWh are generated per
device.

Finally, taking into account the extension of each area (3000 m2 in
Islote Hilario and 2000 m2 in Camelleros), an extrapolation of total en-
ergy generation can be performed. It was estimated that 438.51 and
427.55 W/m2 can be respectively extracted in these areas without af-
fecting the geothermal field [59]. Therefore, up to 470.87 MWh can be
generated in Islote Hilario, and 210.66 MWh in Casa de los Camelleros,
leading to a total annual electricity generation of 681.53 MWh.

6. Conclusions

In conclusion, the present paper has delved into the study of geo-
thermal thermoelectric generators (GTEGs) with phase change heat
exchangers, demonstrating the potential of the solution for hot dry rock
(HDR) fields with a minimal environmental impact. For this purpose, a
computational model based on the thermal-electrical analogy between
electricity and heat transfer has been developed and validated thanks to
an experimental prototype, leading to an error estimating the genera-
tion in the maximum point of less than 6%, and of 8% in case of the
prediction of the temperature differences in the heat exchangers.

Based on the model, a computational study of GTEGs has been
performed for two areas within Timanfaya National Park (Canary
Islands, Spain): Islote Hilario, where gases emerge at around 500 °C and
more than 11 m/s; and Casa de los Camelleros, with 200 °C and 6 m/s
respectively. The designed GTEGs are composed of a two phase closed
thermosyphon (TPCT) with water as working fluid as hot side heat
exchanger, and loop thermosyphons (one per thermoelectric module) as
cold side ones. This configuration leads to a device without moving
parts nor auxiliary consumption, resulting in a robust generator that
maximizes net generation. In the study, the size of the heat exchangers,
the number of thermoelectric modules (TEMs), and the addition or not
of fins have been considered.

As a result, it has arisen the importance of using heat exchangers
with low thermal resistance in order to maximize power generation.
The lower the thermal resistance of the heat exchangers, the higher the

Fig. 12. Power generated by GTEGs composed of a TPCT inserted 3 m in the
ground as hot side heat exchanger, and fin dissipators (FD) or 8 levels loop
thermosyphons (LT) as cold side ones.

Table 2
Monthly analysis of the energy generated by the optimized GTEGs in each of the studied locations, showing also relevant operating information.

Location Month Tamb vair TG TH TC RHHE RCHE P Energy Energy
(°C) (m/s) (°C) (°C) (°C) (K/W) (K/W) (W) (%) (kWh) (kWh/year)

ISLOTE HILARIO January 17.3 5.4 510.00 159.75 38.77 3.29 0.17 70.35 4.32 52.34 601.36
February 17.7 5.5 510.00 159.94 39.05 3.29 0.16 70.20 4.31 47.17
March 18.8 5.4 510.00 160.60 40.03 3.29 0.16 69.64 4.28 51.81
April 19.2 5.7 510.00 160.77 40.28 3.29 0.16 69.50 4.28 50.04
May 20.4 5.4 510.00 161.55 41.44 3.29 0.16 68.85 4.25 51.22
June 22.1 5.5 510.00 162.50 42.85 3.29 0.16 68.05 4.21 49.00
July 23.4 6.4 510.00 163.08 43.71 3.29 0.16 67.57 4.19 50.27

August 24.6 6.1 510.00 163.83 44.83 3.29 0.15 66.94 4.16 49.81
September 24.3 4.9 510.00 163.95 45.00 3.29 0.16 66.85 4.15 48.13
October 22.9 4.6 510.00 163.23 43.94 3.29 0.16 67.45 4.18 50.18
November 20.6 5.1 510.00 161.73 41.71 3.29 0.16 68.69 4.24 49.46
December 18.4 5.2 510.00 160.43 39.78 3.29 0.16 69.78 4.29 51.92

CAMELLEROS January 17.3 5.4 210.00 104.21 31.87 1.70 0.20 45.27 2.98 33.68 380.95
February 17.7 5.5 210.00 104.39 32.18 1.70 0.20 45.09 2.97 30.30
March 18.8 5.4 210.00 104.95 33.14 1.70 0.20 44.52 2.95 33.12
April 19.2 5.7 210.00 105.12 33.43 1.70 0.20 44.35 2.94 31.93
May 20.4 5.4 210.00 105.75 34.54 1.70 0.20 43.69 2.91 32.51
June 22.1 5.5 210.00 106.58 35.97 1.70 0.19 42.85 2.88 30.85
July 23.4 6.4 210.00 107.15 36.94 1.70 0.19 42.29 2.86 31.46

August 24.6 6.1 210.00 107.78 38.03 1.70 0.19 41.66 2.83 30.99
September 24.3 4.9 210.00 107.77 38.01 1.70 0.19 41.67 2.83 30.00
October 22.9 4.6 210.00 107.12 36.89 1.70 0.20 42.32 2.86 31.48
November 20.6 5.1 210.00 105.89 34.77 1.70 0.20 43.56 2.91 31.36
December 18.4 5.2 210.00 104.78 32.85 1.70 0.20 44.69 2.95 33.25
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generation. Nonetheless, since all the TEMs share a common TPCT,
there exists an optimum in the generation. In the case of Islote Hilario,
the optimized GTEG generates 68.07 W with 16 TEMs, while in Casa de
los Camelleros, the optimum number of TEMs is 28, which leads to a
generation of 43.23 W. If a solid bar had been used as hot side heat
exchanger and fin dissipators as cold side ones, generation will re-
spectively be 97% and 81% lower, while if only the cold side heat ex-
changers are modified the reduction is of around 30%, thus reaffirming
that passive heat exchangers based on phase change are the most
adequate ones for GTEGs. Thanks to these GTEGs and their scalability,
it would be possible to generate 681.53 MWh of electricity in one year.
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Chapter 4

Design, Construction and
Characterization of a Geothermal
Thermoelectric Generator for
Timanfaya National Park

Chapter 3 has studied the influence of different parameters in a geothermal thermoelectric
generator with a two phase closed thermosyphon as hot side heat exchanger and loop
thermosyphons as cold side ones. Based on those results, this chapter takes a step forward,
addressing the construction and characterization of real devices.

As derived from the state of the art, most of the existing geothermal thermoelectric
generators limit their study to a computational model, and occasionally, also include a pro-
totype at the laboratory. The field installation of medium–scale geothermal thermoelectric
generators cannot be found in the literature. Field experiments are of great interest for
the development of this technology since they permit testing the behavior of these com-
plex systems under real conditions. Nonetheless, previous to their installation, the design
process needs to take into account several aspects that influence the installation and oper-
ation on field. This chapter considers such requisites with the objective of developing and
characterizing a real thermoelectric generator to be installed on field.

For this purpose, Section 4.1 explains the previous considerations that apply for Timan-
faya National Park, Section 4.2 describes the developed design according to the previous
aspects, and Section 4.3 deals with the construction and characterization of the device.
Finally, Section 4.4 summarizes the main conclusions obtained.
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CHAPTER 4. DESIGN, CONSTRUCTION AND CHARACTERIZATION OF A GTEG FOR
TIMANFAYA NATIONAL PARK

4.1 Previous Considerations

As exposed in the introduction, the geothermal anomalies of Timanfaya National Park
have been studied since the 1980s. As a result of these studies, there exist a series of
boreholes such as the one depicted in Figure 4.1 with diameters between 50 and 305 mm,
and depths ranging from 29 to 71 m.

Figure 4.1: Borehole located at Timanfaya National Park.

As a first approximation to the installation of real prototypes at Timanfaya National
Park, in this chapter the area of Casa de los Camelleros has been selected due to the
lower temperatures available, which lead to a smaller internal pressure in the hot side
heat exchanger and permit using a wider variety of materials. Figure 4.2 shows again the
temperature of the geothermal gases with respect to the depth for the boreholes located
at Casa de los Camelleros. As can be observed, in the boreholes S–1, S–2 and S–3, the
temperature of the gases increases linearly during the first meters. In contrast, in borehole
S–4, the temperature remains practically constant down to 12 m. Apart from presenting
a different behavior, this last borehole also presents a higher temperature. Therefore, it
will be the one taken as reference for the design of the generator. The dimensions of this
borehole are 305 mm of diameter and a depth of 31 m, of which 7 are intubated.
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Figure 4.2: Temperature of the geothermal gases with respect to the depth for the bore-
holes located at Casa de los Camelleros. Reprinted with the permission of
[IGME1992].

Drilling the boreholes is a quite complicated and expensive task. Therefore, the design
of the generators should try to maximize the power generation per borehole. As derived
from the previous chapter, for this purpose it is of utmost importance to develop heat
exchangers with low thermal resistances. According to the heat transfer equations, bigger
areas lead to lower thermal resistances. Nonetheless, larger heat exchangers entail a higher
weight and cost.

In order to obtain low thermal resistances while maintaining the compactness of the
heat exchangers, auxiliary equipment, such as fans and pumps, are commonly used. Nev-
ertheless, as has been emphasized throughout the present Ph. D. dissertation, these com-
ponents consume energy, decreasing net generation, and besides introduce moving parts
in the whole system, forfeiting one of the main advantages of thermoelectric modules.
Moreover, this auxiliary equipment also provokes noise. Taking into account that the ther-
moelectric generator to be designed and constructed in this chapter is going to be installed
in a natural reserve, it is necessary to obtain a completely noiseless device without moving
elements so that it does not pose a risk to the wildlife nor the several tourists that visit
the park each year. Hence, the thermoelectric generator to be developed will include com-
pletely passive heat exchangers. Nonetheless, despite being passive, they will benefit from
the windy climate characteristic of Lanzarote island and the considerable velocity of the
gases that ascend from the boreholes, which are considered of such magnitude that equate
forced convection conditions naturally. Additionally, another restriction that exists as a
consequence of the installation of the device in a natural reserve is that only innocuous
working fluids can be used, so that if a leak occurs, no environmental damage is caused.
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4.2 Design of a GTEG for Casa de los Camelleros

Based on the previous requirements, this section proceeds with the design of a complete
thermoelectric generator for Casa de los Camelleros, taking into account all the elements
necessary to make it a reality: hot side heat exchangers, cold side heat exchangers, and the
assembly between the different components. In the design, it will be important to commit
to the simplicity of assembly and construction.

The thermoelectric generator studied in Chapter 3 for Casa de los Camelleros was
composed of a cylindrical two phase closed thermosyphon with fins in the evaporator part
as hot side heat exchanger. In the upper part of this tube, the thermoelectric modules,
each one with its own loop thermosyphon as cold side heat exchanger, were assembled
placing two per level. Figure 4.3 depicts the 3D rendering of seven generators like that
inserted in the borehole under consideration in this chapter. As can be observed, the two
phase closed thermosyphon requires curving so that the cold side loop thermosyphons do
not touch with each other, while a pipe needs to be installed to divert the geothermal gases
without influencing the thermoelectric modules nor the cold side heat exchangers.

Figure 4.3: 3D rendering of seven thermoelectric generators with a two phase closed ther-
mosyphon as hot side heat exchanger and loop thermosyphons as cold side
ones.
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Although the former design is completely scalable, one of the main limitations detected
is that, due to the size of the cold side heat exchangers, an increase in the number of
thermoelectric modules entails a considerable rise of the overground height, specifically,
250 mm in the case of the 6 levels loop thermosyphon and 365 mm in the case of the 8
levels one. Taking into account the results obtained in the previous chapter, even with
the shortest inserted length of the two phase closed thermosyphon studied, at least 10
thermoelectric modules are required, which implies a minimum height of 1.25 m, to which
is necessary to add the curved part of the tube. Since the objective is to generate as much
as possible, the final design would require an excessive height and therefore, the visual
impact would be elevated, its installation would be complicated, and very tough moorings
would be needed to resist the wind impact. Consequently, it is preferred to look for other
geometries of phase change heat exchangers for the cold side.

In the application under consideration, the cold side heat exchangers are responsible
for releasing the heat not transformed into electricity by the thermoelectric modules into
the environment, and need to do it passively while being as compact as possible. The
phase change heat exchangers available commercially do not meet these requirements,
since they focus on their operation in conjunction with a fan. Therefore, the present
Ph. D. dissertation has opted for designing and manufacturing its own heat exchangers.
Figure 4.4 depicts the design of the cold side heat exchanger developed in this chapter,
which is composed of four heat pipe tubes inserted by pressure in holes drilled in the base
of a fin dissipator, leading a supplementary system for heat dissipation, and additional
aluminum fins inserted in the condensation area of the tubes. Thanks to the insertion
of the round tubes inside the base of the dissipator, a good thermal contact with the
planar thermoelectric generators is ensured, better than the alternative of introducing the
pipes in semicircular channels and pressing them afterwards, which lead to a surface finish
with noticeable irregularities [Catalan2020]. For compactness, the heat pipe tubes have
been placed horizontally and subsequently bent, permitting a separation of only 60 mm
between two consecutive levels as shown in Figure 4.5. More details about the assembly,
the dimensions, and the characterization of this heat exchanger are described in Subsection
4.3.1.

In Figure 4.5, it can also be observed the assembly between the different components
of the generator. This aspect has great importance and can negatively affect generation.
According to Araiz el al., it is recommended to tighten the thermoelectric modules indi-
vidually, ensuring a good pressure distribution [Araiz2018]. Therefore, in order to fulfill
that premise, in each level a pair of cold side heat exchangers have been tightened against
each other with four screws, comprising between them the hot side two phase closed ther-
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Figure 4.4: Cold side heat exchanger developed for this application, composed of a fin
dissipator and four heat pipes.

Figure 4.5: Overground part of a thermoelectric generator with the more compact heat
exchangers developed in the present Ph. D. dissertation.
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mosyphon and the thermoelectric modules. Due to the round shape of this hot side heat
exchanger, it has also been necessary to insert a copper block that ensures a planar surface
in contact with the thermoelectric modules. Copper is a highly conductive material, but
also presents a high density. Hence, the dimensions of the block will need to be in con-
cordance with the size of the thermoelectric modules to avoid an increase of the weight,
while permitting a tight assembly with the hot side two phase closed thermosyphon. More
details about its geometry and dimensions are described in Subsection 4.3.3.
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4.3 Construction and Characterization of the Designed Pro-
totype

Thanks to the previous design, the requirements of compactness, easiness of construction
and assembly, and absence of moving parts, noise, and auxiliary equipment are satisfied.
Hence, this section deals with the real construction and the characterization of the designed
generator, detailing the followed procedure. More specifically, two prototypes will be built
and studied, one with 10 thermoelectric modules, and another one with 6.

4.3.1 Cold Side Heat Exchanger

Figure 4.6 shows the constructed cold side heat exchanger, formed of four 500 mm long
sintered heat pipes with a diameter of 8 mm inserted in a 70 x 90 mm2 fin dissipator with
a base 14.5 mm thick and fifteen 40 x 1.5 mm2 corrugated fins. In order to ensure a good
thermal contact between the heat pipes and the dissipator, the construction methodology
was performed as follows: firstly, four holes with a diameter slightly smaller than that of
the tubes were drilled with a reamer in the base of the fin dissipator with a separation of
3 mm; afterwards, the dissipator was heated up so that it expanded; meanwhile, the heat
pipes were cooled down so that they contracted; once the expansion and contraction were
considered enough, the heat pipes were inserted by pressure in the holes and the whole
assembly was cooled down. When the assembly got cold, the heat pipes could not be taken
out, which indicates a good thermal contact.

Figure 4.6: Cold side heat exchanger constructed to release heat from the thermoelectric
modules. It is composed of four heat pipes inserted in the base of a fin dissipator.
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The next step consisted in bending the heat pipes with the desired curvature and
adding commercial aluminum 104 x 27.5 x 0.3 mm3 fins with a separation of 5 mm, trying
to cover the longer length of the tubes as possible. Nonetheless, since one of the main
uncertainties of the design was the influence of having a horizontal section in the pipes,
the thermal resistance of this cold side heat exchanger was characterized for different heat
fluxes during the assembly procedure, before adding the fins. Figure 4.7 shows the 4
configurations studied: completely vertical, completely horizontal, with bent tubes, and
the final configuration with bent tubes and fins.

The methodology followed to determine the thermal resistance of each case is similar to
the one followed in Chapter 2 and it is summarized in the schematics of Figure 4.8. Hence,
cartridge heaters supplied the heat flux of each experiment by Joule effect. Rockwool insu-
lation was added around these heaters so that heat flowed through the heat exchanger. The
temperature at the base of the heat exchanger Tev and in the climatic chamber Tamb were
measured, based on which the thermal resistance was calculated according to Equation 4.1,

RCHE =
Tev − Tamb

Q̇
=

Tev − Tamb
V · I − Q̇losses

(4.1)

where the heat flux Q̇ is indeed calculated as the subtraction between the heat provided
by the heat source (V · I) and the heat flux that is dissipated in the insulating material
Q̇losses. These thermal losses are obtained as detailed in Equation 4.2, thanks to the
temperature difference between the external part of the insulation (Tins) and the ambient
(Tamb), the insulation area (Ains), and a convection coefficient h derived from Equation 4.3
[Parmelee1947].

Q̇losses = h ·Ains · (Tins − Tamb) (4.2)

Figure 4.7: Configurations for which the thermal resistance of the developed cold side heat
exchanger has been characterized.
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Figure 4.8: Schematics of the test to determine the thermal resistance of the cold side heat
exchangers.

NuL = 0.664 · Pr1/3 ·Re1/2
L[

0.6 ≤ Pr ≤ 50

Re < Rex,c ≈ 5 · 105

] (4.3)

The obtained results are shown in Figure 4.9, exhibiting the characteristic decrease
of thermal resistance with increasing heat fluxes of phase change heat exchangers. As
can be observed, the highest thermal resistances are achieved when the tubes are com-
pletely horizontal, presenting values of 1.08 K/W with a heat flux of 20 W that decrease
to 0.91 K/W with 100 W. If the heat pipes are bent, the thermal resistance of the heat
exchanger improves, leading to values similar to those obtained with the vertical config-
uration and that suppose a reduction of 12.4 % on average with respect the completely
horizontal case. Hence, having a horizontal section in the pipes, bending the rest, barely
affects its behavior.

The configuration in which the heat exchanger will work, i.e. bent and with fins,
presents values that decrease from 0.42 K/W with a heat flux of 20 W to 0.4 K/W with
140 W. Although these values are slightly higher than the ones obtained with the loop
thermosyphons used in Chapters 2 and 3, the developed configuration is more compact,
permitting the addition of more thermoelectric modules per unit of length of the hot side
heat exchanger, leading to a lower visual impact, and easing the assembly and installation
on field.
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Figure 4.9: Thermal resistance with respect to different heat fluxes for the four studied
configurations.

4.3.2 Hot Side Heat Exchanger

The designed hot side heat exchanger is also based on phase change, but in the configuration
known as two phase closed thermosyphon, which basically consists of a closed tube with a
fluid in its interior. In this case, a copper tube with a diameter of 41.27 mm, a thickness
of 1.25 mm and water as working fluid has been used. As exposed at the beginning of this
section, only two prototypes will be built. Therefore, for simplicity, the bending curve of
the design developed in Section 4.2 will not be performed.

The two constructed prototypes are similar except for the number of thermoelectric
modules installed. Hence, the inserted length of both heat exchangers is 2 m, out of which
a quarter is filled with distilled water. The exterior length varies with the number of
modules, with a height of 1 m in the case of the prototype with 10 modules and 600 mm

the one with only 6.

Copper was chosen as the material because apart from its good thermal properties, it
is malleable and easy to solder. Moreover, copper components are widely available because
of their use in the cooling sector. Therefore, the construction of each two phase closed
thermosyphon has been simply based on a commercial copper tube, two lids, and an obus
valve.

In the operation of this type of heat exchanger, it is important to guarantee that only
water is inside. Thus, in the filling process, it is necessary to remove all the air inside. For
this purpose, an amount of water slightly higher than required was introduced and the valve
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was closed. The device was heated up so that the interior water increased its temperature
and consequently its pressure. Since this pressure was higher than the atmospheric one,
when the valve was opened, the vapor went out sweeping along the air inside the tube.

In Chapter 3 the importance of including fins in the hot side heat exchanger of Casa de
los Camelleros to improve the heat transfer with the geothermal gases was highlighted. One
possibility to add these fins simply consists in soldering them to the tube. Nevertheless, due
to the thin thickness of the tube, there exists the risk of leaking. As shown in Figure 4.10,
the chosen option is based on a extruded aluminum profile with 31 fins 17 mm high and
2 mm thick. This solution permits a higher number of fins and it is easier to assemble to
the thermosyphon since the profile is open and some space has been left for its tightening,
so that a good thermal contact is ensured.

Figure 4.10: Detail of the fin profile to be attached to the hot side copper tube, showing
also the assembly procedure.

Similarly to the cold side heat exchanger, the hot side one has also been tested at the
laboratory to analyze its performance, although without the fin profile. Hence, as shown
in Figure 4.11, rope heaters have been coiled around the inserted length of the two phase
closed thermosyphon, and covered with rockwool as insulation. The temperature has been
measured at two different heights in the liquid (Tliq1 and Tliq2) and in the vapor (Tvap1
and Tvap2), as well as in the overground area at the position in which the thermoelectric
modules will be installed considering the prototype composed of 10 thermoelectric modules,
this is 5 levels (TL1, TL2, TL3, TL4 and TL5).

Figure 4.12 depicts the results obtained for five different temperatures of the heat
source. As can be observed, the temperature suffers a slight decrease with the increase of
height that presents a linear tendency with a similar slope regardless of the heat source
temperature. Nonetheless, the temperature loss between the evaporator and the highest
level is of just 14 °C on average, 50 % less than those obtained in Chapter 2.
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Figure 4.11: Schematics for the individual characterization of the hot side heat exchanger.

Apart from the temperature distribution, it is also interesting to determine the thermal
resistance of the hot side heat exchanger. Equation 4.4 shows the expression necessary for
its calculation. In this equation, since the temperature at each height varies, average
temperatures will be considered both at the liquid section Tliq (average of Tliq1 and Tliq2)
and in the overground part of the tube Ttube (average of TL1, TL2, TL3, TL4 and TL5).

RHHE =
Tliq − Ttube

Q̇
(4.4)

Regarding the heat flux Q̇, the heat flux that goes through the prototype needs to
be considered. According to Equation 4.5, this heat equals the heat supplied by the heat
source (V · I) minus the thermal losses Q̇losses that occur both by convection Q̇tl−conv and
by radiation Q̇tl−rad. In turn, the heat that goes through the prototype also equals the
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Figure 4.12: Temperature distribution in 5 different levels for five temperatures of the heat
source.

heat dissipated by convection and by radiation in the upper part of the tube, Q̇conv and
Q̇rad respectively.

Q̇ = V · I − Q̇losses = V · I − Q̇tl−conv − Q̇tl−rad = Q̇conv + Q̇rad (4.5)

Equation 4.6 depicts the calculation of the convective heat, either the dissipated in the
upper part or the one associated with the thermal losses, where hconv is the convective
heat transfer coefficient, A is the external area, Text is the surface temperature of the tube
or the insulating material, and Tamb is the ambient temperature.

Q̇conv = hconv ·A · (Text − Tamb) (4.6)

The convective heat transfer coefficient hconv considers both natural and forced condi-
tions, weighted by the parameter ϕ, as shown in Equation 4.7, in which k is the thermal
conductivity of air, Lc is the characteristic length of the considered part, and Nunatural and
Nuforced are the Nusselt numbers calculated with the correlations detailed in Equations
4.8 and 4.9 [Bejan2003, Rohsenow1998, Dincer2018], which in turn depend on Grashof Gr,
Prandtl Pr, and Reynolds Re numbers, as well as on the length L, the external diameter

90



4.3. CONSTRUCTION AND CHARACTERIZATION OF THE DESIGNED PROTOTYPE

D, and the constants C, n and s that vary depending on Reynolds and Prandtl numbers.

hconv = ϕ · hnatural + (1− ϕ) · hforced = ϕ · Nunatural · k
Lc

+ (1− ϕ) · Nuforced · k
Lc

(4.7)

Nunatural =
4

3
·
[

7 ·Gr · Pr2

5 · (20 + 21 · Pr)

]1/4

+
4 · (272 + 315 · Pr) · L
35 · (64 + 63 · Pr) ·D (4.8)

Nuforced = C ·Ren · Prs ·
(
Pr∞
Prsup

)1/4

(4.9)

On its behalf, the heat dissipated by radiation, either in the upper part or the one
associated with the thermal losses, is calculated with the corrected equation of Stefan–
Boltzmann for a non–black body (Equation 4.10), where ε is the emissivity of the surface,
σ is the Stefan–Boltzmann constant that equals 5.67 x 10−8 W/m2 ·K4, and similarly than
before, A is the external area, Text is the surface temperature of the tube or the insulating
material, and Tamb is the ambient temperature.

Q̇rad = ε · σ ·A · (T 4
ext − T 4

amb) (4.10)

For the considered geometry, Table 4.1 summarizes the parameters used in the calcu-
lation of the former equations both for the heat dissipated in the upper part, and the one
lost to the environment. In the determination of these parameters it has been taken into
account that the upper part is more exposed to the conditions of the laboratory, being
more affected by forced convection, while the lower part is protected due to the structure
used for holding the thermosyphon during the experiments. Moreover, their materials are
also different: pure copper in the upper part and rockwool in the lower one, where the
thermal losses occur, and therefore present a different emissivity.

Once calculated the actual heat flux that goes through the hot side heat exchanger,
its thermal resistance has been calculated, leading to the results depicted in Figure 4.13.
As can be observed, this heat exchanger also follows the characteristic decrease of thermal
resistance of the heat exchangers based on phase change when the heat flux increases,
diminishing from a thermal resistance of 0.16 K/W with 68 W to 0.07 K/W with 157 W. In
comparison with the two phase closed thermosyphon developed in Chapter 2, the obtained
values are more than 75 % lower than before for similar heat fluxes. The main differences
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Table 4.1: Summary of the parameters used in the calculation of the heat fluxes, either the
heat dissipated in the upper part or the one corresponding to thermal losses.

Upper part Thermal losses Constants
ε 0.02 ε 0.75 C 0.26
ϕ 0.3 ϕ 0.8 n 0.6

v (m/s) 0.4 v (m/s) 0.3 s 0.37
L (m) 1 L (m) 2
D (m) 0.048 D (m) 0.11

between the new and the previous thermosyphons are the shape, being initially squared and
round now; the length, which has been tripled; the thickness, which has been reduced 75 %;
the condensation area, which has been increased; and the material, substituting the initial
stainless steel by copper. Neglecting the length that does not have a significant influence
in phase change heat exchangers, the other four changes have favorably contributed to the
reduction of the thermal resistance of this heat exchanger. Thus, the round shape permits
a reduction of the thickness due to its better resistance of the internal pressures. This
fact added to the better thermal conductivity of copper in comparison with stainless steel
and the increased condensation area reduces the conductive and condensation components
of the thermal resistance of this thermosyphon, leading to a decrease in its total thermal
resistance.

Figure 4.13: Thermal resistance of the hot side biphasic thermosyphon for different heat
fluxes.
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4.3.3 Copper Block

Since the hot side heat exchanger is round and the thermoelectric modules are planar, it is
necessary to add an intermediate piece that ensures a good thermal contact between them.
Figure 4.14 shows the copper block designed for this purpose. Its dimensions are 70 x 50
x 60 mm3. The tightening of this piece is performed by six screws located parallel to the
heat flux direction that besides ensuring a good thermal contact, guarantee an adequate
grabbing to the hot side heat exchanger, so that it does not fall down.

Figure 4.14: Copper block used to ensure a good thermal contact between the round hot
side two phase closed thermosyphon and the planar thermoelectric modules.

4.3.4 Moorings

Apart from the individual components of the generator, it is also important to design a
resistant mooring that holds the prototypes in the correct position with respect to ground
level and that is capable of resisting the momentum exerted by the wind. The design of
this piece is also important to facilitate the installation on field, and to guarantee that the
geothermal gases are diverted, not affecting the operation of the thermoelectric modules
nor the cold side heat exchangers.

Figure 4.15 depicts the piece designed to be screwed up to the flange located at the
borehole. It has been divided into two parts to facilitate installation. Thus, first, the upper
half is installed, permitting the individual insertion of the two prototypes in the borehole
and their tightening. Figure 4.16 details the piece responsible for holding the prototype
to this base. As can be observed, it is based on a block similar to the one described in
Subsection 4.3.3, but made of steel due to its better mechanical capabilities. This piece
is first tightened to the two phase closed thermosyphon and afterwards fixed to the base.
Once fixed, the deflector is placed and tightened.
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Figure 4.15: Support for holding the two developed prototypes (left) and detail of the
deflector of geothermal gases.

Figure 4.16: Detail of the steel piece responsible for holding the prototype, and detail of its
assembly with the support and the hot side two phase loop thermosyphons.

4.3.5 Whole Assembly

Once described all the elements that compose the generator and after checking the good
performance of the heat exchangers, it is the turn of assembling the whole devices. Fig-
ure 4.17 depicts this whole assembly installed in an structure built at the laboratory that
simulates the borehole. In order to resemble the geothermal heat at the laboratory, rope
heaters have been coiled around the inserted length of the two phase closed thermosyphon,
and covered first with rockwool and afterwards with neoprene as insulation. With a similar
purpose of avoiding thermal losses, the upper part of the hot side heat exchanger has been
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also insulated to ensure that condensation occurs on the thermoelectric modules. This
insulation has been performed with rockwool and covered with aluminum waterproofing
tape. Other details that can be observed in the figure are the obus valve at the top of
the two phase closed thermosyphon, a box for all the electronics systems necessary for the
characterization of the device prior to its installation on field, and finally a meteorological
station that will also be installed.

95



CHAPTER 4. DESIGN, CONSTRUCTION AND CHARACTERIZATION OF A GTEG FOR
TIMANFAYA NATIONAL PARK

Obus

valve

Meteorological

station

Electronics

Cold side

heat

exchanger

Copper

block

Rope

heatersRockwool

insulation

Moorings & 

deflector

Figure 4.17: Whole assembly of the two prototypes of geothermal thermoelectric built for
Casa de los Camelleros, detailing some of their components.
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4.3.6 Characterization of the Whole Geothermal Thermoelectric Gen-
erator

Based on the previous assembly, this subsection deals with the characterization of the
whole geothermal thermoelectric generators at the laboratory. More specifically, it focuses
on the study of their generation capabilities for different operating conditions. In order
to differentiate the two generators, from now on, the prototype with 10 thermoelectric
modules is denoted Prototype A, while the 6 modules’ one, Prototype B.

Figure 4.18 shows the installed sensors in order to perform the previous study. Thus, 8
power P measurements (by sensing voltage V and current intensity I) and 20 temperature
readings have been performed by means of Adafruit INA210 breakout boards at each
level [Adafruit2020], where there are two thermoelectric modules connected in series. On
their behalf, temperatures have been sensed with Maxim Integrated MAX31855PMB1
peripheral modules with type K thermocouples at those points that were considered of
interest [Maxim2020]. Hence, in each device, the temperature of the external part of the
tube has been measured at different heights, two in the section that intends to be inserted
underground, one in the liquid part Tliq and the other in the vapor Tvap one; and another
two overground, close to the first Ttube1 and last Ttube2 levels. At this first and last levels,
the temperature of the hot TH and the cold TC side of the thermoelectric modules have
also been measured. Moreover, the temperature at the external part of the insulating
material at two different points Tlos1 and Tlos2 and two ambient temperatures Tamb1 and
Tamb2 have also been monitored. These sensors were controlled by means of an Arduino
Mega that sent the information in JSON format to a Raspberry Pi 3 B + that stored the
measured data in an Influx database that was synchronized with a server that represented
the information in Grafana.

The first experiment that was performed intended to determine the optimal load re-
sistance. For this purpose, the temperature of the heat source, i.e. the rope heaters, was
maintained at an approximately constant value of 120 °C by varying the supplied power,
and different load resistances were connected to each level. More specifically, open–circuit,
4 Ω, 6.6 Ω, 12 Ω and 22.6 Ω were tested.

Figure 4.19 shows the obtained results after the stabilization of all the variables for
Prototype A, with 5 levels (10 thermoelectric modules), on the left; and Prototype B, with
3 levels (6 thermoelectric modules), on the right. As can be observed, both prototypes
present a similar behavior, rapidly increasing the power generated with low load resistances
until an optimal generation is reached, from which the power generated decreases slowly as
the load resistance increases. In both prototypes, the optimal load resistance is 6.6 Ω, i.e.
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Figure 4.18: Disposition of the K-type thermocouples and the power generation sensors
installed for the characterization of the thermoelectric generators.

3.3 Ω per module, which coincides with the results obtained in Chapter 2. With this load
resistance, the power generated varies depending on the level and on the prototype. Thus,
the generation is higher for the lower levels, as their temperature is higher. Level 3 of
Prototype A is the exception of the former statement, leading to the lowest generation due
to a poor thermal contact derived from the assembly. When comparing the results obtained
with Prototype A and B, it can be observed that, as derived in Chapter 3, the prototype
with less thermoelectric modules presents a higher generation because, since a common
hot side heat exchanger is being used, the temperature of the hot side and the gradient of
the thermoelectric modules increase with less thermoelectric modules. Hence, the power
generated by Prototype B is higher than the Prototype A’s one, reaching 1.26 W in the
first level versus the 0.86 W produced at the same level in Prototype A, a 50 % increase.
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Figure 4.19: Power generated per level for different load resistances (a) in Prototype A and
(b) in Prototype B.

Once determined the optimal load resistance, the maximum generation was measured
for different temperatures of the heat source (from 110 to 180 °C), and ambient conditions
(in natural and forced convection, the latter with a wind speed of 1.5 m/s). Figure 4.20
depicts the obtained results, representing the maximum power generated in each level
versus the temperature difference between the source and the ambient for both natural
convection (empty markers) and forced one (filled ones), considering again Prototype A in
the left and Prototype B in the right. As can be observed, in all cases, the power generation
increases with higher gradients between the heat source and the ambient temperatures,
leading to an almost linear correlation, and under forced convection conditions. Similarly
than before, this generation is higher for lower levels and differs from Prototype A and
B. Thus, if the first level of each generator is again considered and if forced convection
conditions are taken into account, it can be seen that in Prototype A generation increases
from 2.1 W with a temperature difference between sources of 103 °C to 4.1 W with a 159 °C
gradient, while in the case of Prototype B, the values ascend from 3.65 W to 6.9 W with a
temperature difference a bit higher than before, 118 to 166 °C. These results entail a power
generation per thermoelectric module of up to 3.45 W, higher than in Chapter 2, thanks
to the developed heat exchangers with low thermal resistances that permit maximizing the
temperature difference between the sides of the thermoelectric modules.

Figure 4.21 depicts the total generation per prototype in order to analyze the influence
of natural and forced convection conditions. Hence, it can be observed that the slope of
the linear tendency, as well as their values, are higher for forced convection conditions,
increasing the generation rate as the heat source temperature increases. When working
under forced convection conditions, the thermal resistance of the cold side heat exchang-
ers decreases, increasing the heat flux and the temperature gradient in the thermoelectric
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Figure 4.20: Power generated per level for different temperature gradients between the
liquid section and the ambient considering both natural and forced convection
(a) in Prototype A and (b) in Prototype B.

modules, and therefore the generation. Moreover, in contrast to natural convection condi-
tions, the heat dissipated by the lower levels is rapidly released, not affecting the behavior
of the higher ones, which also favors an increased generation. Another effect caused by
forced convection is a reduced dispersion of the values, leading to a more uniformity in the
experiments.

When comparing the generation of both prototypes, it can be seen that although the two
prototypes present a different number of thermoelectric modules, their generation is quite
similar, leading to around 10 W with a temperature difference of 120 °C, that increases to
almost 20 W with a 160 °C gradient. According to Chapter 3, when increasing the number
of thermoelectric modules, the generation per level decreases but total generation is higher
until a maximum point is reached. With the studied conditions, the optimum point was
reached with a higher number of thermoelectric modules. Therefore, there may be some
contact issues in Prototype A, due to the more complicated assembly.

Nonetheless, despite having a total generation a bit lower than in theory, the expec-
tations for the installation of the prototypes at Casa de los Camelleros are promising.
Timanfaya National Park is characterized by considerable wind velocities that will permit
reducing even more the thermal resistance of the cold side heat exchangers, compensat-
ing the low heat transfer mechanism between the geothermal gases and the prototypes,
which was not considered in the laboratory experiments. The field installation of these
generators is expected for early September 2020, which will be key in order to definitely
understand the behavior of the design devices and determine the generation possibilities.
This knowledge will also permit the design of a new prototype that encompasses all the
detected upgrades, approaching to a future scenario of medium–scale generation by simply
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reproducing several devices, thanks to the scalability of this technology.

0

5

10

15

20

25

90 110 130 150 170

To
ta

l G
en

er
at

ed
 P

ow
er

 (W
)

Tliq - Tamb (ºC)

Natural Convection Forced Convection
(a)

0

5

10

15

20

25

90 110 130 150 170

To
ta

l G
en

er
at

ed
 P

ow
er

 (W
)

Tliq - Tamb (ºC)

Natural Convection Forced Convection
(b)

Figure 4.21: Total generation of (a) Prototype A and (b) Prototype B, for different temper-
ature gradients between the liquid section and the ambient, considering both
natural and forced convection conditions.

101



CHAPTER 4. DESIGN, CONSTRUCTION AND CHARACTERIZATION OF A GTEG FOR
TIMANFAYA NATIONAL PARK

4.4 Conclusions of Chapter 4

In conclusion, this chapter has dealt with the design, construction and characterization
of two prototypes of thermoelectric generators to be installed in due course at Timanfaya
National Park; more specifically at the area known as Casa de los Camelleros where the
gases emerge at a temperature of more than 200 °C.

Firstly, the design of the devices has been conducted, for which it has been necessary
to take into consideration that apart from having heat exchangers with low thermal re-
sistances, it is of utmost importance to avoid moving parts, auxiliary consumption, noise,
and harmful working fluids, while being compact, modular, and easy to assembly. Due to
the lack of commercial products with such characteristics, the manufacturing process of
the heat exchangers has been developed, leading to an inexpensive and quick methodology
that permits obtaining good values of the thermal resistances of around 0.4 K/W in the
case of the cold side heat exchanger and less than 0.16 K/W in the case of the hot side
one.

After the design process, the two prototypes have been built ensuring a good thermal
contact between the different components and insulating the devices to avoid undesirable
thermal losses. Afterwards, the two generators have been characterized at the laboratory
under different operating conditions. Hence, considering the optimal load resistance, a
linear correlation between the power generated and the gradient between the heat source
and the ambient temperatures has been obtained. This generation is higher for lower levels,
forced convection conditions, as well as in the prototype with less thermoelectric modules.
In total, the prototype with 10 thermoelectric modules has led to a maximum generation
of 17.1 W given a temperature difference of 160 °C and a wind speed of 1.5 m/s, while the
prototype with 6 thermoelectric modules has produced a maximum of 20 W with the same
velocity and a gradient of 166 °C. Based on these results, the viability and the potential
of the developed devices has been demonstrated, showing promising expectations for their
due course installation on field.
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Chapter 5

Thermoelectric Generation from
Volcanic Fumaroles

The studies performed hitherto in the present Ph. D. dissertation have been focused on
medium–scale geothermal thermoelectric generation in shallow hot dry rock fields. Here-
inafter, the other application under consideration in this thesis, the stand–alone power
supply of volcanic monitoring stations, is analyzed.

Volcanoes are considered one of the most dangerous natural hazards. And even though
volcanic eruptions cannot be avoided, it is possible to reduce their damage by measuring the
so–called precursors, which permit predicting when a volcanic eruption is going to occur.
For this purpose, it is necessary to install a sensor network to measure diverse parameters
such as the seismic movements, the temperature and composition of the volcanic products
or changes in the gravitational forces among others. Nevertheless, the power supply of such
sensors constitutes a challenge due to the absence of power grid, the access difficulties, the
climatology, and the acidic environment associated with volcanoes.

Nowadays, energy supply is fulfilled by means of photovoltaic panels and, consequently,
batteries, so that power supply is ensured during nights, periods of absence of sun, or
episodes of volcanic ashes. However, this solution is not valid for all the locations. This is
the case of those volcanoes that record severe snowfalls during long periods in winter, or
that are located at extreme latitudes, where there is no sun during months. In these cases,
it is not possible to monitor the activity of the volcano, with its consequent risk.

As a solution, the present Ph. D. dissertation proposes the utilization of thermoelectric
generators to transform the heat emitted by fumaroles, one of the most evident signs of
the activity of the volcanoes, into electricity. Hence, this fifth chapter represents the first
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approximation to this solution, studying the viability of fumaroles as heat source. For
this purpose, a thermoelectric generator was installed at Teide volcano (Canary Islands,
Spain), where there exist 83 °C fumaroles. Taking into account the studies developed in the
previous chapters, the installed thermoelectric generator was composed of heat exchangers
based on phase change.

The obtained results are gathered in the publication “Prospects of Autonomous Vol-
canic Monitoring Stations: Experimental Investigation on Thermoelectric Generation from
Fumaroles” published in the journal Sensors 20 (2020) 3547. These results led to very
valuable information about the heat transfer with the fumaroles and the harsh conditions
that the device needs to withstand, which become essential for the development of future
devices, carried out in the next chapter.
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Abstract: Fumaroles represent evidence of volcanic activity, emitting steam and volcanic gases
at temperatures between 70 and 100 ◦C. Due to the well-known advantages of thermoelectricity,
such as reliability, reduced maintenance and scalability, the present paper studies the possibilities of
thermoelectric generators, devices based on solid-state physics, to directly convert fumaroles heat
into electricity due to the Seebeck effect. For this purpose, a thermoelectric generator composed
of two bismuth-telluride thermoelectric modules and heat pipes as heat exchangers was installed,
for the first time, at Teide volcano (Canary Islands, Spain), where fumaroles arise in the surface
at 82 ◦C. The installed thermoelectric generator has demonstrated the feasibility of the proposed
solution, leading to a compact generator with no moving parts that produces a net generation between
0.32 and 0.33 W per module given a temperature difference between the heat reservoirs encompassed
in the 69–86 ◦C range. These results become interesting due to the possibilities of supplying power
to the volcanic monitoring stations that measure the precursors of volcanic eruptions, making
them completely autonomous. Nonetheless, in order to achieve this objective, corrosion prevention
measures must be taken because the hydrogen sulfide contained in the fumaroles reacts with steam,
forming sulfuric acid.

Keywords: thermoelectric generator; geothermal; volcano; power generation; autonomous;
thermoelectricity; heat pipe

1. Introduction

Volcanoes are one of the most evident manifestations of geothermal energy. In active volcanoes,
one way in which this geothermal energy is revealed is in the form of fumaroles, i.e., vents in the
Earth’s surface from which steam and volcanic gases are emitted, normally at temperatures between 70
and 100 ◦C [1]. Monitoring these fumaroles in conjunction with other precursors is of great importance
in order to predict volcanic eruptions [2–4]. Nevertheless, the power supply of the required equipment
is a challenge due to the habitual remoteness of volcanoes.
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Geothermal energy has the potential to be transformed into electricity [5], for which, traditionally,
cycles have been used provided that the temperature of the geothermal field is greater than 70 ◦C [6,7].
In the low enthalpy range (70 to 150 ◦C approximately), in which fumaroles are encompassed, power
is typically generated by means of binary cycles, closed cycles that convert heat from a geothermal
fluid into electricity by transferring the heat to another low boiling point working fluid that drives a
turbine [8]. This fluid can be an organic fluid, leading to an Organic Rankine Cycle (ORC), or ammonia,
in which case the cycle is known as Kalina. Nowadays, some of the existing binary plants are
already working with inlet temperatures between 70 and 100 ◦C, presenting capacities up to 0.5 MW
and efficiencies lower than 3% [9]. Nevertheless, binary cycles are not suitable for the considered
application, since a compact, autonomous, and robust stand-alone device to supply low power
is required.

One alternative in order to generate electricity from geothermal heat consists in the use of
thermoelectric generators, solid-state devices that directly convert heat flux into electricity due to the
Seebeck effect. For this purpose, thermoelectric generators are composed of thermoelectric modules
and heat exchangers. The conversion itself takes place in the thermoelectric modules, a group of
thermocouples connected electrically in series and thermally in parallel protected with ceramic sheets,
while the heat exchangers are necessary in order to maximize the temperature difference between the
sides of the modules, since the greater the temperature difference, the higher the generation.

Fin dissipators, liquid-based heat exchangers, heat pipes, and thermosyphons are the most
common heat exchangers used in thermoelectric generators [10]. Fin dissipators stand out due to
their simplicity, robustness, and low price, achieving low thermal resistances when working as active
cooling systems, i.e., aided by a fan so that forced convection conditions are obtained [11,12]. On their
behalf, liquid-based heat exchangers present better convection coefficients, improving the performance
of the system. However, the pumps necessary to propel the liquid through the circuit require a
higher auxiliary consumption and therefore reduce net generation [13,14]. Finally, heat pipes and
thermosyphons are gaining attention in the last years. Making use of the latent heat of an internal
fluid that cyclically vaporizes and condensates, these heat exchangers obtain low thermal resistances
without requiring auxiliary equipment [15–17].

Thermoelectric generators present numerous advantages [18]: Direct energy conversion, avoiding
the intermediate conversion of thermal energy into mechanical energy in order to generate electricity
with an alternator; long lifespan, especially when working with constant reservoirs, as it has been
demonstrated in spatial applications; ability to generate electricity with any temperature difference;
scalability; and static and noiseless operation of the thermoelectric modules, which neither use
working fluids. Nevertheless, they present an important drawback that has prevented their utilization
in civil applications: Their efficiency is very low, between 2 and 5% depending on the temperature
range [18,19], an efficiency very similar to the one obtained with binary plants in the temperature
range considered with fumaroles.

In their application to geothermal heat, thermoelectric generators have been identified as one of the
ways to speed up the installation of geothermal power [20], and therefore there exist various proposals
that combine thermoelectric generators and geothermal energy. Most of them try to maximize power
generation from low-medium enthalpy geothermal fields (T < 150 ◦C) incorporating for this purpose
liquid-based heat exchangers, similarly to their competitors, binary cycles. Some of these proposals
demonstrate their feasibility by simulation, such as Suter et al., who optimized a 1 kW thermoelectric
generator with a 100 ◦C temperature difference [21], or Wang et al., who proposed integrating these
thermoelectric generators downhole in oil and gas wells, being able to obtain 8.5 kW in a vertical well
with a 100 ◦C gradient, and 128 kW in the case of a horizontal one with a temperature difference of
156 ◦C [22,23]. In contrast, others do it with real prototypes at the laboratory, such as Liu et al. who
built a 160 W thermoelectric generator composed of 96 thermoelectric modules that operated with an
80 ◦C gradient [24–26], or Ahiska and Mamur, who produced 41.6 W with 20 thermoelectric modules
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and a temperature difference of 67 ◦C [27,28], or finally, Trip et al., who, with a gradient of 72 ◦C and
40 modules, generated 0.4 W [29].

Due to the utilization of liquid-based heat exchangers, all the previous examples obtain low values
of thermal resistance. However, they present an extra electrical consumption because of the pump,
which reduces net generation. Catalan et al. experimentally demonstrated that passive heat exchangers
based on phase change are more adequate for geothermal thermoelectric generators [30]. These heat
exchangers also present low values of thermal resistance, but they do not include mobile parts nor
auxiliary consumption, thus maximizing power generation and reducing maintenance requirements.
While they proposed their use for a high temperature hot dry rock field, they can be extrapolated to
fumaroles. In fact, Xie et al. already demonstrated the feasibility of a thermoelectric generator with a
heat pipe as hot side heat exchanger in hydrothermal vents, the equivalent of fumaroles underwater,
obtaining a maximum of 3.9 W with 4 thermoelectric modules from a 379 ◦C vent located at a depth of
2765 m.

The objective of the present paper is to study, for the first time, the viability of thermoelectric
generators in volcanic fumaroles. For this purpose, a prototype with heat exchangers based on phase
change has been installed at Teide volcano. Teide is a stratovolcano located in Tenerife (Canary Islands,
Spain), a volcanic island in the Atlantic Ocean whose landscape is molded by different volcanoes.
Teide is not only the highest volcano on the island, with an altitude of 3718 m, but also the third highest
volcano in the world from its base on the seafloor. Due to its activity, Teide volcano presents constant
fumaroles at a temperature of 82 ◦C, which corresponds with water vaporization temperature at that
height [31,32]. These fumaroles will represent the heat source for the installed thermoelectric generator.

The interest in generating electricity from fumaroles resides in the possibility of supplying
energy to the volcanic monitoring stations that aim to measure the precursors of volcanic eruptions.
Most active volcanoes of the world incorporate this kind of vigilance stations, which measure different
parameters such as the variation in temperature or composition of the fumaroles, or the seismic activity.
The power requirements of these stations depend on the installed equipment. Nonetheless, it is
normally of a few watts, with punctual peaks during communication [33,34], and with Internet of
Things (IoT) technologies, it can be diminished to a few milliwatts [35]. Hence, given this low energy
consumption, the proposal of thermoelectric generators with phase change heat exchangers could
become the perfect energy supplier and make the stations completely autonomous: Power would
be generated continuously during day and night, even improving with adverse weather conditions,
the device would use passive heat exchangers that do not require auxiliary consumption nor present
mobile parts, reducing maintenance requirements in locations that normally are difficult to access,
and it would be very compact and easy to install.

The use of thermoelectricity for micro-generation oriented to sensors is widely available in the
literature [36–38]. Regarding its combination with geothermal energy, two faint tendencies can be
found. On the one hand, some proposals combine traditional geothermal plants with thermoelectric
generators installed on the pipes to power different sensors or actuators [39–41]. On the other hand,
others use the temperature difference between forest soil and the environment to power sensors,
as proposed by Stokes et al. [42] and put into practice by Huang et al. using heat pipes as heat
exchangers [43–45]. Nonetheless, the use of fumaroles as heat source is proposed for the first time in
the present paper.

Section 2 details the thermoelectric generator installed at Teide volcano. Section 3 describes the
monitoring system used. Section 4 analyzes the obtained results as well as the arisen problems. Finally,
Section 5 presents the conclusions and future lines.

2. Thermoelectric Generator for Teide Volcano

While the most important element of a thermoelectric generator are the thermoelectric modules,
heat exchangers become essential in order to maximize power generation. A reduction of 10% in
the thermal resistance of the heat exchangers leads to an 8% higher generation [46]. In accordance
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with Catalan et al. [30], who demonstrated that heat exchangers based on phase change are the most
recommended ones for geothermal thermoelectric generators, the present paper includes heat pipes at
both sides of the thermoelectric modules.

Figure 1 depicts an exploded view of the geothermal thermoelectric generator (GTEG) installed
at Teide’s fumaroles, whose mode of operation is patented under number WO 2019/202180 A1 [47].
In this view, a cut has been performed in the ground to emphasize the construction and positioning of
the hot side heat exchanger, which is in direct contact with the ground in reality. Thus, geothermal heat
is absorbed by means of eight 450 mm long grooved tubes made of nickel-plated copper containing
water in their interior (Figure 2a). 350 mm of these tubes are in direct contact with the ground, causing
the vaporization of the internal fluid, which ascends to the upper part of the pipe, where it condensates
releasing heat to the thermoelectric modules. In order to obtain a planar contact surface between
the tubes and the thermoelectric modules, the tubes are inserted in semicircular channels milled in a
150 × 90 × 15 mm3 aluminum plate, and pressed afterward, as detailed in Figure 2c.

Hot side heat exchanger
Heat extender

Thermoelectric modules

Cold side heat
exchanger

0 cm 10 cm 20 cm

Figure 1. Exploded view of the geothermal thermoelectric generator installed at Teide volcano.
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(a) (b) (c)

Figure 2. (a) Hot side heat exchanger. (b) Cold side heat exchanger. (c) Detail of the fitting between the
heat pipe tubes and the aluminum plate.

Two bismuth-telluride thermoelectric modules partially convert the incident heat, which is
provided by condensation inside the hot side heat exchanger, into electricity. The remaining heat is
released on the other side of the TEG by the cold side heat exchanger. The installed modules are one
Marlow TG12-8-01L and one Marlow TG12-8-01LS [48]. The only difference between them is that the
latter is sealed with silicone for protection. Furthermore, as shown in Figure 1, a 40 × 40 × 10 mm3

aluminum heat extender was added between the hot side heat exchanger and each thermoelectric
module since a slight separation of the heat exchangers reduces thermal losses due to thermal
bridges [49].

The heat released by the thermoelectric modules is transmitted to the cold side heat exchanger,
which is similar to the hot side one, except for the inclusion of 62 aluminum fins with a distance
of 5 mm (Figure 2b). In this case, vaporization takes place in the lower part of the heat exchanger,
in contact with the thermoelectric modules. The vapor ascends and condensates in the finned part of
the tube. Since these fins allow increasing the exchange area with the windy environment, thus its
thermal resistance decreases.

This cold side heat exchanger has been characterized in order to determine its thermal resistance
with respect to the heat flux for different environmental conditions. For this purpose, as shown in
Figure 3, cartridge heaters embedded in two 40 × 40 mm2 copper blocks have been used as heat
source, simulating the heat released by the thermoelectric modules. In order to ensure that all the heat
provided by the power supply goes through the heat exchanger, it has been necessary to add rockwool
insulation so that thermal losses into the environment are minimized.

In the experiments, it has been studied the influence of different heat fluxes (75, 100 and 125 W
per block) and environmental conditions (pure natural convection as well as 1.6 and 2.9 m/s wind
velocities reproduced with a fan). In each case, the thermal resistance per thermoelectric module
has been calculated with Equation (1), in which Tev is the temperature measured at the base of the
evaporator, Tamb is the ambient temperature and Q̇ is the useful heat flux per block provided by the
power supply, which is in turn calculated as the subtraction of the power (V × I) minus the estimated
thermal losses Q̇losses, for which the estimation of the convective heat transfer coefficient is necessary
similarly to [30]. Each experiment has been repeated three times and the uncertainties have been
calculated according to [50], leading to an average uncertainty of 4.3%.

R =
Tev − Tamb

Q̇
=

Tev − Tamb

V × I − Q̇losses
=

Tev − Tamb
V × I − hins × Ains × (Tins − Tamb)

(1)
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𝑇𝑒𝑣

𝑇𝑎𝑚𝑏

Cartridge

heaters

Rockwool

insulation

Figure 3. Schematics of the characterization of the cold side heat exchanger.

Figure 4 depicts the results of thermal resistance obtained for the different heat fluxes and
environmental conditions studied. As can be observed, in all cases the thermal resistance decreases
with increasing heat fluxes. This is the conventional behavior of phase change heat exchangers,
since the properties of their internal working fluid improve with temperature, leading to a lower
thermal resistance. Nonetheless, the biggest influence on the thermal resistance is caused by the
exterior conditions, decreasing with higher wind velocities. In forced convection, thermal resistance is
practically constant, presenting values of 0.22 and 0.18 K/W with wind velocities of 1.6 and 2.9 m/s
respectively. In contrast, in natural convection a more pronounced dependency with respect to the heat
flux can be observed, decreasing from a thermal resistance of 0.61 K/W with 75 W to 0.55 K/W with
125 W. The thermal resistance of the cold side heat exchanger can be divided into all the processes that
occur within it: Conduction in the lower part of the tubes, boiling, condensation, conduction in the
upper part of the tubes and the fins, and convection.

R = Rk1 + Rb + Rcond + Rk2 + Rconv = ln(De/Di)
2πLk + 1

hb Ab
+ 1

hcond Acond
+ ln(De/Di)

2πLk + 1
hconv Aconvη f ins

(2)

It is the latter the one that is influenced by wind velocity. As derived from the Nusselt expressions,
in forced convection the convective coefficient hconv depends on Reynolds and Prandtl numbers
exclusively and therefore, this coefficient mainly depends on the air velocity, while in natural
convection Grashof number also has influence [51]. As shown in Equation (3), Grashof number
is directly proportional to the gravity g, the coefficient of thermal expansion β that equals to 1/T for
ideal gases, the temperature difference between the surface and the ambient Ts − Tamb and the cube of
the characteristic length, and inversely proportional to the square of the kinematic viscosity ν. Hence,
if the temperature difference between the external part of the tube and the ambient increases, so does
Grashof number, resulting in a greater Nusselt number and consequently a better convective heat
transfer coefficient that causes a lower convective thermal resistance. In the experiments, when the
heat flux increases, the temperature difference between the surface of the tubes and the heat sink also
increases, leading to a lower convective thermal resistance and consequently, to a smaller total thermal
resistance of the cold side heat exchanger. Nonetheless, Teide, due to its altitude, is generally windy,
so forced convection conditions will be predominant and the heat exchanger’s thermal resistance is
expected to be lower than 0.3 K/W.

Gr =
g × β × (Ts − Tamb)× l3

ν2 (3)
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Figure 4. Thermal resistance per thermoelectric module of the cold side heat exchanger for different
external conditions. Each experiment has been repeated three times and the uncertainties have been
calculated according to [50].

All the aforementioned components were assembled by means of six M6 threaded rods that
permit holding the prototype in the ground and provide stability. For this purpose, the heat pipe tubes
were bent an angle of 69◦ with respect to the vertical. In order to improve the thermal contact between
the thermoelectric modules and the heat exchangers, Panasonic pyrolytic graphite sheets 0.1 mm thick
were included [52]. Finally, neoprene layers (10 and 15 mm thick) covered all the exposed parts of
the aluminum plates, forcing condensation and vaporization of the hot and cold side heat exchangers
respectively, to occur on the thermoelectric modules (Figure 5). This is especially important in the
hot side heat exchanger, since it is desirable that all the absorbed geothermal heat goes through the
thermoelectric modules, and it is not lost before its transformation into electricity. While the neoprene
cover the thermoelectric modules, their position, as well as the heat extenders and graphite sheets one,
has been detailed in Figure 5.

Figure 5. Detail of the neoprene layers installed covering the aluminum plates. On the figure, a drawing
of the position of the heat extenders (with diagonal lines), the thermoelectric modules (with vertical
lines) and the graphite sheets (in filled gray) has also been added.

The prototype was installed on 15th March 2019 at Teide volcano, the most emblematic volcano at
the Canary Islands (Spain). In particular, it was installed closed to “La Fortaleza” lookout, located at
an altitude of approximately 3500 m, facing the northern part of the island (Figures 6 and 7). In this
location, there exist fumaroles with a temperature of 82 ◦C [31,32].
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Figure 6. Location of the installed prototype closed to “La Fortaleza” lookout. c© Google Earth.

Figure 7. Prototype installed at Teide volcano.
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3. Monitoring System

In order to study the viability of thermoelectric generators in volcanic fumaroles, monitoring the
prototype installed at Teide volcano becomes indispensable. Hence, 18 thermocouples, four humidity
sensors, and two power sensors have been installed.

Figure 8 details the position of the thermocouples, most of which have been duplicated:
Tground_40cm0 and Tground_40cm1 are buried in the ground, at an approximate depth of 40 cm; Tground_10cm
and Tground_5cm are also buried in the ground, but at 10 cm and 5 cm deep respectively; Thhe_in f 0 and
Thhe_in f 1 measure two of the tubes (one corresponding to each module) of the hot side heat exchanger in
their lower part, at an approximate depth of 35 cm (neoprene isolation avoids the influence of ground
temperature); Thhe_sup0 and Thhe_sup1 are located on the same tubes than the latter, but in its superior
part, out of the ground, close to the aluminum plate, and are also protected with neoprene; Tht0 and
Tht1 represent the temperature of the aluminum plate of the hot side heat exchanger, measured thanks
to the grooves that can be appreciated in Figure 2c; Th0 is the hot side temperature of the Marlow
TG12-8-01L thermoelectric module, while Th1 refers to the sealed Marlow TG12-8-01LS module; Tc0

and Tc1 are the cold side temperature of the thermoelectric modules, measured in the grooves of the
cold side aluminum plate; and Tche0 and Tche1 indicate the temperature of two tubes of the cold side
heat exchanger in the upper part (again each tube corresponds to one module and neoprene isolation
has been added).

Tground_5cm 

Tground_10cm

Tground_40cm

Thhe_inf

Thhe_sup

Tche

0 cm 10 cm 20 cm

 40 Tht

Th

Tc

Figure 8. Positioning of the K-type thermocouples.

All the previous temperatures have been measured by means of K-type thermocouples with
epoxy coated tips and ±2 ◦C accuracy. Each thermocouple was connected to a MAX31855, an Adafruit
breakout board responsible for the amplification of the thermocouples’ signal with cold compensation



Sensors 2020, 20, 3547 10 of 21

reference [53]. For protection, all the thermocouples were coated with heat shrink tubing and those
buried in the ground were also inserted in a 2 mm brass tube.

In addition, two shielded DTH22 sensors [54] measured the ambient temperature (Tamb0 and
Tamb1) as well as the humidity (Humamb0 and Humamb1). Ground humidity was also measured by
means of two soil moisture sensors buried at a depth of 40 cm [55].

The previous sensors were used in order to monitor the conditions at which the installed
thermoelectric generator was working. Nonetheless, it is of utmost importance to determine the
power generation of the thermoelectric modules. For this purpose, the thermoelectric modules were
individually connected to a 3.2Ω load resistance as a first approximation. The objective of the present
paper is to study the viability of thermoelectric generation from fumaroles, and therefore, a constant
load resistance has been connected and its generation has been measured with Adrafuit INA219
breakout boards, with 1% precision [56]. However, in case the viability is demonstrated and these
devices are used for a real application, maximum power point trackers will be required, with their
associated efficiency that will slightly reduce total generation. Actual MPPTs achieve efficiencies higher
than 85% even in ultralow-power applications [57,58].

All the temperature, humidity, and power generation sensors were connected to an Arduino
Mega 2560, which did a measurement scan every 10 s. This Arduino formatted the measured values
into a JSON structure that was sent by RS485 protocol to a Raspberry PI 3 Model B+. RS485 protocol
was chosen because the distance between the Arduino and the Raspberry was greater than 5 m,
more than the maximum distance supported by USB. The Raspberry stored the received data into
InfluxDB, a time series database. This Raspberry was in turn connected to a GSM Router so that its
database was synchronized with a private server through MQTT protocol, allowing to see the info in
a Grafana dashboard. Figure 9 details the communication between the Arduino and the Raspberry,
including the MAX485 converter configured as transmitter in the Arduino and as receptor in the
Raspberry [59], as well as the BSS138 logic level converter to adapt the received signal to Raspberry’s
GPIO requirements [60]. The schematics also shows the PV panel, including its MPPT and storage
system, that was part of the existing volcanic vigilance station located at “La Fortaleza” lookout,
and that supplied power to the Arduino, the Raspberry and the GSM router.

In order to protect the electronics from ambient conditions, all the circuits were placed in
plastic boxes.

Figure 9. Diagram of the monitoring system including the power supply (black), the RS485
communication (blue), and the sensors (red).
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4. Results and Discussion

Once the prototype and the monitoring system have been described, the present section shows
the results obtained on the 16th and 17th March 2019, after the stabilization of the different variables.

On the one hand, Figure 10 depicts the conditions of temperature and humidity of the heat
source, the fumaroles. The temperature has been measured at a depth of 5, 10, and 40 cm (brown
lines). As can be observed, at very low depths, the ground temperature is influenced by ambient
conditions. Nonetheless, as depth is increased, ground temperature stabilizes and presents an
approximately constant value of 82 ◦C. Considering that it is necessary to transport geothermal
heat from a considerable depth underground to the thermoelectric modules located overground,
the selected heat pipes represent an excellent solution since they are capable of transmitting great
amounts of heat with a minimum temperature drop as they are based on phase change. Soil moisture,
depicted in the right axis of the figure and measured at a depth of 40 cm, also follows a constant
tendency, with almost 90% of relative humidity. Since this value is greater than 30%, a good heat
transfer from the soil is expected [45].
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Figure 10. Ground temperature at a depth of 5 cm (dotted brown line), 10 cm (dashed brown line),
and 40 cm (filled brown line) on the left axis, and soil moisture at a depth of 40 cm on the right axis
(orange and yellow lines).

On the other hand, the conditions of the heat sink are shown in Figure 11. Ambient temperature
(Figure 11a, left axis) varies throughout the day, with temperatures below zero during the night and
up to 12 ◦C during the day. Slight variations between the sensors are due to their different locations.
Figure 11a also depicts the relative ambient humidity in its right axis. Humidity does not follow a clear
tendency and differs depending on the considered date. Hence, on 16th March, humidity constantly
oscillates between 20 and 50%, while on 17th March, it stabilizes to an approximately constant value of
15%. In order to completely characterize the heat sink conditions, wind velocity has been represented in
Figure 11b. These values of wind velocity were obtained from a weather station located nearby, which
measured this value every hour. While it would be desirable to have more frequent measurements,
the available data shows a typical variant smooth-moderate breeze with wind velocities that oscillate
between 1 and 9 m/s, leading to forced convection in the cold side heat exchanger.
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Figure 11. (a) Ambient temperature (left axis) and relative humidity (right axis) measured every 10 s.
(b) Wind velocity measured every hour at a weather station nearby.

The maximum temperature difference achievable between the sides of the thermoelectric modules
would equal the subtraction of ground temperature minus ambient temperature (Tground − Tamb).
Nevertheless, the real temperature difference of the thermoelectric modules is always lower.
The discrepancy between the real and the ideal values depends on the installed heat exchangers.
Thus, the lower the thermal resistance of the heat exchangers, the higher the temperature difference of
the thermoelectric modules.

In this case, the two thermoelectric modules installed, the unsealed and the sealed Marlow
TG12-8, have been assembled with the same heat exchangers. Hence, as shown in Figure 12, their
temperature difference is similar and it is encompassed in the 36 to 46 ◦C range, depending on the
ambient conditions. A slightly higher temperature difference can be appreciated in the case of the
sealed module (3.6 ◦C more on average), which is believed to be because of thermal contact and
assembly disparities rather than due to the sealant, since the manufacturer states the same behavior
regardless of the addition or not of the protection sealant [48].

The effect of the importance of having heat exchangers with low thermal resistance can be also
appreciated in Figure 12 comparing the temperature difference between the ground and the hot side of
the module (Tground − Th) versus the difference between the cold side of the module and the ambient
temperature (Tc − Tamb), this is the temperature difference in the hot and the cold side heat pipes.
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Both heat exchangers had the same structure, but the cold side one included a series of fins. These fins
increase the heat transfer area with the environment, which leads to a lower thermal resistance and
therefore to a lower temperature difference in the cold side heat exchanger. Hence, the cold side heat
pipe has a temperature difference between 8 and 21 ◦C while the hot side one presents a difference in
the 15 to 27 ◦C range.
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Figure 12. Temperature distribution of the prototype, separated into (a) the unsealed thermoelectric
module and (b) the sealed one. Tground represents the ground temperature measured at depths of 40,
10 and 5 cm; Thhe_in f and Thhe_sup are the temperatures in the lower and upper part of the hot side
heat exchanger’s tubes respectively; Tht is the temperature of the aluminum plate of the hot side heat
exchanger; Th and Tc represent the hot and cold side of the modules; Tche is the temperature at the
tubes of the cold side heat exchanger; and finally Tamb measures the ambient temperature.

Apart from the ground, the ambient as well as the modules’ hot and cold side temperatures, more
thermocouples have been installed in order to monitor the temperature at other interesting points.
In the case of the cold side heat exchanger, Tche measured the temperature on the surface of two of
the heat pipe tubes (one corresponding to each module), in the upper finned part. As can be seen
in Figure 12, these temperatures are approximately in the middle of Tche and Tamb, showing that the
convective component of the cold side heat pipe has the same weight in the thermal resistance that all
the resting processes (conduction, boiling, and condensation).
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In the case of the hot side heat exchanger, two tubes were selected (again one per each module)
and thermocouples were located in their lower and upper parts, at a depth of 35 cm in the ground
(Thhe−in f ) and in the bent part respectively (Thhe−sup). In addition, two thermocouples measured the
temperature Tht at the base of this heat exchanger, before the heat extender introduced between the
heat exchanger and the thermoelectric modules. These temperatures are also depicted in Figure 12.
Firstly, it can be observed that the introduction of the heat extender causes a slight temperature loss in
the hot side of the thermoelectric module, which is quantified at an average of 3 ◦C. In the case of not
introducing it, the temperature of the hot side of the thermoelectric modules would slightly increase,
but heat losses through thermal bridges will be higher, reducing total efficiency [49].

Secondly, regarding the temperatures of the tubes, when comparing the thermocouples
corresponding to each module, it can be seen that the temperature of the upper part Thhe−sup is
similar in both cases, with a tendency clearly affected by the ambient conditions and really close to
Tht. In the lower part, only Thhe−in f−1 could be registered. This temperature is again influenced by
the ambient conditions, and it is quite close to Thhe−sup. Hence, heat transfer with the ground is the
most critical component of the thermal resistance of the hot side heat exchanger. An increase of area,
including vertical fins, would improve this heat transfer, leading to a lower thermal resistance and
therefore an increase of the temperature difference of the modules and their generation.

Once the temperature distribution has been analyzed, Figure 13 (left axis) shows the generation
of the two thermoelectric modules, being P0 the power generated by the unsealed module and
P1 the power corresponding to the sealed one. The sealed module had a greater temperature
difference between its sides that translates into a slightly higher generation in comparison with
the unsealed one. Apart from this slight difference, both modules follow a similar generation tendency,
increasing their generation during the night and decreasing it during the day. In order to have a
better perception of this fact, the ambient temperature and the temperature difference accross both
modules ∆T have been also represented in the right axis of Figure 13. During the night, ambient
temperature decreases and therefore, the temperature difference of the modules increases, leading
to a higher generation, which in the sealed module reached up to 0.33 W while in the unsealed one,
0.326 W. During the day, the temperature difference decreases, and so does the generation, with values
of around 0.32 W. This effect occurs with a small delay due to the thermal inertia of the different
components. Furthermore, it can be also observed that a lower temperature does not necessarily imply
a greater generation. During the night of 16th March, the ambient temperature was lower than on the
17th of March. However, generation on the latter is greater due to the higher wind velocity, which
improves the convection of the cold side heat exchanger, leading to a lower thermal resistance.
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Figure 13. Power generated by the thermoelectric modules (left axis) and ambient temperature
(right axis).
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While the generation values could seem scarce, the obtained results are considered of great
interest, since this generation can be used to supply power to volcanic monitoring stations, making
them completely autonomous. As stated in the introduction, the power requirement of these stations is
of just a few watts, and in some cases even of only milliwatts. The latter is the case of Awadallah et al.,
who required a power consumption of 0.34 mW on average [35]. Thus, the prototype developed
in this paper would generate 1000 times more power than required, permitting the installation of
more sensors. In those cases that present a higher consumption, one of the main advantages of the
proposed device is that, due to the utilization of a constant heat source, the capacity of the required
batteries can be greatly reduced, something really interesting since the installed batteries usually have
really high capacities [61]. Moreover, the device is very compact and uses passive heat exchangers,
reducing maintenance to a minimum due to the absence of mobile parts, aspects of great importance
in the application under consideration. Its cost is neither an issue, as thermoelectric generators have
demonstrated to be competitive in comparison with other technologies [62].

In order to fully demonstrate its viability, measures against corrosion need to considered.
The monitoring of the different variables stopped after three days, on 19 March 2019. Three weeks later
it was possible to examine the prototype, and it was discovered that corrosion had severely affected
the electronics, as shown in Figure 14. Volcanic fumaroles present a composition of gases that includes
hydrogen sulfide (H2S). Water vapor reacts with hydrogen sulfide, leading to sulfuric acid, which
highly corrodes metals, especially copper [63]. The plastic boxes where the electronics was introduced
were not sealed, permitting the entry of gases and humidity, and causing corrosion.

Figure 14. Corroded Printed Circuit Board (PCB) after one month of operation under volcanic
conditions at Teide.
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The heat pipe tubes that compose the prototype were also made of copper (nickel-plated),
and therefore, signs of corrosion were also perceptible. Figure 15 shows the aluminum plate of the
cold side heat exchanger after approximately one month of exposure to Teide’s volcanic environment.
As can be observed, excepting the graphite sheet where the thermoelectric modules were placed, all the
surface is covered by yellowish deposits of sulfur, despite the fact that it was protected with neoprene and
adhesive tape. Hence, in order to achieve the objective of autonomous volcanic monitoring stations, it is
important to take measures against the corrosion, protecting better the electronics with a protection of at
least IP64 [64], as well as using heat pipes made of more resistant materials such as steel or titanium [65,66],
or with protective coatings [67], so that they can resist better in this acidic environment.

Figure 15. Corrosion of the cold side heat exchanger.

5. Conclusions

In conclusion, the present paper has experimentally demonstrated, for the first time, the feasibility
of thermoelectric generators to generate electricity from fumaroles taking as reference Teide volcano
(Canary Islands, Spain), which present 82 ◦C fumaroles. The installed thermoelectric generator is capable
of generating between 0.32 and 0.33 W per module with a temperature difference between the heat
reservoirs of 69 to 86 ◦C that includes ambient temperatures below 0 ◦C. This generation, thanks to the
heat pipes used as heat exchangers, based on phase change, is obtained with no auxiliary consumption
nor moving parts, leading to a robust generator. This result is especially interesting because the produced
electricity could serve in order to supply energy to the volcanic monitoring stations that measure the
precursors of the eruptions, making them completely autonomous. Nonetheless, for this purpose, it is
necessary to protect the generator against the corrosion provoked by hydrogen sulfide reacting with
steam and forming sulfuric acid, which virulently attacks metals, especially copper.

6. Patents

The mode of operation of the developed thermoelectric generation is patented under number WO
2019/202180 A1 [47].
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Abbreviations

The following nomenclature has been used in this manuscript:

A Area (m2)
D Diameter (m)
g Gravity (m/s2)
Gr Grashof number
h Heat transfer coefficient (W/m2K)
Hum Relative humidity (%)
I Intensity (A)
k Thermal conductivity (W/mK)
l Characteristic length (m)
L Length (m)
P Power (W)
Q̇ Heat flux (W)
R Thermal resistance (K/W)
T Temperature (◦C)
V Voltage (V)
∆T Temperature difference across the thermoelectric modules
η f ins Efficiency of the fins
ν Kinematic viscosity (m2/s)

The following subscripts have been used in this paper:

0 Relative to the unsealed Marlow TG12-8-01L thermoelectric module
1 Relative to the sealed Marlow TG12-8-01LS thermoelectric module
amb Ambient
b Boiling
c Cold side of the thermoelectric module
che In the finned part of the cold side heat exchanger
cond Condensation
conv Convection
e External
ev Evaporator’s base
ground_40cm Buried in the ground at a depth of 40 cm
ground_5cm Buried in the ground at a depth of 5 cm
ground_10cm Buried in the ground at a depth of 10 cm
h Hot side of the thermoelectric module
hhe_in f In the lower part of the hot side heat exchanger
hhe_sup In the upper part of the hot side heat exchanger
ht In the aluminum plate of the hot side heat exchanger, before the heat extender
i Internal
ins In the exterior part of the insulation material
k Conductive
losses Thermal losses
s Superficial
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Chapter 6

Stand–alone Power Supply of
Volcanic Monitoring Stations with
Thermoelectric Generators

The previous publication has demonstrated that thermoelectric generation from fumaroles
is possible, obtaining values one order of magnitude higher than the typical ones avail-
able in the literature with other geothermal thermoelectric generators oriented to sensors.
Nevertheless, it became evident the harsh conditions that need to be withstood by the
device. In order to obtain completely autonomous volcanic vigilance stations powered by
thermoelectric generators, it will be necessary to deal with these conditions, taking the
actions deemed appropriate.

Based on the knowledge acquired with the first prototype, in this chapter, an opti-
mized device has been designed and constructed, including several corrosion protection
measures. This prototype is again composed of phase change heat exchangers due to their
low thermal resistances without moving parts nor auxiliary equipment, which removes
maintenance requirements. Furthermore, apart from the development of the generator it-
self, this chapter also takes a step forward, developing the electronic system required to
obtain a completely autonomous volcanic vigilance station, which includes maximum power
point trackers (MPPTs), a small storage system, a microcontroller, several sensors and a
communication system to send the measured data to a center located various kilometers
away.

The device has been perfectly characterized at the laboratories of the Public University
of Navarre, obtaining the thermal resistance of the heat exchangers, the optimal generation
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of the device, and the consumption of the developed electronic system. After this charac-
terization, the device was installed again at Teide volcano, where it has been on operation
for more than six months.

The attainment of this milestone has been reflected in the paper “Experimental evi-
dence of the viability of thermoelectric generators to power volcanic monitoring stations”
published in the journal Sensors 20 (2020) 4839. This paper analyze the results obtained
in the period from 18th December 2019 to 20th August 2020. Nonetheless, on the date of
presentation of this Ph. D. dissertation the prototype was still on operation.
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Abstract: Although there is an important lack of commercial thermoelectric applications mainly
due to their low efficiency, there exist some cases in which thermoelectric generators are the best
option thanks to their well-known advantages, such as reliability, lack of maintenance and scalability.
In this sense, the present paper develops a novel thermoelectric application in order to supply
power to volcanic monitoring stations, making them completely autonomous. These stations
become indispensable in any volcano since they are able to predict eruptions. Nevertheless, they
present energy supply difficulties due to the absence of power grid, the remote access, and the
climatology. As a solution, this work has designed a new integral system composed of thermoelectric
generators with high efficiency heat exchangers, and its associated electronics, developed thanks to
Internet of Things (IoT) technologies. Thus, the heat emitted from volcanic fumaroles is transformed
directly into electricity with thermoelectric generators with passive heat exchangers based on phase
change, leading to a continuous generation without moving parts that powers different sensors, the
information of which is emitted via LoRa. The viability of the solution has been demonstrated both
at the laboratory and at a real volcano, Teide (Canary Islands, Spain), where a compact prototype has
been installed in an 82 ◦C fumarole. The results obtained during more than eigth months of operation
prove the robustness and durability of the developed generator, which has been in operation without
maintenance and under several kinds of meteorological conditions, leading to an average generation
of 0.49 W and a continuous emission over more than 14 km.

Keywords: thermoelectric generator; volcano surveillance; power supply; geothermal; LoRa;
autonomous; heat pipe

1. Introduction

Volcanoes are considered one of the most dangerous natural hazards [1]. Nowadays, more than
10% of the global population lives within 100 km of a volcano that has the potential to erupt [2].
Therefore, volcanic vigilance becomes indispensable in any volcanic system of the world, so that the
damage caused by the inevitable eruptions can be reduced.

Normally, volcanic eruptions are preceded by anomalous signals, known as precursors [3,4].
Volcanic vigilance consists in the monitoring of these signals in order to, together with knowledge of
past activity, predict when, where, and how the next volcanic eruption will occur. For this purpose,
due to the diverse nature of the different manifestations of volcanic activity, volcano surveillance
requires the combination of different techniques, the data of which needs to be analyzed together.
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Sensors 2020, 20, 4839 2 of 25

Seismology studies the earthquakes and other generating events of seismic waves [5]; geodesy focuses
on the variations in the shape and dimensions of the Earth [6]; geochemistry studies the change in
temperature and composition of the volcanic products [7]; gravimetry deals with variations of the
gravitational forces [8]; and magnetotellurics analyzes the fluctuations in the electromagnetic fields of
the Earth [9].

In order to obtain data, most of the previous techniques use local measurements. There exist
some remote methodologies such as GPS, GNSS, InSAR or satellite temperature monitoring [10,11].
Nevertheless, local measurements are preferred due to their better accuracy and the coverage of all
techniques [12]. Among local measurements, two trends can be in turn distinguished: continuous
and discontinuous data acquisition [13]. In the former, permanent vigilance stations are installed
in key locations, while the latter consists in performing in situ manual measurements. In general,
if possible, continuous monitoring is more recommended, due to its lower cost (does not require
several people taking measurements) and more information provided. Nevertheless, power supply
and communication systems of such stations constitute a challenge [12], since volcanic areas are
usually remote, inaccessible, and lack a power grid. This causes that only 30% of active volcanoes have
instrumentation to measure their activity [14].

In order to face the previous situation, the most common alternative consists in using photovoltaic
panels and, consequently, batteries, so that power supply is ensured during nights, periods of absence
of sun, or episodes of volcanic ashes [15,16]. However, sometimes, depending on the climatology
and the specific conditions, the required capacity of the batteries is so high that it is preferred to lose
data during some periods, rather than deal with the installation difficulties of an enormous battery
in a remote and inaccessible location. This is the case of those volcanoes that record severe snowfalls
during long periods in winter such as Mt. Fuji in Japan [17], or that are located at extreme latitudes
where the sun does not shine for months, like Deception Island in Antarctica [18].

In the last years, with the purpose of reducing the capacity of the batteries, low-energy devices
have proliferated, focusing on both data acquisition and communications. Hence, it stands out the use
of systems with embedded Linux, which permit real-time monitoring with a power consumption lower
than 2.5 W [16,18,19]. These systems are usually combined with communication technologies normally
associated with Internet of Things (IoT). For instance, Awadallah et al. developed a wireless network of
thermometers to measure soil temperatures in volcanic areas based on LoRa [20]. LoRaWAN protocol
was also chosen by Terray et al., but in this case to control soil radon emissions [21].

Apart from reducing the consumption of the different elements that compose a vigilance
station, another solution consists in using an alternative energy source, such as geothermal energy,
which presents the advantage of being always available independently of weather. In active volcanoes,
the most evident manifestation of geothermal energy coincides with one of the signs of active volcanism:
fumaroles, vents in the Earth’s surface from which steam and volcanic gases are emitted, normally at
temperatures between 70 and 100 °C [22]. Hence, this solution fits in the proverb “if you cannot beat
them, join them”.

Traditional geothermal cycles are not suitable for low-scale power generation from volcanic
fumaroles. Nonetheless, thermoelectric generators could become an alternative. Thermoelectric
generators are devices based on solid state physics whereby heat (i.e., temperature difference) is directly
transformed into electricity by means of the Seebeck effect. Thanks to these devices, the operation of
which is more deeply described in Section 2, it is possible to generate electricity continuously from
geothermal heat [23,24], even improving with adverse meteorological conditions, thus permitting
a reduction in the capacity of the batteries or the utilization of other storage technologies such as
supercapacitors. Furthermore, these devices are modular, compact, and have demonstrated their
reliability and durability without maintenance requirements in spatial applications [25].

Considering the former advantages, the use of thermoelectric generators have already been
proposed to power ground sensors. Due to the difference in heat capacity and conduction rate
between the air and the ground, there normally exists a temperature difference between them [26].
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Lawrence [27] and Stevens [28] demonstrated that this temperature difference can be transformed
into electricity by means of thermoelectric generators, permitting the power supply of remote sensors.
As indicated by Stokes et al., this type of self-sufficient power source could serve for unattended
ground sensors (UGS) in defense and security [29]. They experimented with this proposal at the
laboratory, developing a complete sensor consisting of a thermoelectric generator, a DC-DC boost
converter, a wireless sensor transmitter, and supercapacitors, which presented good performance with
temperature differences as low as 1 °C.

Forest monitoring is another possible application. Similarly to volcano surveillance, forests are
also monitored in order to analyze the impact of droughts or fires, to uncover their structure, and to
study variations of their biota, for which wireless sensors are used [30–32]. Nevertheless, these sensors
also present energy supply problems due to their remoteness. As a solution, Wang et al. proposed
the utilization of thermoelectric generators to provide a stable power supply, taking advantage of the
mentioned temperature difference between the ground and the air [33]. Huang et al. improved the
previous micro-generator and performed field experiments under natural conditions in two different
locations [34]. The results obtained over six months reveal that the location influences the power
generation that can be obtained. Hence, in Harbin an average of 0.335 mW were generated, while in
Beijing, only 0.076 mW could be produced. In a later article, they concluded that in order to efficiently
harvest micro-energy from shallow soil, the thermoelectric generator needs to be placed where the soil
moisture is greater than 30% [35].

Roadway and bridge infrastructures also require energy harvesting in order to power a multitude
of data collection and communication applications [36]. For this purpose, it is considered that
thermoelectric generators are one of the most readily available methods [37], transforming the heat
absorbed from the exposure to solar radiation into electricity. For instance, Tahami et al. fabricated
a system to embed into asphalt pavements, so that with the temperature difference between the
pavement surface and the soil below it, electricity could be generated. They optimized and tested
a prototype in the field, obtaining 29 mW [38]. Another alternative consists in making use of the
temperature difference between road surface and ambient air, as proposed by Jiang et al., who obtained
up to 45 mW [39].

Thermoelectric generators can also represent a solution for the power supply of volcanic
monitoring stations. In comparison with the previous examples, this application presents the advantage
of having a heat source with higher temperature, which is beneficial for the efficiency improvement
of thermoelectric generators. In contrast, the device needs to operate in a harsher environment and
requires to be more robust, being able to work without maintenance, for which moving parts should
be avoided.

The objective of the present paper is to develop an autonomous and robust volcanic monitoring
station powered by thermoelectric generators. For this purpose, Section 2 details the operation
of thermoelectric generators in their application to volcanic fumaroles; Section 3 describes the
thermoelectric generator that has been developed; Section 4 characterizes the previous generator at the
laboratory; Section 5 details the electronics of the device, also analyzing alternative communication
systems typically associated with Internet of Things (IoT); Section 6 examines the behavior of the
complete system in a real volcano; Section 7 studies supplying power to a real vigilance station;
and finally Section 8 summarizes the main contributions of the present paper.

2. Operation of a Geothermal Thermoelectric Generator (GTEG)

As exposed in the introduction, thermoelectric generators are devices based on solid state physics
whereby heat (i.e., temperature difference) is directly transformed into electricity by means of the
Seebeck effect. This transformation is held in the so-called thermoelectric modules, the efficiency of
which is proportional to the temperature difference between their sides. In order to maximize this
temperature difference, the introduction of heat exchangers with low thermal resistances becomes
indispensable, so that the temperature of the hot side of the thermoelectric modules approaches to
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the temperature of the heat source, and the temperature of the cold side does the same with respect
the dissipation sink (normally the environment). An 8% higher generation can be obtained with a
reduction of 10% in the thermal resistance of the heat exchangers [40]. Fin dissipators, heat exchangers
with a fluid as heat carrier, heat pipes, and thermosyphons are the most common heat exchangers used
in thermoelectric generators [41].

Thanks to these devices, it is possible to generate electricity directly, avoiding the intermediate
conversion of thermal energy into mechanical energy; regardless of the source temperature, only a
temperature gradient is required; durably, as demonstrated in spatial applications; with scalability
possibilities, increasing the installed power just by adding more thermoelectric modules; and without
moving parts, working fluids and noise in the operation of their main element, the thermoelectric
modules [42]. As a drawback, they present a very low efficiency, which can be rated between 2 and 5%
depending on the temperature range. Nevertheless, as derived from the introduction, there exist some
applications in which the benefits of thermoelectric generators counteract their main disadvantage,
becoming the best alternative. This is the case of supplying power to volcanic monitoring stations,
the application under consideration in the present paper.

In this application, fumaroles represent the heat source. These fumaroles, in their emergence
to the surface, heat up and moisten the soil. Hence, due to the low heat transfer coefficient of gases,
the thermoelectric generator responsible for the power supply will be directly in contact with the
hot and wet soil. For depths higher than 10% it is considered that the temperature of the soil equals
the fumaroles’ one and that the soil moisture is close to 90%, thus a good heat transfer from the soil
is expected [35].

The purpose of the hot side heat exchanger consists of absorbing the volcanic heat underground
and transmitting it, with a minimal temperature difference to the thermoelectric modules located
overground, so that the hot side of the thermoelectric modules approaches the temperature of the
fumaroles. Catalan et al. demonstrated that heat exchangers based on phase change are the most
adequate ones for this task [43], and therefore, will be the ones considered in this paper. As depicted
in Figure 1, this type of heat exchanger is made of one or several tubes with an internal fluid in their
interior. In contact with the heat source, the internal fluid vaporizes, occupying all the available space.
Afterward, this vapor condensates releasing heat to the thermoelectric modules. If the condensed fluid
returns to the evaporator part only due to gravity, the heat exchanger is known as thermosyphon,
while if a wick material is introduced so that it can work in any position, the term heat pipe is used.
Lawrence, Wang et al., and Huang et al. also used phase change heat exchangers, specifically heat
pipes, to absorb heat from the soil and transfer it to the thermoelectric modules [27,33–35].

The heat that is not transformed into electricity by the thermoelectric modules needs to be
dissipated into the environment, again with a heat exchanger with a minimal thermal resistance so
that the cold side of the thermoelectric modules approach the ambient temperature. In the previous
examples [27,33–35], fin dissipators in natural convection were used due to their simplicity and low
cost. Nonetheless, in this case, heat exchangers based on phase change will be again used since they
have demonstrated to be the most suitable ones for the cold side of the modules, leading to low thermal
resistances without requiring auxiliary consumption [43,44]. Their mode of operation is similar to the
hot side one, with cyclic vaporization and condensation of the internal fluid, although in this case heat
is absorbed from the thermoelectric modules and released into the environment (Figure 1). The main
difference between them is that in the cold side heat exchangers, in order to improve convection
between the exterior part of the tube and the ambient, fins are normally added, so that the heat
exchange area is increased.

Altogether, the use of heat exchangers based on phase change leads to a noiseless, compact,
robust, and modular generator, with no auxiliary consumption nor moving parts, and therefore
without maintenance requirements. Furthermore, since a constant temperature heat source is being
used, a continuous power supply is obtained.
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Thermoelectric
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Figure 1. Schematics of a geothermal thermoelectric generator (GTEG) with heat pipes as
heat exchangers.

3. Prototype Description

Figure 2 depicts the thermoelectric generator developed in the present paper to be installed in
volcanic fumaroles and supply power to volcanic monitoring stations. The prototype is composed of
two thermoelectric modules, each of them with its own heat exchangers.

Figure 2. Designed thermoelectric generator composed of two thermoelectric modules and heat pipes
as heat exchangers.
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The hot side heat exchanger of each module is composed of four 450 mm long copper sintered
heat pipes with an external diameter of 8 mm. The tubes have been inserted in an 82 × 50 × 20 mm3

aluminum plate in which four holes with a slightly smaller diameter than the heat pipes have been
drilled with a separation of 3 mm, so that a good thermal contact is ensured.

Each cold side heat exchanger has also been manufactured with the former procedure.
Nonetheless, in this case, 500 mm long heat pipes have been inserted in the base of an aluminum fin
dissipator. This dissipator has a base of 82 × 50 × 14.5 mm3 and seventeen 40 × 1.5 mm2 corrugated
fins. Fins have also been inserted on the heat pipe tubes in order to increase the heat exchange
area and therefore, improve heat dissipation to the environment. More specifically, 72 aluminum
104 × 27.5 × 0.3 mm3 fins have been added with a separation of 5 mm.

The hot and cold heat exchangers are assembled by means of four M5 threaded rods, which due
to their closeness, ensure a good pressure distribution in the thermoelectric modules and therefore
a suitable thermal contact [45]. For compactness, the same threaded rods are used to assembly a
generator with two thermoelectric modules, as shown in Figure 2. In this paper, commercial bismuth
telluride modules have been used. More specifically, Marlow TG12-8-01LS [46]. These modules are
sealed with silicone, so that the thermocouples are protected, something especially important in this
application due to the harsh volcanic environment.

The heat exchangers also need to be protected. Hence, the heat pipes of the hot side heat exchanger
have been coated with an epoxy-based primer [47], while the cold side ones with a marine primer [48].
Furthermore, the weakest parts, such as the ends of the heat pipes and the inter-phases with the
aluminum plates or the fin dissipators, have been protected with an epoxy adhesive [49].

4. Laboratory Characterization

This section details the characterization of the previous prototype at the laboratory. First, it
describes the characterization of the cold side heat exchanger. Afterward, the complete characterization
of the whole thermoelectric generator is developed.

The characterization of the cold side heat exchanger (CHE) refers to the determination of its
thermal resistance for different heat fluxes. For this purpose, a 40× 40 mm2 heating plate has been used
to provide the desired heat flux Q̇CHE in each experiment, and the temperature at the base of the heat
exchanger Tb and in the climatic chamber Tamb have been measured. Thanks to these measurements,
the thermal resistance has been calculated according to Equation (1). Each experiment has been
repeated three times and the uncertainties have been obtained with [50], considering thermocouples
with precision ±1 °C. Insulation was also added to ensure that all the heat flux went through the
heat exchanger.

RCHE =
Tb − Tamb

Q̇CHE
=

Tb − Tamb
V · I (1)

Figure 3 shows the thermal resistance of the heat exchanger with respect to the heat flux for the
two conditions studied: natural and forced convection, the latter with a wind velocity of 4 m/s. As can
be observed, in both cases the thermal resistance decreases as the heat flux increases. This occurs
because the properties of the internal working fluid, which is cyclically experimenting phase change,
improve with temperature, thus decreasing the thermal resistance for higher heat fluxes.

The former decrease is more noticeable for natural convection, where the thermal resistance
diminishes from 0.68 K/W with 20 W, to 0.49 K/W with 100 W. In contrast, for forced convection
the thermal resistance barely decreases 0.01 K/W from 20 to 120 W, presenting an average value of
0.24 K/W. The heat transfer coefficient in natural convection strongly depends on the temperature
difference between the surface of the heat exchanger and the environment, improving with higher
gradients. Nevertheless, in forced convection, this effect blurs in favor of the influence of wind velocity.
Considering that this paper considers an outdoor application, the values of thermal resistance with
forced convection are more representative.
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Figure 3. Thermal resistance of the cold side heat exchanger for different heat fluxes, considering
natural and forced convection.

Apart from the characterization of the cold side heat exchanger, it is important to determine how
much power can be generated with the designed prototype. At the laboratory, the experiments have
been performed using the thermal bath depicted in Figure 4 as the heat source, while its analysis
under real conditions is detailed in Section 6. This thermal bath is composed of a 10 L water heater,
an insulated 30 L container, and a pump for the recirculation of the water used as the heat carrier.
The designed prototype has been introduced in the insulated container, in direct contact with the water,
which has been maintained at a practically constant temperature of 75 °C.

Figure 4. Thermal bath used as heat source in the laboratory experiments to determine the power
generated by the designed prototype.
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Utilizing the previous temperature constant heat source and with an ambient temperature of
16.5 °C, each thermoelectric module has been individually connected to an electrical load resistance
and its voltage and intensity have been measured for the calculation of the power generated.
More specifically, short-circuit, 1Ω, 2.2Ω, 3.2Ω, 4.7Ω and open-circuit conditions have been
experimented and the uncertainties calculated again with [50]. In the experiments, the temperatures
of the heat source Tsource, the hot and the cold side of the thermoelectric modules TH and TC, and the
ambient temperature Tamb have also been measured.

Figure 5 depicts, for the two thermoelectric modules M1 and M2, the voltage (left axis) and
the power generated (right axis) with respect to the intensity. From left to right, the values
correspond to open-circuit (OC), 4.7Ω, 3.2Ω, 2.2Ω, 1Ω and short-circuit (SC). As can be observed,
the behavior of both thermoelectric modules is quite similar. As the load electrical resistance decreases,
the intensity increases and the voltage decreases, with a linear relationship between them. In both
cases, the open-circuit voltage is approximately 1.89 V while the short-circuit intensity presents a value
of around 0.71 A (0.68 A M1, and 0.74 A M2).
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Figure 5. Voltage (left axis) and power generated (right axis) of the two thermoelectric modules studied,
M1 and M2, with respect the intensity. The values correspond, from left to right, to open-circuit (OC),
4.7Ω, 3.2Ω, 2.2Ω, 1Ω and short-circuit (SC).

Regarding power generation, depending on the electrical load resistance connected to the
thermoelectric modules, generation varies, obtaining its maximum with a load resistance equal to
the electrical internal resistance of the thermoelectric module. Hence, given an available temperature
difference between sources of 58.81 °C on average, module 1 (M1) generates a maximum of 0.34 W
with a 2.2Ω load resistance, which corresponds with a current of 0.38 A. On its behalf, module 2 (M2)
presents a slightly higher maximum generation, 0.36 W, also with a load resistance of 2.2Ω, that in
this case corresponds with an intensity of 0.40 A. The small disparities between both thermoelectric
modules are due to the different thermal contacts arisen from the assembly as well as to the differences
in the heat exchangers, which were manually manufactured.

These disparities can be seen with more detail in Table 1. This table firstly displays, for each case,
the temperatures of the heat source Tsource, the hot and the cold side of the thermoelectric modules
TH and TC, and the ambient temperature Tamb. Based on the temperature difference of the cold side
heat exchanger (TC − Tamb) and its characterization, it is possible to make an iterative process and
obtain the heat flux that is being released to the environment Q̇CHE (Equation (1)). With this heat flux
and the generated power P, from the energy balance shown in Equation (2) the heat absorbed from
the heat source Q̇ can be obtained, permitting the calculation of the efficiency of the thermoelectric
modules (Equation (3)). Thus, it can be observed that the heat flux that goes through M2 is 4.75%
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higher than the one that goes through M1. This explains the higher generation of M2, which works
with an efficiency of 1% with the optimal load resistance.

Q̇ = P + Q̇CHE (2)

η =
P
Q̇

(3)

Thanks to the calculated heat flux and the measured temperatures, the thermal resistance of
the hot side heat exchanger (HHE) has also been calculated (Equation (4)). Hence, the hot side heat
exchanger of M1 presents a thermal resistance of 0.36 K/W on average, while the one of M2 is a
bit smaller, 0.35 K/W. In comparison with the cold side heat exchanger (CHE), the value of which
remains practically constant at 0.24 K/W, these resistances are 33 and 30.9% higher respectively. As a
consequence, the temperature difference in the hot side heat exchangers is higher than in the cold ones
(12.26 versus 8.15 °C on average).

RHHE =
Tsource − TH

Q̇
(4)

Table 1. For each thermoelectric module (M1 and M2) and load electrical resistance Rload, temperatures
of the heat source Tsource, the hot and cold side of the thermoelectric modules TH and TC, and ambient
Tamb, power generated P, heat flux extracted from the source Q̇, efficiency of the thermoelectric modules
η, and thermal resistances of the hot and cold side heat exchangers (HHE and CHE respectively).

Thermoelectric Rload Tsource TH TC Tamb P Q̇ η RHHE RCHE
Module (Ω) ( ◦C) ( ◦C) ( ◦C) ( ◦C) (W) (W) (%) (K/W) (K/W)

M1

SC 74.23 61.90 25.47 16.53 0.00 37.01 0.00% 0.33 0.24
1 76.23 62.50 24.96 16.42 0.28 35.34 0.78% 0.39 0.24

2.2 75.08 62.75 24.85 16.57 0.34 34.22 0.97% 0.36 0.24
3.2 75.40 63.19 24.64 16.56 0.33 33.38 0.99% 0.36 0.24
4.7 75.92 63.73 24.51 16.44 0.32 33.36 0.94% 0.36 0.24
OC 74.82 64.01 23.76 16.31 0.00 30.75 0.00% 0.35 0.24

M2

SC 74.23 61.53 26.11 16.53 0.00 39.72 0.00% 0.32 0.24
1 76.23 62.32 25.37 16.42 0.31 37.07 0.83% 0.37 0.24

2.2 75.08 62.51 25.21 16.57 0.36 35.76 1.00% 0.35 0.24
3.2 75.40 63.02 25.01 16.56 0.36 34.96 1.02% 0.35 0.24
4.7 75.92 63.59 24.84 16.44 0.33 34.77 0.94% 0.35 0.24
OC 74.82 63.84 24.05 16.31 0.00 31.95 0.00% 0.34 0.24

5. Electronics

The objective of the present paper is to develop an autonomous and robust volcanic monitoring
station. Hence, since the generator part has already been analyzed, this section focuses on the electronic
part associated to it prior to the installation of the whole system in a real volcano. These electronics,
in order to resemble a real station, include a system to process the generated signal, as well as devices for
acquiring data and emitting it wirelessly to a receptor. Their description will be based on the diagram
shown in Figure 6, with the generation on the left side (with green arrows) and the consumption in the
right one (with red ones). As can be observed, a prototype with four thermoelectric modules, this is
two devices such as the one depicted in Figure 2, are considered to ensure a sufficient generation under
real conditions, given that the heat transfer with the fumaroles is one of the greatest unknowns.
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Figure 6. Diagram of the electronics installed with the prototype, which represents the node of the
LoRa communication system.

According to the previous section, it is important that the thermoelectric modules are connected
to the optimal load electrical resistance. For this purpose, there exist some devices known as Maximum
Power Point Trackers (MPPT) that perform this task. In thermoelectricity, the most common MPPT
devices, which are also the simplest ones, adjust the output voltage of the thermoelectric modules
to a value half of the open-circuit one [51]. In the present paper, each thermoelectric module has
been individually connected to a Cypress MB39C831-EVB-03 Ultra Low Voltage Boost PMIC Energy
Harvesting Evaluation Board [52], which works given an input voltage in the range between 0.3
and 4.75 V. As depicted in Figure 6, these boost converters are connected to a Li-ion battery. Hence,
when the converter can obtain sufficient electric power from the thermoelectric modules, the charge is
stared to the Li-ion battery until it reaches 4 V, when the charge is stopped. Charge restarts once the
battery voltage has decreased to 3.7 V approximately. The RS Pro 18650 26H Li-ion battery pack has
been used in this work [53].

On the demand side, data acquisition and communication systems are considered. In order to
control them, it is necessary to include a microcontroller. In this case, Arduino Nano has been chosen
because, presenting enough computational capacity, it has a very low energy consumption. Moreover,
since all these components require a constant voltage of 5 V, which is higher than the battery’s one,
a boost converter is required. This paper has installed a SparkFun PRT 10255 Boost Converter [54].

The monitoring system is in turn composed of two different parts. On the one hand, active sensing
of six temperatures and four power generations is performed, thus simulating the existence of sensors
in a real station while monitoring the operating conditions of the prototype. These measurements
are taken every 4 min thanks to Maxim Integrated MAX31855PMB1 peripheral modules (with type K
thermocouples) and Adafruit INA219 breakout boards respectively [55,56]. In order to avoid errors,
these measurements are repeated 15 times, and the average of all the valid ones is stored. On the other
hand, there is an extra consumption simulated passively with electrical resistors that includes peaks of
demand, which are typical in vigilance stations. Hence, there is a constant power requirement of 0.3 W
and every 12 min, a peak of consumption of 0.5 W occurs during 2 min. For this purpose, one of the
outputs of the Arduino is connected to a MOSFET, so that an electrical resistor is directly connected to
the battery when determined by the microcontroller.

All the data registered by the active sensors needs to be emitted to a reception center. Nevertheless,
this process usually requires a high energy consumption [18]. Therefore, the present paper investigates
low energy communication systems that, while being able to communicate wirelessly over a
considerable distance, facilitate thermoelectric generation as the power supplier. Low-Power
Wide-Area Network (LPWAN) standards, typically associated with Internet of Things (IoT), meet these
requirements. Hence, this work analyzes the five technologies that seem to have the widest market
potential: SigFox, LoRaWAN (Long Range WAN), IEEE 802.15 promoted by Wi-SUN (Wireless Smart
Ubiquitous Network), and 3GPP standards: LTE-M (LTE for M2M) and NB-IoT (Narrow Band IoT) [57].
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Table 2 summarizes the main characteristics of the former technologies in relation to their
frequency band, maximum data rate, range (or coverage) and power usage [58–63]. As can be
observed, within the table two categories can be distinguished. On the one hand, there is a category
composed of LTE-M and NB-IoT, which use the current cellular telecommunications bands, since they
are indeed extensions of the 4G network infrastructure. As a consequence, their range is extensive,
but present a medium power usage, leading to their discard for the application under consideration in
this paper.

Table 2. Comparison of some Low-Power Wide-Area Network (LPWAN) technologies [58–63].

Technology Frequency Band Maximum Data Rate Range Power Usage

SigFox Sub-GHz ISM 600 bbps 10 km (urban), 50 km (rural) Low
LoRaWAN Sub-GHz ISM 50 kbps 5 km (urban), 15 km (rural) Low

Wi-SUN Sub-Ghz ISM & 2.4 GHz 300 kbps 5 km Low
LTE-M Cellular Bands 1 Mbps Several km Medium
NB-IoT Cellular Bands 100 kbps Several km Medium

On the other hand, SigFox, LoRaWAN, and Wi-SUN use the unlicensed ISM frequency bands
and present low power usage. SigFox was one of the pioneers in the LPWAN market and it targets the
very low power and low bandwidth applications, while offering very good coverage characteristics.
Nevertheless, it is not available everywhere and it requires the payment of a royalty. On its behalf,
LoRa is completely open and permits faster data rates, although the coverage range is curbed. Finally,
Wi-SUN is focused on applications within public utilities, smart homes and smart cities, and therefore
presents a reduced range of 5 km.

The present paper represents the first approximation for an autonomous volcanic monitoring
station. Hence, the remoteness of volcanoes leads to the discard of Wi-SUN. Among SigFox and LoRa,
the latter is preferred because, although it has a smaller coverage, it permits a higher data rate, it is
completely free and it can be implemented everywhere. Due to these advantages, LoRa was also the
technology chosen by Awadallah et al. and Terray et al. for their volcano surveillance applications,
emitting the information up to 8.5 and 1.7 km, respectively [20,21].

Figure 7 details the complete solution provided by LoRa. Thus, the data acquired by the sensors is
sent to a gateway located on a place with internet connection. For this purpose, it is necessary to install
a transceiver and an antenna both at the node and at the gateway. In this paper, Adafruit RFM95W
LoRa Radio Transceiver Breakout boards in conjunction with Yagi antennas have been used [64,65].
In the case of the gateway, a Raspberry Pi 3 B+ has been used as microcontroller, so that the received
data is stored in an Influx database and synchronized with a server by means of MQTT protocol, so
that the data can be represented with Grafana.

Figure 7. Schematics of a communication system implemented with LoRa.

The power consumption in the node will depend on the frequency of emission, the distance,
the size of the measured data, and the used sensors, transceiver, and microcontroller. Nonetheless,
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in order to have an approximation of the power requirement of such a system, a simplified experiment
has been performed in this paper. Hence, a node composed of an Arduino Nano as microcontroller took,
every 4 min, six temperature measurements with MAX31855 boards and two power measurements
with Adafruit INA219s. The measured data was sent to a gateway located 13 km away by means of
the mentioned Adafruit RFM95W board and Yagi antenna. As a result, the power demand in the node
was 0.11 W on average, reaching peaks of 0.246 W during the emission. Therefore, LoRa is definitely
chosen as the communication system in this paper, since it is able to emit wirelessly the measured
data over a considerable distance while presenting a minimal energy consumption, thus facilitating
thermoelectric generation as the power supplier.

The emission of data from the prototype node to the gateway has been programmed to be
bi-directional and encrypted. Thus, the prototype emits, every four minutes, the measured data and
waits for the confirmation of reception of the message. This process is performed with an initial
spreading factor of nine. If the confirmation is not received after 60 s, a second attempt starts. In case
neither confirmation is received, a third and last attempt is performed with a spreading factor of 10, so
that the range is increased. If the confirmation from the gateway is received, the prototype node sends
a new message to the gateway and both nodes update their encrypted key.

Finally, similarly to the prototype, and due to the harsh volcanic environmental conditions, it is
necessary to protect the electronics to stand severe conditions. Figure 8 depicts the protection measures
that have been taken. Thus, the PCB with all the electronics has been introduced in an IP67 plastic
box and covered with Raytech magic power gel [66]. This box has been closed and introduced in
another IP67 plastic box. Since the different cables need to be taken out of the boxes, cable glands
have been installed with a Nylon conduit contractor, and the connections have been protected with
self-amalgamating tape and polyurethane foam.

Figure 8. Detail of the protection boxes to avoid corrosion in the PCB.
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6. Behavior on a Real Volcano

On 18th December 2019, the prototype was installed at Teide volcano (Canary Islands, Spain)
with its associated electronics (Figure 9) and on the submission date of this manuscript, the prototype
was still in operation. Teide is a stratovolcano located in the Canary Islands (Spain), an archipelago of
volcanic origin that emerges in the Atlantic Ocean. With an altitude of 3718 m, Teide is one of the most
evident manifestations of the active volcanism of the islands, and therefore, it is widely monitored.
Figure 10 details the location of the prototype, in the northern side of the volcano at an approximate
altitude of 3500 m, as well as the position of the gateway, 14 km away with direct vision. As shown in
Figure 9, in its installation, aluminum deflectors were added so that the volcanic gases are diverted, not
coming into contact with the thermoelectric modules nor the cold side heat exchangers. Polyurethane
foam was used for sealing the joints. Furthermore, polyethylene was also added in order to insulate
the aluminum block of the hot side heat exchanger and the thermoelectric modules from the influence
of ambient conditions.

Figure 9. Prototype installed at Teide volcano on December 2019, composed of 4 thermoelectric modules.

Figure 11 depicts the typical operation of the prototype, taking as reference the variables measured
between 29 December 2019 and 2 January 2020. More specifically, Figure 11a shows the temperature of
the ground Tground, the hot and the cold side of two thermoelectric modules M1_TH , M1_TC, M2_TH
and M2_TC, and the ambient temperature Tamb. Each monitored thermoelectric module belongs to one
of the individual generators installed.

As can be observed, ground temperature Tground remains practically constant with an average
value of 81.82 °C. At the opposite side of the prototype, the ambient temperature Tamb presents
the typical fluctuations of day and night. Hence, since the considered values correspond to winter,
during the night, temperatures close to 0 °C are found, while during the day, the temperatures rise up
to an average of 10 °C.

The difference between the ground and the ambient temperatures (Tground − Tamb) represents the
maximum temperature difference achievable by the thermoelectric modules, although, in reality,
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the temperature difference between the hot and the cold side of the modules will be lower.
The approximation of the temperature difference of the thermoelectric modules (TH − TC) to the
maximum available one (Tground − Tamb) depends on the heat exchangers installed. The lower the
thermal resistances of the heat exchangers, the closer the temperature differences.

Figure 10. Location of the prototype node and the gateway, and their associated elevation profile.
Images taken from Google Earth ©.

In the considered hot side heat exchangers, there exists an average temperature difference of
13.5 °C, while this difference is of 10.5 °C in the case of the cold side ones. Thus, the thermoelectric
modules work under a gradient of 54 °C, which is similar for the two thermoelectric modules that are
being monitored. This gradient is slightly influenced by the ambient conditions, decreasing during the
day and increasing during the night, which will affect generation.

Figure 11b–d show the values associated with the measurements performed by means of the
INA219s: power, voltage, and intensity respectively. In particular, these sensors, as shown in Figure 6,
have been installed monitoring the individual power generated by the thermoelectric modules M1 and
M2 of which the temperatures are also being measured (before the MPPT), the generation of all the
thermoelectric modules (after the MPPTs and before the battery), and the consumption of the different
devices (at the battery output).

As explained before, the consumption profile presents a cyclic oscillation, with a fixed power
requirement of 0.3 W and peaks of 0.5 W during 120 s every 12 min. Since the measurement of the
different variables is performed every four minutes, the consumption profile is shown as peaky rather
than pulsed, as can be observed in green in Figure 11b. The measurement of this consumption is being
performed at the output of the battery, or in other words, at the input of the PRT boost converter
that adapts the battery voltage to 5 V, so that the consumption of all the charges is considered. Thus,
the voltage of the consumption coincides with the battery one in Figure 11c.

In order to satisfy the previous demand, four thermoelectric modules were installed. Nevertheless,
the generation supplied by only one module is enough for this purpose. As can be observed in
Figure 11b, the generation of the four thermoelectric modules, in red, is slightly lower than the
generation of M2, in dark blue, while the generation of M1, in light blue, is null. This means that out of
the four thermoelectric modules installed, only M2 is in operation. The generation of the individual
modules is measured before the MPPT. Therefore, the difference between the total generation and the
individual generation of M2 is due to the conversion efficiency of the MPPT, which can be rated as
85.7% in this case.



Sensors 2020, 20, 4839 15 of 25

-10

15

40

65

90

29/12/2019 30/12/2019 31/12/2019 01/01/2020 02/01/2020

Te
m

pe
ra

tu
re

 (
°C

)
Tground M1_Th M1_Tc M2_Th M2_Tc Tamb

0

0.2

0.4

0.6

0.8

29/12/2019 30/12/2019 31/12/2019 01/01/2020 02/01/2020

Po
w

er
 (

W
)

Consumption Generation M1 M2

0

1

2

3

4

5

29/12/2019 30/12/2019 31/12/2019 01/01/2020 02/01/2020

V
ol

ta
ge

 (
V

)

Consumption Generation M1 M2

0

0.1

0.2

0.3

0.4

29/12/2019 30/12/2019 31/12/2019 01/01/2020 02/01/2020

In
te

ns
it

y 
(A

)

Consumption Generation M1 M2

Figure 11. (a) Temperature of the ground Tground, the hot and the cold side of two thermoelectric
modules M1 and M2 (TH and TC) and the ambient Tamb, (b) power, (c) voltage and (d) intensity
measurements during typical operation.

The total generation is around 0.47 W, higher than the consumption, which presents an average
value of 0.37 W. Hence, the battery is charged with the excess of energy produced, until it reaches 4 V
(Figure 11c). At this moment, the MPPT opens the circuit of M2 for security reasons, leading to a null
intensity and increasing the voltage of M2 from 2.18 to 2.82 V approximately. This open-circuit value is
very similar to the one displayed by M1.

When all the modules are in open-circuit, the battery is progressively discharged, reducing its
voltage. When this voltage reaches 3.74 V, M2 activates again, starting a new cycle. The threshold at
which the thermoelectric modules activate is determined by the MPPT. Nonetheless, there exist slight
differences in the used boards. M2 has the highest threshold and therefore, it is the first one that starts
its operation. It would be necessary to have a battery voltage lower than 3.74 V for the activation of
other thermoelectric modules.

If the ambient temperature increases, the available temperature difference decreases, as so does
the gradient between the sides of the thermoelectric modules, and therefore, the generation. Figure 12
depicts the variables measured between 19 and 23 May 2020, when temperatures close to the typical
maximums at Teide volcano were recorded [67]. In this period, the ambient temperature presents
values of around 8 °C during the night and up to 22 °C during the day. Consequently, the temperature
difference between the sides of the modules has decreased from the previous case, with an average
of 49 °C.

As shown in Figure 12, the total generation obtained with the former gradient is of just 0.35 W,
lower than the average consumption. Therefore, the battery is gradually discharged although one
thermoelectric module is in operation. When the voltage of the battery is lower than 3.73 V, another
thermoelectric module starts its operation. The individual generation of this module is not being
monitored, but it can be seen that the total generation, in red, exceeds the individual generation of M2,
while M1 remains in open-circuit. When the battery voltage reaches 3.99 V, this second thermoelectric
module switches to open-circuit, and again M2 is the only module in operation. On 20th May, the total
generation with only M2 was higher than the consumption, completely charging the battery a couple
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of hours after the disconnection of the second module. Nevertheless, on the 21st, when the second
module switched to open-circuit, total generation with M2 was similar to the consumption. Hence,
an equilibrium between generation and consumption can be observed, discharging the battery during
the day and charging it during the night, but without reaching the upper nor the lower thresholds to
switch to open-circuit or force the operation of a new module respectively. During this equilibrium
period, the influence of ambient temperature in generation can be perfectly seen. This influence is more
detailed in Figure 13, which shows the ambient temperature Tamb (left axis), the total power generation
and the power generated by M2 (right axis) between 21st and 23rd May 2020. Thus, during the
day temperature increases, diminishing the available temperature difference and therefore reducing
generation. During the night, this temperature decreases and generation increases.
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Figure 12. (a) Temperature, (b) power, (c) voltage and (d) intensity measurements during several hot
days.
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Figure 13. Ambient temperature Tamb (left axis), power generated by M2 and total generation (right
axis) between 21st and 23rd May 2020.
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The ambient temperature during the days depicted in Figure 12 is very similar to the one used in
the laboratory characterizations. Hence, assuming that the wind conditions at Teide are similar to the
laboratory ones (in forced convection), an estimation of the heat flux, the thermal resistance of the heat
exchangers, and the efficiency can be performed.

Table 3 summarizes the average results of M2 on 19 May between 11:00 and 20:00 h. As can be
observed, at Teide, ground temperature is almost 10 °C higher than the laboratory’s heat source’s one.
Consequently, the heat flux increases, reaching 40 W in this case and raising the hot side temperature to
72.5 °C. Since the gradient between the sides of the module is higher, so is generation, with an average
value of 0.41 W, which entails an efficiency of 1.02%.

Based on the previous data, it is also possible to calculate the thermal resistance of the hot side
heat exchanger. Hence, with Equation (4) a value of 0.27 K/W is obtained, 23 % lower than at the
laboratory, where natural convection with water was the heat transfer mechanism. Heat transfer
between the ground and the hot side heat exchanger was one of the greatest unknowns, complicating
its simulation at the laboratory. Nonetheless, it has been experimentally demonstrated that this heat
transfer is really acceptable, with a thermal resistance quite similar to the cold side one. The fumaroles
heat up and moisten the ground in their ascent to the surface. Thus, heat transfer is not produced by
convection with the gaseous fumaroles but by conduction with the hot and wet ground, which permits
obtaining better heat transfer coefficients.

Table 3. Average temperatures, generation and thermal resistances of M2 during 19 May 2020 between
11:00 and 20:00 h.

Temperatures Generation Thermal Resistances

Tground 83.44 °C P 0.41 W RHHE 0.27 K/W
TH 72.53 °C Q̇ 40.00 W RCHE 0.24 K/W
TC 24.77 °C η 1.02%
Tamb 15.12 °C

Since its installation in December 2019, the prototype has undergone multiple kinds of
meteorological conditions, from severe snowfalls and frosts to days with the typical Saharan air
layer. On the one hand, Figure 14 shows its operation between 21 and 24 January 2020, when ambient
temperature reached values down to −10 °C. As can be seen, due to the greater difference between
ground and ambient temperature, the gradient between the sides of the thermoelectric modules
increases, also raising the generation, which reaches values of up to 0.66 W in the case of M2. Despite
its operation with temperatures below 0 °C, the cold side heat exchanger does not present signs of
freezing, except a very punctual moment. The night between 22 and 23 January, an uncoupling
between the ambient and the modules’ cold side temperature can be observed, which could be due to
the freezing of the cold side heat exchangers. Nevertheless, this fact only causes a slight reduction in
the power generated, which is not even enough to reduce the total generation below the demand.

On the other hand, the prototype has also dealt with other extreme meteorological conditions
such as the typical Saharan air layer. This phenomenon, also known as Calima in the Canary Islands,
is characterized by a hot, dry, and dust-laden atmosphere. As shown before, high temperatures are
not a problem for the operation of the prototype. The most critical aspect of this phenomenon is the
reduced visibility caused by dust plumes, which could affect the communication with the gateway,
located 14 km away. Nevertheless, since its installation, there have not been data losses. Not even in
February, when one of the worst Calima episodes in the last 30 years affected the Canary Islands [68].
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Figure 14. (a) Temperature, (b) power, (c) voltage and (d) intensity measurements during several cold
days.

The visibility loss can also occur due to the formation of clouds between the emitter and the
gateway. At Teide, it is common to observe a temperature inversion that leads to the so-called
sea of clouds due to its appearance from above. Nevertheless, despite occurring quite often, this
phenomenon neither affects the communication system. Thus, the prototype, and its associated
electronics, have demonstrated to withstand several types of meteorological conditions, being able to
supply the required energy mostly with only one thermoelectric module and ensuring communication
at every moment.

Table 4 summarizes the number of hours that each thermoelectric module has been in operation
between 19 December 2019 and 20 August 2020. As can be observed, M2 is the thermoelectric module
that leads generation, with more than 4400 h of operation. M3 is the other module that supplies power
occasionally, with less than 270 h being active, while M1 and M4 are never necessary. On average, M2
is in operation 86.2% of the time, being in open-circuit the rest of the time. Nonetheless, depending
on the ambient conditions, this percentage of time in operation can vary. In the table, apart from
the average values, it is also represented by the percentage under the typical conditions shown in
Figure 11, under the hot days depicted in Figure 12, and under the cold days considered in Figure 14.
Hence, when the ambient temperature decreases, due to the higher generation of the thermoelectric
modules, M2 needs to be active a shorter period of time, while in hot days, the operation time increases.
It is in these hot days when it is sometimes required that another thermoelectric module, M3, starts
its operation, when the generation of M2 is lower than the consumption and the battery is being
discharged. Nevertheless, the rest of the time is in open circuit, leading to an average of 0.9% of the
time in operation. Thus, it can be seen that during 93.95% of the time that the prototype has been
installed at Teide volcano, the generation of M2 has been enough to supply the required power.
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Table 4. Total hours in operation and percentage of time active of the four thermoelectric modules
installed, considering the average between 19 December 2019 and 20 August 2020, as well as their
behavior under typical conditions (Figure 11), hot days (Figure 12) and cold days (Figure 14).

Thermoelectric Total Time Percentage of Time in Operation (%)

Module in Operation (h) Average Typical Hot Days Cold Days

M1 0 0% 0% 0% 0%
M2 4441.4 86.2% 78.2% 87.6% 73.4%
M3 269.1 5.2% 0% 16.8% 0%
M4 0 0% 0% 0% 0%

Finally, Figure 15 shows the power generated by M2 with respect to the temperature difference
between its sides ∆T = TH − TC during the previous period. As can be observed, there exists a
linear correlation between the generated power and the temperature difference between its sides.
This correlation has remained unaltered during the eigth months analyzed, presenting an average value
of 0.49 W with a 51.5 °C gradient that supposes 2.2 kWh of energy produced. Therefore, the robustness
and the resistance of the developed prototype to the harsh volcanic conditions has been evidenced,
even more taking into account that no maintenance has been carried out.
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Figure 15. Power generated by M2 versus the temperature difference between their sides ∆T = TH − TC

between 19 December 2019 and 20 August 2020.

7. Supplying Power to a Real Vigilance Station

In this last section the viability of supplying power to a real station is analyzed. Clearly, depending
on the station under consideration, with its associated equipment, a different power supply will
be necessary. Nonetheless, since one of the main advantages of thermoelectricity is its scalability,
an increase in the generated power can be simply achieved by installing more thermoelectric modules
(with their associated heat exchangers).

This section considers as reference one of the vigilance stations located at Teide volcano.
More specifically, the one located at “La Fortaleza” lookout, which is next to the installed prototype
and belongs to the Volcanological Institute of the Canary Islands [69]. The station is composed of a
seismograph, a WEST continuous monitoring flux unit that measures the concentration of several gases
(CO2, H2S, CH4), soil moisture and temperature, as well as various meteorological parameters [70],
and a GSM router to emit the measured data to the control center.

The power consumption of the station was monitored over two days. As a result, it was obtained
that both the seismograph and the router present a practically uniform power consumption of 1.86 W
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and 3.77 W on average respectively. In contrast, the flux unit presents an average demand of 1.5 W
that is not constant but with peaks of demand once an hour.

Nowadays, this consumption is powered by means of a 175 W photovoltaic panel of dimensions
1306 × 991 × 40 mm3. This panel is connected to a Victron BlueSolar MPPT 75|15 [71], a charge
controller that maximizes energy harvesting from the panel and stores it in a 1260 Wh lead-acid battery.
The system is over-dimensioned in order to ensure the vigilance of the volcano despite snow periods
up to 3.7 days. Nevertheless, it complicates maintenance due to its size and weight.

The solution proposed in the present paper, based on a geothermal thermoelectric generator,
permits a more uniform generation that even improves with adverse meteorological conditions.
Therefore, it would be possible to reduce the energy storage requirements or replace it with other
technologies such as supercapacitors. Nonetheless, in order to make it possible, it is desirable to reduce
the power demand to a minimum due to the low efficiency of the thermoelectric modules. In the power
measurements, the high power demand of the router stands out, which is two and three times the
average consumption of the seismograph and the flux unit respectively, while being the least critical
for the volcano vigilance and the easiest one to be modified.

As explained in Section 5, LoRa is able to communicate wirelessly over a considerable distance
with a minimal consumption of just 0.11 W, which supposes a reduction of 97 % in the power
requirement of the communication system, leading to a reduced number of thermoelectric modules
necessary in order to obtain a completely autonomous volcanic monitoring station. More specifically,
taking into account all the previous information, in order to supply an average power of 3.24 W,
seven thermoelectric modules would be necessary, that is, two devices such as the one depicted in
Figure 9. Therefore, the solution proposed in this paper will be perfectly viable to power a real volcanic
monitoring station.

8. Conclusions

In conclusion, the present paper has demonstrated the viability of obtaining autonomous volcanic
vigilance stations. Volcano surveillance is essential in order to predict volcanic eruptions and be able
to reduce their damage. However, due to the usual remoteness of volcanoes, power supply generally
constitutes a challenge.

As a solution, this work has developed a novel system composed of thermoelectric generators as
power suppliers, as well as all their related electronics, for which technologies typically associated
with Internet of Things (IoT) have been used. Thus, thanks to the heat emitted in volcanic fumaroles,
which is indeed a sign of activity of the volcanoes, electricity can be directly generated by means of
the Seebeck effect. Since fumaroles are a constant temperature heat source, a continuous generation is
obtained regardless of the weather conditions, permitting a drastic reduction in the capacity of the
required batteries. Thanks to this generation, it is possible to measure different variables and emit the
results via LoRa to a gateway located several kilometers away.

In order to analyze the viability of this solution, a prototype formed by heat pipes as heat
exchangers has been characterized at the laboratory and installed afterward at Teide volcano (Canary
Islands, Spain), where there exists 83.5 °C fumaroles. In more than eigth months of operation, the device
has demonstrated that only one module is enough to cover the demand of data acquisition and
communication over 14 km. On average, this thermoelectric module has generated 0.49 W with a
temperature difference of 51.5 °C.

During its operation, the prototype has resisted, without any maintenance, several kinds of
adverse meteorological conditions in a very harsh environment. Therefore, the viability of the solution
has been demonstrated, evidencing all its advantages: durability, reliability, lack of maintenance,
scalability, absence of moving parts, noiseless operation, robustness, and compactness.
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9. Patents

The mode of operation of the developed thermoelectric generator is patented under number WO
2019/202180 A1.
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Abbreviations

The following abbreviations are used in this manuscript:

CHE Cold side heat exchanger
GTEG Geothermal Thermoelectric Generator
HHE Hot side heat exchanger
IoT Internet of Things
LPWAN Low Power Wide Area Network
MPPT Maximum Power Point Tracker
M1 Thermoelectric module 1
M2 Thermoelectric module 2
OC Open-circuit
SC Short-circuit
I Intensity (A)
P Power (W)
Q̇ Heat flux (W)
R Thermal resistance (K/W)
Rload Load electrical resistance (Ω)

T Temperature (°C)
V Voltage (V)
η Efficiency (%)
amb Ambient
b Base of the heat exchanger
C Cold side of the thermoelectric module
H Hot side of the thermoelectric module
source Heat source
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Chapter 7

Conclusions and Future lines

This last chapter summarizes the most relevant conclusions and results obtained in the
studies and developments performed during the attainment of the present Ph. D. disser-
tation, in which two novel applications of thermoelectric generators based on geothermal
energy have been analyzed: medium–scale generation from Hot Dry Rock fields, and stand–
alone power supply of volcanic monitoring stations.

Section 7.1 includes the general conclusions of the thesis, which have been divided
into conclusions derived from the state of the art in Subsection 7.1.1, conclusions of the
development of thermoelectric generators for medium–scale geothermal power generation in
Subsection 7.1.2, and conclusions of the stand–alone volcanic monitoring stations powered
by thermoelectric generators in Subsection 7.1.3.

Afterwards, Section 7.2 presents the most relevant scientific contributions made during
the time devoted to the fulfillment of this Ph. D. dissertation, including not only the
results directly related to the thesis but also other contributions performed during the
same period.

Finally, Section 7.3 comprises the recommendations for future works intended to con-
tinue with this research line. Most of these recommendations will be accomplished within
the research project ELECTROVOLCAN (RTC–2017–6628–3) funded by the Spanish Min-
istry of Science, Innovation, and Universities, which finishes in June 2021. Furthermore,
the second application related to autonomous volcanic vigilance station has also received
extra funding, thanks to a grant awarded to the Ph. D. candidate by the Official School
of Industrial Engineers of Navarre in the Fuentes Dutor call.
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7.1 Conclusions

The main conclusions reached after the completion of this Ph. D. dissertation are described
below, starting with those derived from the state of the art, and followed by the outcomes
of the two applications under consideration in the present thesis. Moreover, the attainment
of the different specific objectives of the thesis is also pointed out.

7.1.1 Conclusions Derived from the State of the Art

The conclusions relative to the state of the art address the research necessities derived
from the bibliographic review, which have led to the development of the present Ph. D.
dissertation.

1. Although thermoelectricity has demonstrated to be a robust, reliable, durable, and
scalable technology that does not require moving parts, working fluids nor auxiliary
equipment, there is a lack of real applications. Therefore, there is an interest to find
new applications in which thermoelectric generators can finally be made a reality
despite their low efficiency.

2. In order to improve the efficiency of thermoelectric generators, apart from the devel-
opment of new thermoelectric materials, it is of utmost importance to optimize the
heat exchangers due to their influence in the robustness and efficiency of the gen-
erators. In this sense, heat exchangers that obtain low values of thermal resistance
without moving parts nor auxiliary consumption are gaining attention.

3. In the last years, computational models have emerged as an indispensable tool for
the design and optimization of thermoelectric generators. Nonetheless, in order to
obtain a reliable instrument, it is necessary that these models take into account all
thermoelectric effects, consider temperature–dependent properties, and incorporate
the modeling of the heat exchangers and the heat reservoirs.

4. Geothermal energy has recently been proposed as heat source for thermoelectric
generators. In comparison with other renewable sources, geothermal energy stands
out because it is not affected by weather, it is stable, it has a high capacity factor,
and it can be used as base–load power.

5. Hot Dry Rock fields are one of the most abundant geothermal fields in the world. Nev-
ertheless, despite their high temperatures, their exploitation is not being conducted
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due to the seismicities induced by the only method existing nowadays, Enhanced
Geothermal Systems.

6. Volcanic vigilance stations are indispensable in any volcanic system of the world.
However, the power supply of such stations is often a challenge, so it is usually
decided not to monitor the volcanoes, with its consequent risk. These stations require
an autonomous and robust generator, that does not require maintenance, and that
can withstand all kinds of meteorological conditions.

7.1.2 Conclusions of Medium–Scale Geothermal Thermoelectric Gener-
ation from Hot Dry Rock Fields

The first application subject of study of the present Ph. D. dissertation proposes the
utilization of thermoelectric generators for Hot Dry Rock fields. The study, optimization,
development, and characterization of such devices have been performed in the Chapters 2,
3 and 4, obtaining results that also lay the foundations for the second application under
consideration in this thesis. The most relevant conclusions can be summarized as follows:

1. Thermoelectric generators can become an environmentally–friendly alternative to
Enhanced Geothermal Systems in Hot Dry Rock fields because rock fracture can be
avoided if solid or phase change heat exchangers are used on the hot side. Among
both types of heat exchangers, the latter has demonstrated to be more appropriate
since lower thermal resistances can be obtained.

2. A first prototype composed of a two–phase closed thermosyphon with a thermal resis-
tance of 0.31 K/W as hot side heat exchanger and two bismuth–telluride thermoelec-
tric modules was built and characterized at the laboratory considering fin dissipators
and loop thermosyphons with different geometries as cold side heat exchangers.

3. The thermal resistance of the different types and geometries of cold side heat ex-
changers was experimentally determined with respect to different heat fluxes and
fan voltages (the latter only in the case of fin dissipators; loop thermosyphons were
completely passive and did not include any auxiliary equipment). The obtained re-
sults show that the thermal resistance of fin dissipators is mainly dependent on the
fan voltage, decreasing with higher voltages since force convection improves. Hence,
values of 0.37 K/W were obtained with 6 V, which diminished to 0.27 K/W when
doubling the fan voltage. In the case of loop thermosyphons, their thermal resis-
tance depends on both the heat flux and the size of the condensation area. Thus,
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lower thermal resistances were obtained with higher heat fluxes and increased con-
densation areas. The 8 levels loop thermosyphon showed the best values, decreasing
from 0.29 K/W with 20 W to 0.16 K/W with 140 W, while the 6 levels one presented
slightly higher values, decreasing from 0.4 to 0.24 K/W for the same heat flux range.

4. After the characterization of the cold side heat exchangers, the whole thermoelectric
generator was experimented to determine the power generated by the modules con-
sidering different heat source temperatures and load resistances. The lower thermal
resistance of the 8 levels loop thermosyphon led to the highest generation. Thus, for
a 200 °C heat source, a generation of 3.3 W per module was obtained, while with the
6 levels one 2.4 W were generated. The latter value is comparable with the results
of total generation with fin dissipators as cold side heat exchangers. Nevertheless, it
is necessary to take into account the consumption of the auxiliary equipment. If net
generation is considered, the maximum power generation obtained with fin dissipa-
tors was 1.5 W, 54.5 % and 37.5 % less than with the previous loop thermosyphons
respectively.

5. Considering the previous results, the importance of using passive heat exchangers,
with no auxiliary consumption, and presenting low thermal resistances became ev-
ident. The best configuration of a geothermal thermoelectric generator is therefore
composed of heat exchangers based on phase change at both sides of the thermoelec-
tric modules. With this statement, the specific objective 2 is considered fulfilled.

6. Based on the former affirmation, a computational model based on the thermo–
electrical analogy was developed. This model simulates the performance of an entire
thermoelectric generator, including the heat exchangers, the heat source and sink;
does not neglect any thermoelectric effect; and takes into consideration the influence
of temperature in the properties, as well as the thermal and electrical effects. The
model was programmed to facilitate the study of different configurations and per-
mits the discretization of the heat exchangers including all the involved phenomena.
Thus, in the case of heat exchangers based on phase change, conduction, boiling,
condensation, and convection resistances are considered.

7. The novelty of the model, besides the application for it was conceived, is that it simu-
lated for the first time a thermoelectric generator with phase change heat exchangers
at both sides of the thermoelectric modules. Furthermore, the model is so versatile
that it serves for any thermoelectric application, being a design and optimization
tool in and of itself.
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8. The developed model was validated thanks to the aforementioned experiments. Hence,
firstly the ability of the model to estimate the thermal resistance of the cold side heat
exchanger was determined, leading to a relative error encompassed in the [−9.08 %,
8.21 %] interval in the 95 % of the cases for the habitual heat fluxes in this applica-
tion. Regarding the whole thermoelectric generator, the generation values predicted
by the model were in a ±6 % error range in comparison with the experimental ones
considering load resistances higher than 2 Ω, and in a ±8 % one when estimating the
temperature difference across the thermoelectric modules. Hence, these results lead
to the attainment of the specific objective 1.

9. Based on the model, an analysis of the influence of different parameters on a geother-
mal thermoelectric generator was performed taking as reference two locations within
Timanfaya National Park: Islote Hilario, where the geothermal gases emerge at a
temperature of 480 °C and with a velocity of 11.15 m/s, and Casa de los Camelleros,
with 200 °C and 6.03 m/s respectively. More specifically, for a geometry composed
of a two phase closed thermosyphon with water as working fluid as hot side heat
exchanger and loop thermosyphons for the cold side one, the influence of the size
of both heat exchangers and of the number of thermoelectric modules were studied.
As a result, the importance of having low thermal resistances was again evidenced,
since the lower the thermal resistances the higher the generation. Nonetheless, for
each configuration, there was an optimal number of thermoelectric modules due to
the fact that the proposed design used a unique two phase closed thermosyphon for
all the modules and cold side heat exchangers. This optimal number of modules
increased with higher thermal resistances of the cold side heat exchanger.

10. Among the studied cases, the optimal geothermal thermoelectric generator for Islote
Hilario generated 68.07 W with 16 thermoelectric modules, when the hot side two
phase closed thermosyphon was inserted 3 m in the ground and 8 levels loop ther-
mosyphons were used as cold side heat exchangers. The same size of heat exchangers
led to the optimal generator in Casa de los Camelleros too. Nevertheless, due to
the lower heat source temperature, the maximum generation of this device was of
43.23 W, achieved with 28 thermoelectric modules.

11. Another alternative that also fulfills the requirements of absence of moving parts
and auxiliary consumption but it is simpler, consists of using a solid bar as hot
side heat exchanger and fin dissipators working under natural convection as cold
side ones. This configuration was also studied, obtaining a huge detriment in the
generation that was quantified in 97 % for Islote Hilario and 81 % in Casa de los
Camelleros. If the hot side heat exchanger was modified and a two phase closed

161



CHAPTER 7. CONCLUSIONS AND FUTURE LINES

thermosyphon was again used, but fin dissipators were maintained at the cold side,
the decrease in the generation was quantified in 31.9 % and 27.1 % respectively in
comparison with loop thermosyphons. Apart from the decrease in generation, the
utilization of fin dissipators as cold side heat exchangers also required a higher number
of thermoelectric modules to reach the optimal value, which would increase the size
and cost of the generator. Therefore, it was reaffirmed that the best configuration for
a geothermal thermoelectric generator is composed of phase change heat exchangers
at both sides of the thermoelectric modules.

12. With the optimized geothermal thermoelectric generators with phase change heat
exchangers, and taking into account the extension of the areas of Islote Hilario and
Casa de los Camelleros (3000 and 2000 m2 respectively), the average ambient condi-
tions, and the amount of energy that can be extracted from the ground per unit of
time without affecting the geothermal field, an estimation of the annual electricity
generation that can be achieved was performed. Thus, it was obtained that up to
470.87 MWh can be generated in Islote Hilario and 210.66 MWh in Casa de los
Camelleros, which sums up an annual electricity generation of 681.53 MWh. This
result entails the achievement of the specific objective 4.

13. Based on the previous results, two prototypes with phase change heat exchangers
were designed to be installed on field at the geothermal anomalies of Casa de los
Camelleros considering constructional aspects. In the process, it was taken into
account that apart from having heat exchangers with low thermal resistances, it is
also important to avoid moving parts, auxiliary consumption, noise, and harmful
working fluids, while being compact, modular, and easy assembly.

14. Due to the lack of commercial products with the previous characteristics, the manu-
facturing process of the heat exchangers was also developed, leading to an inexpensive
and quick methodology that permits obtaining low values of thermal resistances. In
the case of the cold side heat exchanger, it was experimentally determined that its
value is of around 0.4 K/W, while in the hot side one, thermal resistances lower than
0.16 K/W were obtained.

15. After the complete design process, the two real size prototypes were built at the
laboratories of the Public University of Navarre, where their characterization was
performed for different operating conditions prior to their installation on field.

16. The obtained results show that, for the optimal load resistance, there exists a linear
correlation between the power generated and the gradient between the heat source
and the ambient temperatures. This generation is higher for lower levels, forced
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convection conditions, as well as in the prototype with less thermoelectric modules.
In total, the prototype with 10 thermoelectric modules led to a maximum generation
of 17.1 W given a temperature difference of 160 °C between sources and a wind speed
of 1.5 m/s, while the prototype with 6 thermoelectric modules produced a maximum
of 20 W with the same velocity and a gradient of 166 °C. These results suppose
the accomplishment of the specific objective 3, whose scope will be enlarged in the
upcoming installation at Timanfaya National Park.

7.1.3 Conclusions of the Stand–Alone Power Supply of Volcanic Moni-
toring Stations

The second application under consideration in the present Ph. D. dissertation deals with
the development of autonomous volcanic monitoring stations powered by thermoelectric
generators. Chapters 5 and 6 have analyzed their prospects, for which two different pro-
totypes were installed at Teide volcano (Canary Islands, Spain). The main conclusions
obtained in this application are described below.

1. Firstly, the fumaroles available at Teide volcano were characterized regarding their
temperature and humidity. These fumaroles represent the heat source for the ther-
moelectric generators, heating up and moistening the soil in their emergence to the
surface. Hence, it was measured that for depths higher than 10 cm the temperature
of the ground presents a constant value of 82 °C, while for shallower depths the am-
bient conditions influence. The soil moisture also presents a stable value of around
90 %, which ensures a good heat transfer with the generator.

2. A first prototype composed of two thermoelectric modules and heat pipes as heat
exchangers was installed at Teide volcano in March 2019. Similarly to the previous
application, this configuration permits obtaining a generator without moving parts
nor auxiliary consumption. The cold side heat exchanger of this prototype presented
a thermal resistance lower than 0.3 K/W under forced convection conditions, the
typical ones in the volcano.

3. This first prototype produced a net generation between 0.32 and 0.33 W per module
given a temperature difference between the heat reservoirs of 69 to 86 °C that includes
ambient temperatures below 0 °C. The average temperature of the hot and cold sides
of the thermoelectric modules was 55 and 15 °C respectively.

4. This first prototype served for the demonstration of the feasibility of thermoelectric
generation from fumaroles. Nevertheless, it also exhibited the harsh conditions that
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the device needs to withstand. The hydrogen sulfide contained in the fumaroles
reacts with steam forming sulfuric acid, which virulently attacks metals, especially
copper. This caused the failure of the electronics after only two days of installation.

5. Thanks to all the knowledge learned from the previous experience, a new proto-
type was developed. This second prototype was also composed of heat pipes as
heat exchangers, thus leading to a robust device that does not require maintenance,
and incorporated four thermoelectric modules. Nonetheless, in comparison with the
previous one, several improvements were introduced: protective coatings against cor-
rosion, new assembly method for the heat exchangers, and reduced thermal resistance
of the cold side heat exchangers thanks to an increase of area.

6. This second prototype was firstly characterized in the laboratory. Hence, it was
obtained a thermal resistance of 0.24 K/W for the cold side heat exchanger under
forced convection conditions with an ambient temperature of 15 °C and an air velocity
of 4 m/s. In the case of the hot side heat exchanger, the average value was 0.35 K/W

under natural convection in a 75 °C thermostatic bath with water. The generation of
the prototype was also measured for different electrical load resistances. Thus, the
obtained results led to a maximum power generation of 0.36 W per module with a
2.2 Ω load resistance, equivalent to an efficiency of 1 %.

7. Apart from the generator itself, the development of the electronic part necessary to
achieve a completely autonomous volcanic monitoring station was also one of the
specific objectives of the present Ph. D. dissertation, that was completely devel-
oped. Thus, a complete system composed of MPPTs that ensure that the thermo-
electric modules work in their optimum point and store the generated energy in a
low–capacity battery, a boost converter that elevates the battery voltage to the one
required by the consuming elements, several sensors that monitor different temper-
atures and electrical powers, an electrical resistor that simulates peaks in the con-
sumption, and a communication system based on LoRa to emit the measured data
to a gateway located several kilometers away was also developed. The modification
of the communication technology from a GSM router to the Internet of Things (IoT)
technology LoRa permitted a reduction of 97 % in the energy demand.

8. The prototype was installed at Teide volcano in December 2019 and on the date of
submission of this Ph. D. dissertation it is still in operation. During 93.95 % of the
time only one thermoelectric module has been necessary to power the data acquisition
and communication systems. This thermoelectric module has generated between 0.27
and 0.75 W with a temperature difference across it in the range of 38 to 66 °C; on
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average 0.49 W with a temperature gradient of 51.5 °C. With the measured data,
it was possible to calculate the thermal resistance of the heat exchangers, leading
to 0.27 and 0.24 K/W for the hot and cold side respectively, which evidences that
conduction is the heat transfer mechanism dominant in the heat transfer with the
ground. Hence, the other specific objective related to the stand–alone power supply
of volcanic monitoring stations, the fifth specific objective, is also considered fulfilled.

9. Since its installation, the prototype has resisted all kind of meteorological conditions,
from severe snowfalls and frost to days with the typical Saharan air layer, and neither
the generator nor the electronic system have failed, being still in operation after more
than 8 months and always ensuring the communication over 14 km every 4 minutes.
Therefore, it can be concluded that autonomous volcanic vigilance stations powered
by thermoelectric generators can become a reality.
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7.2 Scientific Contributions

The research carried out during the fulfillment of this thesis has been presented in different
formats: patents, publications in JCR journals, books, book chapters, publications in con-
ference proceedings, communications in conferences, or Bachelor’s Thesis supervised. This
section enumerates these scientific contributions distinguishing into those contributions di-
rectly related to the present Ph. D. dissertation, and those performed at the same time
due to the participation of the Ph. D. candidate in other research projects. In addition
to this information, the scholarships obtained and the research stays accomplished during
the thesis are also mentioned.

Scholarships

• The research presented in this Ph. D. dissertation was awarded public funding for
the whole period of the thesis by means of a predoctoral scholarship for the training
of university teachers given by the Spanish Ministry of Science, Innovation, and Uni-
versities. The call was published in the Spanish State Official Newsletter (BOE) on
Thursday 22nd December 2016, and the awarded scholarship code is FPU 16/05203.

• On 3rd December 2018, a three months research stay was initiated at the Institute
of Technology and Renewable Energies (ITER) located in Tenerife (Spain), thanks
to the predoctoral mobility program funded by the Government of Navarre.

• Furthermore, in May 2020, another scholarship was obtained to continue with the de-
velopment of volcanic vigilance stations powered by thermoelectric generators. This
scholarship is funded by the Official School of Industrial Engineers of Navarre.

Research stays

• As exposed previously, between December 2018 and March 2019, a research intern-
ship was performed at the Institute of Technology and Renewable Energies (ITER).
This institution is the coordinator of ELECTROVOLCAN project and has its head-
quarters in Tenerife island (Canary Islands, Spain).

• Between March and June 2020, another research stay was programmed at Cardiff
University under the supervision of professor Gao Min. Nevertheless, with the coro-
navirus pandemic, it could not be attended in person and only those tasks that could
be developed remotely were completed.
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Patents

The configuration of a geothermal thermoelectric generator with biphasic thermosyphons
at both sides of the thermoelectric modules has been patented under the number WO
2019/202180 A1, whose authors are D. Astrain, L. Catalan, P. Aranguren and M. Araiz.

Publications in JCR Journals

The publications in JCR Journals directly related to the thesis are the four articles that
endorse the present Ph. D. dissertation as a compendium.

• L. Catalan, P. Aranguren, M. Araiz, G. Perez, D. Astrain. “New opportunities
for electricity generation in shallow hot dry rock fields: a study of thermoelectric
generators with different heat exchangers”. Energy Conversion and Management 200
(2019) 112061. DOI: 10.1016/j.enconman.2019.112061

• L. Catalan, M. Araiz, P. Aranguren, D. Astrain. "Computational study of geothermal
thermoelectric generators with phase change heat exchangers". Energy Conversion
and Management 221 (2020) 113120. DOI: 10.1016/j.enconman.2020.113120

• L. Catalan, M. Araiz, P. Aranguren, G.D. Padilla, P.A. Hernandez, N.M. Perez, C.
Garcia de la Noceda, J.F. Albert, D. Astrain. "Prospects of Autonomous Volcanic
Monitoring Stations: Experimental Investigation on Thermoelectric Generation on
Fumaroles". Sensors 20 (2020), 3547. DOI: 10.3390/s20123547

• L. Catalan, A. Garacochea, A. Casi, M. Araiz, P. Aranguren, D. Astrain. "Au-
tonomous volcanic monitoring stations: combination of thermoelectric generators
and Internet of Things (IoT)". Sensors 20 (2020) 4839. DOI: 10.3390/s20174839

Besides them, the Ph. D. candidate has also published the following articles in JCR
journals. These publications are also related to thermoelectricity, encompassed in other
research projects developed by the Thermal and Fluids Engineering Research Group from
the Public University of Navarre, in which, as exposed later, the Ph. D. candidate has
participated.

• M. Araiz, A. Casi, L. Catalan, A. Martinez, D. Astrain. “Prospects of waste-heat
recovery from a real industry using thermoelectric generators: Economic and power
output analysis”. Energy Conversion and Management 205 (2020) 112376. DOI:
10.1016/j.enconman.2019.112376
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• D. Astrain, A. Merino, L. Catalan, P. Aranguren, M. Araiz, D. Sanchez, R. Cabello,
R. Llopis. “Improvements in the cooling capacity and the COP of a transcritical CO2
refrigeration plant operating with a thermoelectric subcooling system”. Applied Ther-
mal Engineering 155 (2019) 110-122. DOI: 10.1016/j.applthermaleng.2019.03.123

Books and book chapters

During this period, a book chapter and a book have also been published parallel to the
development of the thesis.

• M. Araiz, L. Catalan, O. Herrero, G. Perez, A. Rodriguez. “The importance of
the assembly in thermoelectric generators” in the book “Bringing Thermoelectricity
into Reality”. P. Aranguren, IntechOpen: London, UK, 2018. pp. 123–144. ISBN:
978-1-78923-440-4. DOI: 10.5772/intechopen.71354

• J. Samanes, J. Pascual, A. Berrueta, M. Araiz, L. Catalan, P. Aranguren, D. Arri-
cibita. “Energía sostenible: sin malos humos” The Spanish adaption of David MacKay’s
“Sustainable Energy: without the hot air”. UPNA and UIT Cambridge: Pamplona,
Spain. 2019. ISBN: 978-84-9769-353-0.

Publications in Conference Proceedings

The conference proceedings directly related to the thesis are:

• L. Catalan, M. Araiz, P. Aranguren, D. Astrain. “Design of a passive geothermal
thermoelectric generator for shallow hot dry rock fields: application to Timanfaya
National Park”. XI National and II International Engineering Thermodynamics
Congress Proceeding Book 2019. ISBN: 978-84-09-11635-5.

• L. Catalan, D. Astrain, P. Aranguren, M. Araiz. “Comparative analysis of different
cooling systems for geothermal thermoelectric generators”. IX Iberian and VII Ibero-
American Congress in Cooling Science and Techniques Proceedings (CYTEF 2018)
2018. ISBN: 978-84-09-01619-8.

Moreover, the following proceedings have also been published:

• P. Aranguren, I. San Martin, L. Catalan, A. Martinez, A. Jurio, S. Diaz, G. Perez,
M. Gomez, E. Barrenechea. “Initiative to Increment the number of women in STEM
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degrees: Women, Science and Technology Chair of the Public University of Navarre”.
IEEE Global Engineering Education Conference EDUCON 2020. ISBN: 978-1-7281-
0930-5.

• A. Jurio, L. Catalan, I. San Martin, P. Aranguren, A. Martinez, S. Diaz, E. Bar-
renechea, M. Gomez, G. Perez. “ “Yo quiero ser cientifica” a creative way to inspire
girls in science”. IEEE Global Engineering Education Conference EDUCON 2020.
ISBN: 978-1-7281-0930-5.

• M. Araiz, D. Astrain, P. Aranguren, A. Martinez, L. Catalan, A. Casi. “Thermoelec-
tric generator with passive heat exchangers for waste-heat recovery in a manufactur-
ing plant”. XI National and II International Engineering Thermodynamics Congress
Proceeding Book 2019. ISBN: 978-84-09-11635-5.

• P. Aranguren, D. Sanchez, A. Casi, M. Araiz, L. Catalan. “ITF CAN COOLER: A
tailored vapor compression cooling system designed to be used at practice sessions”.
XI National and II International Engineering Thermodynamics Congress Proceeding
Book 2019. ISBN: 978-84-09-11635-5.

• M. Araiz, P. Aranguren, L. Catalan, A. Martinez, D. Astrain. “Passive heat ex-
changer with no moving parts for thermoelectric generators”. IX Iberian and VII
Ibero-American Congress in Cooling Science and Techniques Proceedings (CYTEF
2018) 2018. ISBN: 978-84-09-01619-8.

• D. Astrain, L. Catalan, P. Aranguren, M. Araiz, A. Merino, D. Sanchez, R. Llopis,
R. Cabello, J. Catalan-Gil. “Computational Study of a CO2 Cooling System with
Thermoelectric Subcooling”. IX Iberian and VII Ibero-American Congress in Cooling
Science and Techniques Proceedings (CYTEF 2018) 2018. ISBN: 978-84-09-01619-8.

Communications in Conferences

During the fulfillment of the thesis, the Ph. D. candidate has assisted to 14 international
conferences. The contributions directly related to this Ph. D. dissertation are detailed
below, indicating the type of contribution (oral, poster, or invited).

• Oral: L. Catalan, A. Garacochea, A. Casi, M. Araiz, P. Aranguren, D. Astrain,
G.D. Padilla, N.M. Perez, P.A. Hernandez, J.F. Albert, C. Garcia de la Noceda.
“Autonomous volcanic monitoring stations: combination of thermoelectric generators
and Internet of Things (IoT)”. Virtual Conference on Thermoelectrics (Online, 2020).
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• Oral: P. Alegria, L. Catalan, M. Araiz, D. Astrain. “Design and optimization of a
thermoelectric generator for the high enthalpy superficial geothermal anomalies of
Timanfaya National Park”. Virtual Conference on Thermoelectrics (Online, 2020).

• Invited: L. Catalan. “Study of the degradation of different thermoelectric modules
at Teide volcano”. Seminar on Climatic Reliability of Electronics: Global Challenges
and Perspectives. (Lyngsby, Denmark, 2020).

• Oral: L. Catalan, M. Araiz, P. Aranguren, A. Garacochea, D. Astrain, V. Dominguez,
A.C. Montañez, G.D. Padilla, N.M. Perez, P.A. Hernandez, J. Barrancos, J.F. Albert,
C. Garcia de la Noceda. “Autonomous volcanic monitoring stations at Teide National
Park (Spain)”. 17th European Conference on Thermoelectrics (Limassol, Cyprus,
2019).

• Poster: L. Catalan, M. Araiz, P. Aranguren, D. Astrain. “Study of different heat
exchangers for thermoelectric generators for Timanfaya National Park (Spain)”. 17th
European Conference on Thermoelectrics (Limassol, Cyprus, 2019).

• Poster: L. Catalán, G. Pérez, C. Berlanga, A. Garacochea, D. Astrain, P. Aranguren,
M. Araiz. “Study of the degradation of different thermoelectric modules in acidic
environment”. 17th European Conference on Thermoelectrics (Limassol, Cyprus,
2019).

• Oral: L. Catalan, G. Perez, C. Berlanga, D. Astrain, A. Garacochea, P. Aranguren,
M. Araiz, V. Dominguez, A.C. Montañez, G.D. Padilla. “Study of the degradation of
different thermoelectric modules at Teide National Park”. EUROCORR 2019 "The
annual event of the European Federation of Corrosion" (Sevilla, Spain, 2019).

• Poster: L. Catalan, G. Perez, C. Berlanga, A. Garacochea, A. Rodriguez, V. Dominguez,
A.C. Montañez, G.D. Padilla, N.M. Perez. “Study of the degradation of heat ex-
changer materials in the acidic environment of Teide National Park”. EUROCORR
2019 "The annual event of the European Federation of Corrosion" (Sevilla, Spain,
2019).

• Oral: L. Catalan, A. Garacochea, M. Araiz, P. Aranguren, D. Astrain, V. Dominguez,
A.C. Montañez, G.D: Padilla, N.M. Perez, J.F. Albert, C. Garcia de la Noceda,
P.A. Hernandez, J. Barrancos. “Development of a thermoelectric generator to supply
energy to volcanic vigilance stations”. 2nd Iberian Thermoelectric Workshop (Ciudad
Real, Spain, 2019).
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• Poster: L. Catalan, M. Araiz, A. Casi, P. Aranguren, D. Astrain. “Computational
optimization of a geothermal thermoelectric generator for high enthalpy superficial
hot dry rock fields”. 2nd Iberian Thermoelectric Workshop (Ciudad Real, Spain,
2019).

• Poster: A. Garacochea, L. Catalan, A. Casi, E. Gubia, D. Astrain. “The promis-
ing combination of thermoelectric generators with IoT technologies for autonomous
monitoring systems”. 2nd Iberian Thermoelectric Workshop (Ciudad Real, Spain,
2019).

• Poster: L. Catalan, D. Astrain, P. Aranguren, M. Araiz. “Geothermal Thermo-
electric Generator for Timanfaya National Park”. 38th International Conference on
Thermoelectrics and 4th Asian Conference on Thermoelectrics (Gyeongju, South
Korea, 2019).

• Oral: L. Catalan, M. Araiz, P. Aranguren, D. Astrain. “Design of a passive geother-
mal thermoelectric generator for shallow hot dry rock fields: application to Timan-
faya National Park”. XI National and II International Engineering Thermodynamics
Congress (Albacete, Spain, 2019).

• Co-Invited: D. Astrain, L. Catalan. “Generation of electricity by the thermoelectric
effect using superficial geothermal anomalies of volcanic origin”. IEA International
Workshop on Geothermal Energy (Pozo Izquierdo, Spain, 2019).

• Oral: L. Catalan, D. Astrain, P. Aranguren, M. Araiz. “Comparative Analysis of
Different Cooling Systems for Geothermal Thermoelectric Generators”. 37th Inter-
national and 16th European Conference on Thermoelectrics (Caen, France, 2018).

• Oral: L. Catalan, D. Astrain, P. Aranguren, M. Araiz. “Comparative analysis of dif-
ferent cooling systems for geothermal thermoelectric generators”. IX Iberian and VII
Ibero-American Congress in Cooling Science and Techniques Proceedings. (Valencia,
Spain, 2018).

• Oral: L. Catalan, P. Aranguren, D. Astrain, M. Araiz, A. Martinez, A. Casi. “Com-
putational Model and Experimental Validation of a Thermoelectric Generation Sys-
tem based on Geothermal Energy”. 15th European Conference on Thermoelectrics
(Padua, Italy, 2017).

• Oral: L. Catalan, D. Astrain, P. Aranguren, M. Araiz, G. Perez, A. Casi. “Ther-
moelectric generation based on high enthalpy geothermal resources using high ef-
ficiency heat exchangers”. 15th European Conference on Thermoelectrics (Padua,
Italy, 2017).

171



CHAPTER 7. CONCLUSIONS AND FUTURE LINES

Other contributions in which the Ph.D. candidate has participated in the same period are:

• Oral: P. Aranguren, I. San Martin, L. Catalan, A. Martinez, A. Jurio, S. Diaz, G.
Perez, M. Gomez, E. Barrenechea. “Initiative to Increment th number of women in
STEM degrees: Women, Science and Technology Chair of the Public University of
Navarre”. 2020 IEEE Global Engineering Education Conference EDUCON (Porto,
Portugal, 2020).

• Oral: A. Jurio, L. Catalan, I. San Martin, P. Aranguren, A. Martinez, S. Diaz,
E. Barrenechea, M. Gomez, G. Perez. “ “Yo quiero ser cientifica” a creative way
to inspire girls in science”. 2020 IEEE Global Engineering Education Conference
EDUCON (Porto, Portugal, 2020).

• Oral: M. Araiz, D. Astrain, P. Aranguren, A. Martinez, L. Catalan, A. Casi. “Ther-
moelectric Generator Design and Experimentation for Waste-Heat Recovery in a
Manufacturing Plant”. 17th European Conference on Thermoelectrics (Limassol,
Cyprus, 2019).

• Poster: P. Aranguren, D. Astrain, M. Araiz, L. Catalan, A. Casi, D. Sanchez, R.
Llopis, R. Cabello. “Influence of the design parameters of a thermoelectric subcooler
on the COP of a transcritical CO2 refrigeration system”. 17th European Conference
on Thermoelectrics (Limassol, Cyprus, 2019).

• Invited: D. Astrain, A. Rodriguez, A. Martinez, G. Perez, P. Aranguren, M. Araiz,
L. Catalan, A. Casi, A. Garacochea. “Thermoelectric Applications: looking for new
possibilities”. 2nd Iberian Thermoelectric Workshop (Ciudad Real, Spain, 2019).

• Oral: D. Astrain, L. Catalan, P. Aranguren, M. Araiz, A. Merino, D. Sanchez, R.
Llopis, R. Cabello, J. Catalan-Gil. “Design of a thermoelectric subcooling system
to improve the efficiency of a CO2 vapour compression refrigeration system”. 38th
International Conference on Thermoelectrics and 4th Asian Conference on Thermo-
electrics (Gyeongju, South Korea, 2019).
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7.3 Future Lines

As exposed before, the work developed in the present Ph. D. dissertation has continu-
ity within the research project ELECTROVOLCAN and the Fuentes Dutor scholarship.
Therefore, most of the recommendations proposed in this last section are indeed considered
in the objectives of these projects.

The proposed recommendations have been divided into the two applications analyzed.
Hence, for the medium–scale geothermal power generation, the future lines to be developed
are:

1. Once the prototypes have been characterized at the laboratory, it is necessary to
install them at Timanfaya National Park, so that their behavior under real conditions,
with the hot geothermal gases, can be characterized. The estimated installation date
is September 2020.

2. The previous prototypes were oriented to the location known as Casa de los Camelleros
within Timanfaya National Park. Therefore. it is also necessary to design, build,
characterize, and install a device in Islote Hilario, where the temperature and veloc-
ity of the gases are greater, which suggests a higher generation.

3. Due to the higher temperatures available at Hilario, it is also interesting to study
the use of other thermoelectric modules more suitable for these conditions and that
permit obtaining a higher generation.

4. The field installation of the prototypes will permit figuring out improvements to be
made in the prototypes, similar to what occurred with the Teide’s devices. Based on
this knowledge, a final design for each location needs to be developed.

5. With the final design of the generators, the ELECTROVOLCAN project has the ob-
jective to reach a power installation of 1 kW by installing several prototypes. More-
over, it also contemplates the estimation of its cost and its comparison with other
existing technologies.

6. Lastly, it is expected to complement the former geothermal plant with photovoltaic
panels so that the visitor’s center located at Timanfaya National Park can entirely
be powered with renewable sources, avoiding using fossil fuels as occurs nowadays.
The procedure for this future project is already in operation.

On its behalf, in the case of autonomous volcanic monitoring stations, the proposed
recommendations are summarized as follows:
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1. In spite of the fact that the prototype has been in operation for more than 8 months
without showing signs of degradation, a study of the environmental stresses on the
performance of thermoelectric modules of different materials is recommended, espe-
cially due to the harsh volcanic environment. Hence, accelerated corrosion meth-
ods that simulate the conditions available at the volcanoes would need to be com-
bined with techniques of characterization of the thermoelectric modules, such as the
impedance spectroscopy. This line is expected to be performed in collaboration with
Cardiff University.

2. Apart from the study of thermoelectric modules degradation, the resistance of dif-
ferent materials and coatings also needs to be studied. For this purpose, accelerated
corrosion techniques such as the Kesternich test would be again required.

3. Since in the case of fumaroles, the geothermal anomalies are located just a few
centimeters deep, it could be interesting to study other alternatives for the hot side
heat exchanger, the most critical one regarding corrosion. Thus, one possibility could
be to analyze the behavior of a solid bar as hot side heat exchanger, examining if the
corrosion resistance gain compensates with respect to the expected thermal resistance
loss.

4. The viability of stand–alone volcanic vigilance stations powered by thermoelectric
generators was proven by simulating the power consumption of their devices. There-
fore, a step further would be to supply power to a real monitoring station.

5. The last future line that arises from the second application of this Ph. D. dissertation
deals with the installation of the developed device in an even more extreme environ-
ment, as it is the case of Deception Island, a volcanic island located in Antarctica
where the absence of sun is a reality during several months and extremely low tem-
peratures are registered. Spain has a military base on this island, which permits the
development of several research projects during the austral summer. Therefore, it is
intended to request a project in this regard.
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