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Thermoelectric generators have been recently proved to be a feasible alternative to harness hot dry rock
fields with very promising results transforming the geothermal heat into electricity. This research deepens
in the study of these generators, developing a versatile computational model that serves as a tool to design
and optimize this type of thermoelectric generators. This tool is important to develop this thermoelectric
technology on a large scale, to produce clean and renewable electrical energy especially in the Timanfaya
National Park, in Lanzarote (Spain), where some of the most important shallow geothermal anomalies in the
world are located, in order to promote self-consumption in this zone. However, it could be employed in other
areas with different boundary conditions. The model, based in the finite difference method applied to the
thermal-electrical analogy of a geothermal thermoelectric generator, has been validated with the experimental
field results of two thermoelectric generators installed in two different zones of geothermal anomalies. It has
achieved a relative error of less than 10% when predicting the power and between 0.5-1.6% in the annual
energy generation, what makes it a very reliable and useful computational tool. The developed model has
been employed for the first time to estimate the electrical energy that could be generated if harnessing the
characterized area of anomalies in Lanzarote. Here, given the continuity of geothermal energy, 7.24 GWh per
year could be generated, which means annually 1.03 MWh/m?.

1. Introduction it suitable for installing thermoelectric generators, that permit main-

taining the high natural value of the island unspoilt. There are two

Every effort is needed to empower the use of renewable energy
sources, especially in zones with more need for clean energy like the
Canary Islands (Spain), which have an isolated electric system and a
98% dependence on fossil fuels for their primary energy [1,2]. As a
matter of fact, the European Commission signed in 2017 the policy
statement on Clean Energy for the Islands of the European Union
(EU), recognizing their potential to be the architects of their own
energy transition, as well as the opportunity to use these territories
as a testing ground for energy transition technologies or policies that
can afterwards be exported to the mainland [3]. In this regard, one
objective of the Sustainable Energy Strategy in the Canary Islands,
is to promote innovative energy projects, with new technologies that
permit the use of high temperature geothermal energy for electricity
generation [4].

The Canary Islands have a volcanic origin, which is notably present
nowadays. For instance, the island of Lanzarote is one of the most
important zones with geothermal anomalies in the world, which makes
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large fractures that cross this island in the NNE-SSW and NE-SW
directions [5]. The eruption that occurred between 1730 and 1736 in
the area where the Timanfaya National Park is currently located, was
one of the largest eruptions in history, and has given rise to numerous
scientific studies to understand its origin and characteristics. A magne-
totelluric study of the Timanfaya area evidenced the existence of a mass
of highly conductive magma at an approximate depth of 4 km [6]. Diez
et al. estimated the volume of this magmatic intrusion as a body with a
radius of 200 + 100 m characterized by a convective system in which
heat energy is transmitted through deep fractures in the rock [7]. This
magma body is responsible for the thermal anomalies that exist a few
meters from the surface on this island. Due to the magma heating up the
air inside the porous rocks, there are hot gases (98% Nitrogen) rising
through the surface by means of density difference [8,9]. However,
despite numerous studies, it has not been possible to fully characterize
the surface of the island where these anomalies exist. Most of the known
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Nomenclature

Variables

AP, Difference in the saturation pressure corre-
sponding to AT, (Pa)

AT, Difference between the wall and the satu-

ration temperatures (°C)
AT Temperature difference (°C)

0 Heat flux (W)

€ Ratio between the equivalent radius

n Efficiency

y Surface tension (N/m)

A he=n+1/(\/7- €

" Dynamic viscosity (Pa - s)

v Kinematic Viscosity (m2/s)

W Dimensionless constriction resistance

: v = e/ \ATR

A Area (m?)

Bi Biot Number Bi = h, - (\/A,/7)/k

cp Specific heat (J/kg - K)

D Diameter (m)

e Thickness (m)

G Total mass flow per unit area

g Gravity acceleration (m/ s2)

h Heat transfer convection coefficient
(W/m? - K)

i Latent heat of vaporization (J/kg)

J, Dimensionless vapor velocity

k Thermal conductivity (W/m - K)

Lepsin Characteristic length of a fin L,,_;, =
Ly +(epin/2)

L., Characteristic length (m)

M Number of thermoelectric modules

mfin mfin = \/ 2 hc}énu/k : efi"

N Number

P Electric power (W)

Py Reduced pressure

Pr Prandtl Number Pr=cp- u/k

R Thermal resistance (K/W)

Re Reynolds Number Re=v- L, /v

T Temperature (°C)

14 Velocity (m/s)

|4 Voltage (V)

y Mass fraction

VA Shah correlation parameter: Z = (1/x —

0.8 0.
108,04y
i Node number i
j Node number j

Subscripts and Superscripts

amb Ambient
b Boiling
Cold side
c Condensation
co Contact
const Constriction

anomalies are located on three crater rims in three specific zones:
Islote Hilario, over an area of 3000m? with the highest temperatures
reaching 610 °C at 13 m depth and around 500 in the surface; Casa de los

conv Convective

eq Equivalent

ev Evaporator

ext Exterior

g Gas

geoth Geothermal

H Hot side

k Conductive

/ Liquid

n Semiconductor n

p Semiconductor p

par Parallel connection

real Real

sat Saturation

sat Saturation

ser Series connection

sf Surface

sim Simulated

sup Per unit of area

tc Termocouple

u Joint material
Abbreviations

CHE Cold side Heat Exchanger
EGS Enhanced Geothermal System
EU European Union

FDM Finite Difference Method
GTEG Geothermal Thermoelectric Generator
HDR Hot Dry Rock Field

HHE Hot side Heat Exchanger
HT High Temperature

MT Medium Temperature

PV Photovoltaic

TEG Thermoelectric Generator
TEM Thermoelectric Module
TNP Timanfaya National Park
TPCT Two Phase Closed Thermosyphon

Camelleros, over a 4000 m? area and with surface temperatures around
200 °C; and Timanfaya Massif, a complex system of craters with thermal
anomalies that reach 250°C [10]. All these anomalies were estimated
to be over an area of 11000m? [11]. This zone is a Hot Dry Rock
field (HDR), which until now could only be exploited by Enhanced
Geothermal Systems (EGS), an invasive geothermal technology that
requires fracturing the rock to insert water. That is why, despite the
existing geothermal potential, nowadays it is not being harnessed due
to the difficulties implicit to the existing geothermal power plants: their
high environmental impact added to the high initial investment and
costs of water and maintenance.

Here, thermoelectric generators have been proved to be a feasible
alternative [12]. Even though they reach lower efficiencies compared
to conventional geothermal plants working with Rankine cycles, they
have important advantages as the absence of moving parts, their com-
pactness, and the low maintenance required. Thermoelectric generators
are composed by thermoelectric modules, that are solid-state devices,
capable of transforming a heat flow directly into electricity thank to the
Seebeck effect [13]. These modules consist of soldered junctions, called
thermocouples, of two types of semiconductors; a p-type semiconductor
and an n-type semiconductor of similar Seebeck coefficient, thermal
conductivity, and electrical resistivity, whose hot and cold junctions are
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at different temperatures. Thermocouples that absorb heat are located
on one side of the module (called hot side), and those that release
heat on the opposite side (called cold side). In addition, the modules
contain a plate of ceramic material on each side to provide rigidity. The
output potential of a thermocouple made of semiconductor materials is
relatively low. For this reason, a large number of these thermocouples
are connected electrically in series and thermally in parallel.

In order to maximize power generation, as the efficiency of a
thermoelectric module depends on the temperature difference between
its sides, to improve this thermal difference, a thermoelectric generator
requires heat exchangers, both in its cold and hot side. These heat
exchangers must present the lowest possible thermal resistance, so that
they are more efficient making the temperature in each side of the
modules closer to that of the corresponding thermal reservoir. It has
been demonstrated that a 10% reduction in the thermal resistance
of the heat exchangers produces a 8% increase in the power gen-
erated [14]. Furthermore, to maximize the net power generation, it
is very important to avoid moving parts by employing passive heat
exchangers, that do not present auxiliary consumption.

Due to their low efficiency compared to other conventional tech-
nologies, few geothermal thermoelectric generators can be found in
the literature, and most of them employ moving parts and auxiliary
consumption, thus reducing the net power and requiring maintenance.
For instance, Liu et al. developed two prototypes, estimating a total
generation of 500 W and 1 kW respectively [15,16], without taking
into account the consumption of the cold side heat exchanger, which
required a pump to move a fluid. Suter et al. modelled a 1 kW
thermoelectric generator using water entering at 140°C and leaving
the system at 20°C, but it was a computer study and their proposed
system required moving parts to circulate the fluid [17]. Ahiska and
Mamur developed a portable TEG for low geothermal temperatures,
obtaining a maximum power output of 41.6 W (2.08 W per TEM)
with a temperature difference between the TEM’s sides of 67°C [18].
Dell et al. developed a thermoelectric generator to harness a geother-
mal steam pipe, managing to produce more than 5 W (0.83 W per
module) with a 130 °C temperature difference between reservoirs [19].
Another example is the test that Li et al. did at the Bottle Rock
Geothermal Power Plant (California, USA), where they used steam from
a geothermal well as a heat source, cooled by a water flow on the
cold side, estimating that their geothermal thermoelectric device could
generate 500 W (3.6 W per TEM), but requiring moving parts, and thus,
extra consumption, to circulate the cooling fluid. More recently, Zhao
developed a geothermal thermoelectric generator with a passive heat
exchanger on the hot side and cooled with a pumping system on the
cold side [20], achieving a maximum output power of 10.85 W, but
again, without taking into account the auxiliary consumption of the
pumping system.

The development of geothermal thermoelectric generators without
moving parts is very important in order not to lose the main advantages
of thermoelectricity: robustness, lack of maintenance nor auxiliary con-
sumption, and is very recent. The first passive GTEG was proposed by
Catalan et al. [21], who obtained a 54% efficiency improvement with
respect to a finned dissipator by means of biphasic thermoyphons as
cold side heat exchangers, and developed a prototype of 3.2 W net out-
put per module with no moving parts. Alegria et al. [12] characterized
in laboratory a GTEG for medium temperature geothermal anomalies
(MT) without moving parts, and were able to install it in Timanfaya
National Park, demonstrating the feasibility of the technology for the
first time in real conditions, working for more than 2 years in perfect
operation without the need for maintenance and generating between
2.09 and 2.78 W per module [22]. Thank to this development, they
could finally install a thermoelectric generator in the area with the
highest temperature (HT) geothermal anomalies recorded in Lanzarote,
reaching a generation of 4.5 W per module, 36 W total, working also
without maintenance and generating more than 280 kWh of energy per
year [23]. These include thermosyphons as heat exchangers, which
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makes them totally passive, with no auxiliary consumption, and are the
only geothermal thermoelectric generators installed an operating in a
real geothermal field.

Once demonstrated the viability, the design of a larger-scale instal-
lation is needed in order to take advantage of the geothermal anomalies
in the island of Lanzarote, which are currently untapped. Here, the
development of a computational tool that permits designing such an
installation depending on the conditions of the environment is of great
importance. For that reason, the aim of this work is to develop a
computational model capable of simulating the behaviour of these
novel thermoelectric generators depending on different parameters
as the ambient conditions (temperature and wind) and geothermal
temperatures.

Due to the complexity of heat transmission, electric and thermoelec-
tric phenomena in a thermoelectric generator, different computational
models have been developed along the years to solve the correspond-
ing equations and have become indispensable tools for designing and
optimizing generators in real applications, thus reducing costs in the
required prototypes and experiments. The first one was the model to
simulate the behaviour of one thermoelectric module [24] from which
other numerical methods were developed including heat exchangers
on both sides of the module [25,26]. Astrain et al. were the precur-
sors of the application of the finite differences method to develop a
computational model capable of completely solving any type of thermo-
electric system with very favourable results in cooling, including heat
exchangers and thermal reservoirs, and also considering the influence
of temperature on thermoelectric phenomena, as well as the effects
of insulating materials and junctions between semiconductors [27].
Then, Martinez et al. developed a simulation model of thermoelectric
generators, which predicts the behaviour of a complete generator,
including heat exchangers, heat source and sink, without neglecting
any thermoelectric effect (Seebeck, Peltier and Thomson effects), and
considering the influence of temperature and contact, both thermal and
electrical. They were able to simulate the steady state and the transient,
accurately, quickly and reliably, with relative errors lower than 10%
between real and simulated values of the output variables [28,29].
Aranguren et al. and Araiz et al. developed similar computational
models to harness waste heat for thermoelectric generation, including
determining factors such as the occupancy factor, the mass flow of the
cooling fluids and the decrease in the temperature of the gases [30],
thus, Araiz et al. obtained deviations of less than +9% [31]. Regarding
geothermal energy, Cataldn et al. developed a model also based on
the finite difference method, being able to simulate the behaviour
of geothermal thermoelectric generators of different characteristics
with a relative error of less than 8%, and partially validated it with
experimental results obtained in laboratory [32,33].

In the present work, a computational model is developed and in-
cludes for the first time a validation with field experimental results to
simulate the behaviour of thermoelectric generators to harness hot dry
rock fields. The results of the two geothermal thermoelectric genera-
tors currently operating in the HDR field in the Timanfaya National
Park are employed for the experimental validation. As mentioned, the
final objective is to obtain a powerful tool to develop and optimize
future installations, thus reducing time and costs of experimentation.
Therefore, as an example of the capability of the developed model, it
has been used to calculate the potential of electrical energy generation
from the geothermal anomalies in Lanzarote, by designing a large-
scale installation depending on the environmental and geothermal
conditions.

Hence, although the geothermal thermoelectric generators taken as
reference were analysed in the aforementioned studies [22,23], for a
better understanding of this work, the GTEGs are deeply described in
Section 2. Then, Section 3 details the developed computational model,
which is subsequently validated by means of the experimental results.
Afterwards, Section 4 employs the developed model to calculate the
potential to generate electricity in Lanzarote, and finally, Section 5
contains the conclusions of this research work.
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Thermoelectric
modules

Fig. 1. Schematic of the geothermal thermoelectric generators installed in field.

2. Description of the geothermal thermoelectric generators in-
stalled in field

To develop a computational model that reproduces the operation of
a geothermal thermoelectric generator, it is important to know deeply
how it works.

As mentioned, only two GTEGs are operating in field, both in
Timanfaya National Park, in the island of Lanzarote, Spain. Each of
these GTEGs, represented in Fig. 1, can be divided in three parts: the
hot side heat exchanger (HHE), the thermoelectric modules (TEMs),
and the cold side heat exchangers (CHEs). Both heat exchangers are
completely passive and work by means of phase change. The HHE is
a two phase closed thermosyphon (TPCT), which is partially inserted
in a borehole. As the water inside absorbs the geothermal heat, it
boils, rising until the upper part of the thermosyphon, which is over
the ground. Here, the vapour condenses, releasing the latent heat to
the thermoelectric modules, that are located outside the surface. These
TEMs directly transform part of the received heat into electricity, and
the rest of the heat must be dissipated into the ambient by the CHE that
each module has in its cold side. These CHEs consist of a plate base with
4 heat pipes with water inside, working also by phase change, and have
aluminium fins in order to increase the convection area and improve
heat transmission to the environment. As the figure shows, the TEMs
are distributed in different levels, with two TEMs in each level.

The first generator (MT-GTEG), shown in Fig. 2, was installed in
August 2020 in the area of Casa de los Camelleros, in a borehole with
emerging hot gases with a similar composition to that of the air [9], at
a temperature of around 170 °C [22]. Here, the TPCT is made of copper
and includes fins outside the boiling zone in order to improve heat
transmission by conduction and convection, respectively. It includes
16 thermoelectric modules (Marlow TG-12-8-LS [34]) divided in two
thermosyphons; one with 10 TEMs, with an average efficiency of
3.26%, generating a maximum power of 2.09 W per module with a
temperature difference between sources of 158°C, and another with
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Fig. 2. Geothermal thermoelectric generator for medium temperature geothermal
anomalies installed in Casa de los Camelleros, Timanfaya National Park [22].

6 TEMs, an average efficiency of 3.57%, generating a maximum of
2.78 W per module. This study demonstrated the feasibility of this
technology to harness geothermal anomalies, as well as the reduction
in the efficiency with the increase of thermoelectric modules in one
thermosyphon. This effect, demonstrated first computationally in [32]
and then experimentally in [12], is due to the fact that each module
has its own CHE, but they all share one HHE. For this reason, as the
number of thermoelectric modules increases, the heat absorbed from
the borehole is greater, which decreases the temperature on the hot
side of the TEMs, and thus decreases their efficiency. This effect was
also demonstrated in laboratory for the HT-GTEG in [23].

In order to evacuate the gases from the borehole, a deflector was
installed. The GTEG is oriented to the predominant wind direction (N-
NE), so that the wind directs the hot gases towards the other direction
(S-SW).

The second GTEG (HT-GTEG), installed in June 2021 in the zone
with the highest temperatures, Islote Hilario, is operating in a borehole
with gases emerging at 465 °C, and it contains the same type of heat ex-
changers but only 8 thermoelectric modules in one only thermosyphon,
as can be seen in Fig. 3 [23]. Moreover, the thermosyphon is made of
steel due to its poper mechanical properties at such high temperature
and does not include fins. This GTEG has achieved a maximum gen-
eration of 4.5 W per module, with a temperature difference between
reservoirs of 444 °C and presents an efficiency in average conditions of
4.28%.

As Fig. 4 shows, the energy generation is more stable than the
previous one, with an average deviation with respect to the mean value
of daily energy generated of 2.05% in the MT-GTEG and 0.97% in
the HT-GTEG, thanks to the improvement in the deflector, which in
this case release the hot gases even further from the cold side heat
exchangers, permitting not to decrease its efficiency those days where
the wind direction is S-SW, opposite to the predominant.

As mentioned, in this work, a computational model able to sim-
ulate the energy generated is developed, using the available data of
field operation to validate it, and employed afterwards to design new
thermoelectric generators to harness geothermal anomalies depending
on the environment conditions. Thus, regarding again the diagram of
the GTEG in Fig. 1, the computational model must consider each part of
the generator: the hot side heat exchanger, the thermoelectric modules,
the cold side heat exchangers, the union between these pieces, as well
as every phenomena that takes place in each mentioned part.

3. Development of the computational model
3.1. Model description

The model is based in the finite difference method (FDM), which
is an approximate method for solving partial differential equations.
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Fig. 3. Geothermal thermoelectric generator for high temperature geothermal
anomalies installed in Islote Hilario, Timanfaya National Park [23].
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Fig. 4. Energy generated per month and per day during 2021-2022. (a) By the

MT-GTEG. (b) By the HT-GTEG.

The aim of FDM is to replace a continuous field problem with infinite
degrees of freedom by a discrete field with a finite number of nodes.
The partial derivatives of the unknown function are approximated by
the difference quotients at a set of finite discretization points, then,
the original partial differential equation is transformed into a set of
algebraic equations. The solution of these simultaneous equations is the
approximate solution of the original problem [35].

This model takes as a reference the one previously developed by
Cataldn et al. for geothermal thermoelectric generators [32], which
follows the electrical analogy between heat transfer and electricity, and
considers for the first time heat exchangers based on the phase change
on both sides of thermoelectric modules. The thermal-electrical analogy
is derived from the application of the finite difference method to the
heat conduction equation, thus discretizing the system that simulates
the generator into several nodes.

The following hypothesis are considered for the modelling:
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i. all materials are homogeneous, with uniform composition and

structure

ii. the insulation of the electric circuit is perfect and the electric
current is one-dimensional

iii. the heat flow is also one-dimensional, so lateral heat losses are
neglected

iv. only steady state is considered

v. there is no subcooling or superheating in the heat exchangers

The thermal resistances of each part of the generator have been
modelled dividing the generator in three parts, the hot side heat
exchanger (R"), the thermoelectric modules (R £M), and the cold side
heat exchangers (RC). These thermal resistances are detailed respec-
tively in Sections 3.1.1-3.1.3.

Then, to join the three parts together, it is necessary to consider
the thermal contacts due to the tiny air gaps that remain between
the surface when two parts are assembled as a consequence of their
roughness. In the GTEGs considered here, graphite sheets have been
added between the surfaces in the hot and the cold sides of the
modules in order to reduce these thermal contact resistances (Rz and
RCCO) [12,22,23]. Their value depend on the roughness of the materials
and the pressure distribution in the assembly process.

The thermal-electrical analogy of the generator has been repre-
sented in Fig. 5, showing the simple thermal resistance schematic in
Fig. 5(a), and the extended in Fig. 5(b), where the thermal resistances
of each part of the generator, which are explained in the following
subsections, have been represented.

Finally, applying the implicit finite difference method to the heat
conduction equation, the numerical resolution is carried out in each
node i by an iterative method with Eq. (1), considering a permanent
regime and being j each adjacent node, until obtaining a tolerance
between the new and the last temperatures calculated lower than 0.01.

T,-T,

L1 4+0,=0 e}
; Ryj

3.1.1. Hot side heat exchanger

The hot side heat exchanger (HHE) consists of a two-phase closed
thermosyphon which contains water as working fluid. It is responsible
for absorbing heat from the air in the borehole by convection, and
transport it to the hot side of the thermoelectric modules by means of
phase change of the water inside.

The HHE has a total thermal resistance Rfo'l . that corresponds
to Eq. (2), which is the sum of the convection thermal resistance (R

conv’

Eq. (3)), the conduction in the evaporation zone (RkHl, Eq. (6)), the

boiling and condensation resistances (Rf and Rf ), whose coefficients
are calculated according to Forster [36] and Rohsenow [37], respec-
tively, and finally, the last thermal resistance in the condensation zone
(RkHZ, Eq. (15)), which is composed of a conduction resistance (RkHz’m &

Eq. (11)) and a constriction resistance (RkH2 const? Eq. (12)) because

condensation occurs in an area bigger than that of the module.

H _ pH
Rtatal — Tconv

+RE 4+ R+ RI 4+ RE )
The first thermal resistance represents the convection between the
gases and the TPCT inside the borehole, and contemplates whether
fins are included to improve heat transfer or not. It is expressed
in Eq. (3), where hf{) .o 1S the convection coefficient obtained from the
Nusselt expression of Sieder y Tate for forced convection inside tubes
(Eq. (4)) [381, Agnv is the area of TPCT in contact with the hot gases
(taking into account the fins, in case they exist, and the height of
the water inside the thermosyphon), and 7#,;,, is the fins efficiency,
calculated by means of Eq. (5) [39].
R - L 3)

conv H . AH .,H
hconu Acom} nfins
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Then, R,f’l represents the conduction resistance of the wall of the
thermosyphon in the evaporation zone, which is considered the area
occupied by the water inside. As it is a cylindrical TPCT, this thermal
resistance is calculated by means of Eq. (6) [38].

H

. n(olL/Dk)
KT g Lk
The heat transmitted through the wall of the TPCT is responsible
for the evaporation of part of the fluid, thus, this is simulated thanks
to the boiling thermal resistance Rf , for which the boiling coefficient
is necessary (Equation (7)). Assuming that nuclear boiling takes place,
that is to say, vapor bubbles are formed in the heat transfer surface
and then are released and transported to the main flow, the expression
proposed by Forster and Zuber in 1955 is employed (Eq. (8)) [36].

H
D ext

©

H 1
- _ @)
b H . 4H
h' - A,
0.24 0.75 0.45 0.49 0.79
L, 000122+ AT 0. APSTS . ¢p045. 4 0% .
b= 0.24 ®

05 . 029 . 4024
Y H d,

i Ig

The vapour ascends then due to density difference until the upper
part, where the thermoelectric modules are located, and condenses.
To calculate the condensation thermal resistance, it is necessary to
consider the condensation area of all the TEMs and the condensation
coefficient (Eq. (9)). The phenomena considered is film condensation
in a vertical tube, that is why the expression for a vertical plate is
extended both for the interior and the exterior surfaces, when the
diameter is high compared to the film thickness. The heat transmission
coefficient is determined by Eq. (10) [37], which neglects the effects of
film convection and assumes a constant wall temperature, given that

condensation occurs at a constant saturation temperature.

1
R = — —
nI AT

c

(9

- (dy—dyp)- g+ iy i
Hy - ATy - Lep

sat

K-
hH =0943 - |-

(10)

Finally, the thermal resistance sz represents, on the one hand
the conduction taking place in the condensation zone. In this case,
given that the TEMs are in contact with the upper part of the ther-
mosyphon, the heat conduction expression in plate surfaces was consid-
ered (Eq. (11)) [38]. Here, subindex c is referred to the condensation
part of the thermosyphon.

H
H ‘e

R =—°
k2,cond H 6 AH
KT Al

1)

On the other hand, given that condensation occurs in a bigger
area than the modules area, the effect of constriction appears, causing
an increase in the thermal resistance. In this model, the expression
estimated by Lee et al. [40] was consider.

TH
NTEM kH \/ATEM

where Ny, represents the number of thermoelectric modules, k' is
the thermal conductivity of the material, Ay, is the area of a ther-
moelectric module and ¥ ¥ is the dimensionless constriction resistance
which follows Eq. (13), where ¢! is the ratio between the equivalent
radius of a module and the one of the region where condensation
occurs. @ follows Eq. (14).

H —
k2,const —
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H
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Then, the thermal resistance RkH2 is calculated by means of the sum
of the conduction and constriction resistances:

+RY (15)

k2,const

RH R1€{2 cond
3.1.2. Thermoelectric modules

The following thermal resistances correspond to the thermoelectric
modules. These are composed of different thermocouples connected
electrically in series and thermally in parallel. Each thermocouple is
composed of an n-type semiconductor connected through a conductive
material to a p-type semiconductor.

To model all phenomena occurring simultaneously in a thermo-
electric module, in each thermocouple, the semiconductors are dis-
cretized into 10 nodes, since this leads to accurate results without
increasing the computational cost [30,41,42], and allows considering
a temperature-dependent properties.

Since the dominant heat transfer mechanism is conduction, all the
thermal resistances of the n and p semiconductors are calculated by
Egs. (16) and (17) respectively, in which N,. thermocouples compos-
ing a thermoelectric module have been considered to be thermally
connected in parallel, similarly to the N;p,, thermoelectric modules.

L,/9
Ryiiv1y = n/ i=1-9 16)
NTEM ) Nrc ) kn(i,i+1) : An
L,/9
Ryiivn) = r i=1-9 a”

Nrga - Nee kp(i,i+l) : Ap

The semiconductor lengths are included in these equations as L,
and L,. Their thermal conductivities are k, ;,1) and k,; 1, calculated
at the average temperature of their surrounding nodes i and i + 1, and
the areas of their cross sections are A, y A,.

This model also considers the thermal resistance of the junction
material between semiconductors, although it is sometimes neglected
due to the high conductivity of the junction material compared to
that of semiconductors. As shown in Eq. (18), half of the material is
considered in part n and the other half in part p.

L
RY = RS = . s)
NrEgm - Nie 'ku Au/2

The last thermal resistances considered in the TEMs are those corre-
sponding to the electrical insulation material that protects the internal
circuit and provides firmness to each module, shown in Eq. (19).

L.
RH —RC = “ins (19)
s s NTEM : kinx . Ains

Then, the total thermal resistance for a thermoelectric module
(RTEMY is composed by the summation of all the n-type semiconductors
(R,;,i+1)) and the p-type semiconductors (R, ;41,) (summed in parallel),
plus the unions (R” and RMC) and the insulation in the hot and the cold
side (RH and RC ).

ins

9 9
TEM H C
Rmm[ - [z n(i, l+1) + 2 p(ii+1) ] + Ru + Ru (20)
i=2 i=2 11
H C
+ le + Rtm

In addition to the thermal resistances of the TEMs, it is necessary
to consider heat flows at the semiconductor nodes in order to sim-
ulate the thermoelectric effects that take place. Each node generates
heat due to Joule and Thomson effects. In addition, at the extreme
nodes, heat is also produced by the Peltier effect in the semiconductors
and by the Joule effect in the electrical contacts. For simplicity, the
following equations only show the expressions corresponding to the n
semiconductors.

sup
in = Nyrgp - Ny —(apl )T p[:" &

g @1
Ln/lg _ Tnl - Tn2

+pn1'12 on -1 2

n
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In the calculation of the generated power, the Seebeck effect is
considered. When an electrical resistance R;,,, is connected to the
system, the power generated in this case can be calculated accord-
ing to Eq. (24), where Ny, is the total number of thermoelectric
modules installed, Et is the electromotive force generated per thermo-
electric module (Eq. (25)), R, is the internal resistance of each module
(Eq. (26)), and m is a parameter calculated with Eq. (27) in case the
thermoelectric modules are connected in series, or with Eq. (28) in case
of parallel connection.

m
Ry - (m+ 1)

As can be seen, the computational model contemplates both series
and parallel electrical connection of the thermoelectric modules. In the
specific case of the developed devices, the modules were connected in
series in pairs.

P=Nypgy - EP (24)
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3.1.3. Cold side heat exchangers

The cold side heat exchangers (CHE) also work by means of phase
change thank to the heat pipes. As Fig. 6 shows, in the GTEGs devel-
oped by Catalan et al. [22] and Alegria et al. [23], each CHE consists of
four copper heat pipes with water as working fluid, 8 mm diameter and
450 mm length inserted in a 70 mm x 70 mm plate base of aluminum
in their boiling zone, and have aluminum fins of 0.5 mm thickness in
their condensation zone to improve heat transmission by convection to
the ambient.

In the electrical-thermal analogy, the thermal resistance correspond-
ing to the CHE has been discretized by a single expression, since the
phenomena involved in the operation of this type of heat exchanger
are highly complex to simulate, and the experimental results of the
field operation of these exchangers are available in [22] and [23].
Hence, this resistance (R ) comes from analyzing the operation of
the two thermoelectric generators already installed in the Timanfaya
National Park, one of which is located in the medium temperature
anomalies zone known as Casa de los Camelleros and the other in the
high temperature zone, called Islote Hilario.
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Fig. 6. Cold side heat exchanger based on phase change.

The instant operation data of each generator was used to calcu-
late in each instant the thermal resistance of each device, according
to Eq. (29), where T is the cold side temperature of the TEM, T,,,, is
the ambient temperature and Q. is the heat flux through the cold
side heat exchanger.

T--T,
Reyg = % 29
CHE

The cold side heat flux, Oy, i, was calculated according to Eq. (30),
where Ppp,, is the power generated per TEM and 7 its efficiency,
calculated according to the data sheet of the modules’ manufacturer
Marlow [34] considering the temperature difference between the hot
and the cold side (T — T¢).

Prem (30

The thermal characterization of the CHE in the mentioned studies
showed that the thermal resistance Ry is constant with the heat flux
in the considered working values [12,23]. Additionally, Ry presents
a decrease with the wind velocity, as the convection coefficients are
improved with more intense winds. Figs. 7(a) and 7(b) represent the
values introduced to the model as the cold side thermal resistances
depending on the wind, in the medium temperature geothermal ther-
moelectric generator (MT-GTEG) and in the high temperature one
(HT-GTEG), respectively.

Accordingly, the cold side thermal resistance used in the com-
putational model follows Eq. (31) in the MT-GTEG and (32) in the
HT-GTEG, introducing the wind velocity in km/h.

RC =0.3485 . 0326 (31)

RC =0.5154. 703 (32)
3.2. Experimental validation

To make this model a useful design tool, it is necessary to exper-
imentally validate it. For this purpose, the power simulated by the
model was represented (See Fig. 8) with respect to the real data of
the power generated (daily average) between 2021 and 2022, using
identical input parameters, which are shown in Table 1, considering
170°C as the borehole temperature in MT and 465°C in HT zones,
according to [22,23]. The unknown input parameters of contact re-
sistance between the heat exchangers and the thermoelectric modules
both in the hot and cold sides (RE and RS) were adjusted, as well
as the outcoming gas flow rate from the boreholes Q, as there is no
current data of them [43]. These two parameters, whose values are
shown in Table 2, were varied until obtaining a minimum deviation
of the simulated output power with respect to the real power.

It can be seen in Fig. 8(a) that the model reliably reproduces
the power generated in field by the developed MT-GTEG, presenting
maximum deviations of +10%, which is very satisfactory. Whereas the
HT-GTEG, in view of the results in Fig. 8(b), an accurate fitting of
the computational model developed has been achieved, since 98% of
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Fig. 7. Thermal resistance of the CHE vs. wind velocity. Average values each 1 min
during 3 weeks. (a) MT-GTEG. (b) HT-GTEG.

Table 1

Known input parameters in the computational model.

Parameter MT-GTEG HT-GTEG
Borehole temperature (°C) 170 465
Borehole diameter (m) 0.15 0.305
TPCTs per borehole 1 1
TPCT diameter (m) 48 42.16
TPCT length (m) 2 2.5
TPCT thickness (m) 1.5 5
Water inside the TPCT (m) 0.375 0.50
Fins in the TPCT 31 0

Fins length (m) 17 0

Fins thickness (m) 2 0
Number of TEMs 6 8
Ambient temperature (°C) instant instant
Wind velocity (km/h) instant instant
Table 2

Adjusted input parameters in the computational model.

Parameter MT-GTEG HT-GTEG
Hot contact resist. (K/W) 0.025 0.02
Cold contact resist. (K/W) 0.025 0.02
Gas flow rate (m3/h) 1583 1590

the simulated points are very close to the diagonal, within +10% of
the real generated power. The points with greatest distance to the
diagonal correspond to days with wind speeds below 5 km/h, since,
as shown in Fig. 7(b), there is a dispersion in the results of the cold
side thermal resistance (Rcj ), when the wind speed is low, because
the computational model does not take into account thermal inertia
or radiation. The vast majority of the points correspond to days with
wind speeds over 5 km/h, which are very close to the diagonal, within
+5% of the real values. At high wind speeds, the ambient conditions
around the cold side heat exchangers are homogeneous, however, the
heterogeneities in these conditions when there is little wind and ground
heat can reach the cold heat exchangers are considered only in the
characterization of the thermal resistance of the CHE depending on the
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Fig. 8. Simulated power within +10% of the real power generated. (a) by the MT-GTEG
(thermosyphon with 6 TEMs). (b) by the HT-GTEG (8 TEMs).
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Fig. 9. Simulated and real energy generated by the MT-GTEG (thermosyphon with 6
TEMs). (a) per day over one year. (b) per month over one year.

wind (Fig. 7(b)). This makes the data under low-wind conditions more
scattered, and less disperse when the wind velocity is high.

Since the electrical generation is, ultimately, the most important
in terms of what the computational model should predict, the real
energy generated by each on the GTEGs during one whole year has
been represented and compared to the energy simulated by the model.

For the thermosyphon with 6 modules of the MT-GTEG, the daily
values are shown in Fig. 9(a). It can be observed that, although some
days the real energy generated is lower than that simulated by the
model, corresponding to days with S-SW wind carrying the hot gases
from the borehole to the cold side exchangers due to the configuration
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Fig. 10. Simulated and real energy generated by the HT-GTEG (8 TEMs). (a) per day
over one year. (b) per month over one year.

of the deflector mentioned in Section 2, this model reliably reproduces
the energy generated during the majority of the time, accurately rep-
resenting peaks and valleys of energy. Thus, in Fig. 9(b) it can be seen
that the model is completely reliable and that the slight variations that
occur due to wind direction do not significantly affect the monthly
prediction. The value of the energy generated by the GTEG throughout
the year was 117.17 kWh, while that simulated by the model is 119.12
kWh, achieving an error of 1.6%.

As in the medium temperature GTEG, the simulation of the energy
generated during one year for the high temperature GTEG reproduces
both peaks and valleys of generation, as can be observed in Fig. 10(a).
Once again, the slight variations do not influence the model’s ability
to predict the energy generated throughout each month, as Fig. 10(b)
shows. Thus, this model also reproduces in a totally reliable way the
electrical energy that can be generated per month and throughout
a whole year by the thermoelectric generator for high temperature
geothermal energy, since the value of total energy generated during
this year was 287.13 kWh, and the simulated value, 285.69 kWh, which
means an error of 0.5%.

However, while the most important aspect of this model is its ability
to predict the power that these devices can generate under different
conditions, it is also important to determine the model’s capability to
reproduce the temperatures on the hot and cold sides of the modules.
For this reason, the experimental temperature values of the modules’
hot and cold sides have been obtained, and have been plotted together
with the simulated values, the temperatures of the hot (borehole) and
cold (ambient) reservoirs, as well as the experimental and simulated
power and the wind during a two-day period with a wide variation in
wind velocity, as seen in Fig. 11.

Thanks to the thermosyphon effect, the condensation temperature
in the area where the modules are installed is constant (equal to the
saturation temperature corresponding to the pressure inside), so the
temperatures of the hot sides of the different modules are the same.

It can be seen in Fig. 11 that the power performance is very
accurate, even managing to represent specific generation peaks such
as the one occurring on 2-10-2020 between 12:00 and 12:30, which
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Fig. 11. (a) Simulated and real power generated by the MT-GTEG (thermosyphon with
6 TEMs) and wind velocity. (b) Simulated and real temperatures of the hot and cold
side of the TEMs, and temperature of the borehole and the ambient.

was caused by a decrease in the ambient temperature and an increase
in the wind speed. The temperature setting is also very reliable, with
simulated temperatures on the hot and cold side very close to the real
ones, presenting differences of less than 10%.

This way, it is validated that this model is able to correctly repro-
duce the behaviour of each part of the generator: hot-side exchanger,
thermoelectric modules and cold-side exchangers.

4. Study of the energy potential in Lanzarote

The final objective is to take advantage of the geothermal anomalies
of the Timanfaya National Park to produce electrical energy in a
renewable and less invasive way. Therefore, although further studies
are required in order to deeper know the geothermal potential of the
island, it is important to estimate the electrical energy that could be
generated if harnessing the known geothermal anomalies by means of
a larger-scale installation.

Regarding a higher-scale installation, it is very important to make
use of all the available space in a borehole. In a standard borehole of
300 mm diameter there is room for 6 thermosyphons, and the deflector
must direct the hot gases to the upper part in order not to interfere
with the cold side heat exchangers. That is why the proposed design
corresponds to the one shown in Fig. 12: 6 thermosyphons per borehole
with a central chimney-type deflector, occupying an area of 2.25m?.
Hence, to determine in detail the number of thermoelectric modules
that each TPCT should contain, as well as the configuration of the
thermosyphons appropriate for each temperature level of geothermal
anomalies, the developed computational model has been employed,
taking into account the material (copper or steel) and the use of fins.

Different configurations have been simulated to obtain the gen-
erated power with respect to the number of thermoelectric modules
installed. In the case of MT anomalies, the use of a copper finned
TPCT is clear, so as to improve heat transmission. But in HT anomalies,
the analysed options are copper/steel TPCT, with/without fins. The
boundary conditions are the ones presented in Tables 1 and 2 including

10
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Fig. 12. Proposed GTEG for a high-scale installation.
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Fig. 13. Computational study of the influence of the number of thermoelectric modules
installed per TPCT with different TPCT configurations. (a) Power generated per TEM.
(b) Power generated per TPCT.

the average values of ambient temperature and wind in Lanzarote
(22.1°C and 21.2km/h [44]).

Fig. 13 shows the results, from which the copper finned option in
HT anomalies has been removed due to the high temperatures reached
in the modules’ sides. Values with modules’ sides temperatures higher
than the maximum allowed according to the manufacturer [34] have
also been removed. In Fig. 13(a), the decrease in the power generated
per thermoelectric module as the number of thermoelectric modules
per thermosypon increases can be observed, which is completely con-
sistent with the results previously obtained computationally by Cataldn
et al. [32] and experimentally by Alegria et al. [12,23].

In view of the results, for a high-scale installation, to achieve a
compromise between constructive simplicity, visual impact and power
output near the optimum, the design for medium temperature anoma-
lies consists of a GTEG with 10 TEMs and a copper finned TPCT, and
for high temperature anomalies consists of a GTEG also with 10 TEMs
but with a steel finned TPCT.

Finally, considering the mentioned characteristics for each kind of
anomalies and taking into account the available area in zones with
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Table 3

Estimation of the annual electrical energy that could be generated by
a large-scale installation occupying the zones with medium and high
temperature geothermal anomalies.

Type of geothermal anomaly MT HT
P/TEM (W) 1.43 8.39
P/Borehole (W) 86.28 503.46
P/Occupied area (W/m?) 38.35 223.76
Ey p4g/Occupied area (MWh/m?) 0.34 1.96
Area of anomalies (m?) 4000 3000
Eypag (GWh) 1.36 5.88
Eypar total (GWh) 7.24

medium temperature and with high temperature geothermal anoma-
lies, Table 3 shows the electrical energy that could be generated in
Lanzarote with GTEGs as the designed in Fig. 12, composed by 10
thermoelectric modules in each thermosyphon and 6 thermosyphons
in each borehole, occupying 2.25m? per GTEG.

The energy per unit area generated by the installation considered
is 1.03 MWh/m?, since geothermal energy is present 24 h a day, 365
days a year. If this result is compared with the energy that could
be generated nowadays by a photovoltaic installation of 200 Wp/m?
occupying the same surface, in Lanzarote, by means of a grid connected
system with crystalline silicon panels, with optimum inclination and
azimuth and standard losses of 14%, this installation produces an
annual energy of 0.36 MWh/m? [45]. This means 2.9 times more
with GTEGs than with PV panels, given that photovoltaic is weather-
dependent, while geothermal is totally continuous and stable. Taking
into account that the average consumption of a household in Spain
is 3487 kWh per year [46], the area required by GTEGs to generate
the energy consumed by a household annually is 3.38 m?. It should be
noted that the objective is not to cover the entire surface of geothermal
anomalies of the Timanfaya National Park with GTEGs, since this
would lose the natural value of this environment, but it is intended to
give an approximation of the existing potential to generate electricity
in a renewable way and taking advantage of a genuine resource. In
addition, there are more anomalies outside the park, around the central
and southern eruptive fissures [47], so further studies are needed to
determine the exact area with anomalies and the temperatures reached.
The use of these temperatures outside the park through GTEGs would
have a more direct application, since there are nearby houses that could
benefit from this geothermal source for self-consumption.

5. Conclusions

In this work a computational model has been developed by em-
ploying the finite difference method. This model represents, by means
of the thermal-electrical analogy, all the phenomena that occur in a
geothermal thermoelectric generator whose heat exchangers operation
is based on phase change, from the heat exchanger on the hot side
that is inserted in a geothermal borehole, through the thermoelectric
modules, to the heat exchanger on the cold side that releases its heat
to the environment. This is a versatile tool that permits varying the
configuration of the thermoelectric generator considered, as well as
the boundary conditions of the zone where they are installed. After
the data analysis of the only geothermal thermoelectric generators
installed and operating in field worldwide, the real values of the
generated power were compared with the power simulated by the
model, obtaining a very good accuracy, with relative errors lower than
+10%. Furthermore, this model is capable of reliably and accurately
predicting the annual energy generated both in medium and high
temperature geothermal anomalies, with a relative error of 1.6% and
0.5%, respectively. Therefore, it represents a novel and very useful tool
when designing thermoelectric generators for geothermal energy and
adapting them to the conditions of each environment where they need
to be installed. This tool will reduce time and costs in experimentation,
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given that these geothermal thermoelectric generators are completely
innovative.

To demonstrate the usefulness of the developed model, it has been
used to determine the most appropriate installation depending on the
temperature conditions. The most appropriate installation consists, in
MT anomalies, of GTEGs with finned copper thermosyphons, while in
HT zones, it consists in finned steel thermosyphons.

Then, a calculation has been made of the energy that could be gener-
ated annually by a high-scale installation of geothermal thermoelectric
generators in Lanzarote, taking advantage of the geothermal anomalies
area characterized so far. The annual energy that could be generated is
of 7.24 GWh, which, translated into energy per unit of occupied area,
means 1.03 MWh/m?, 2.9 times the energy that could be generated
with a photovoltaic panel given the continuity of geothermal energy
and its independence of the weather.

This not only demonstrates the potential of harnessing this hith-
erto untapped energy source by means of this novel system of low
environmental impact, but also shows the usefulness of the developed
computational model for the design of an installation, since it has made
possible to determine the most suitable configuration of thermoelectric
generators, as well as to calculate the potential of energy generation
with very promising results.
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