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HIGHLIGHTS

e Hydrogen production using geothermal energy is cost effective.

e The thermoelectric module is used in converting waste heat to electrical energy.

e TRNSYS software is used to simulate the system.

¢ 0.5652 kg/m?%/year of hydrogen can be produced in Hammam Righa in Algeria using TEG.
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economic growth. The vast majority of energy production in
Algeria originates from fossil fuels (oil and natural gas). Nat-
ural gas constitutes 92% of electricity generation and national
natural gas consumption is increasing rapidly. Natural gas
consumption, which was 15 Mtoe in 2009, reached 24.9 Mtoe
in 2018 [1]. The energy transition from fossil fuels to renew-
able energy sources is becoming more and more crucial to

Introduction

Nowadays, global warming and the emission of greenhouse
gases caused by the excessive consumption of fossil fuels
represent a danger to the planet and the future of humanity.
This is due to the increase in energy demand and strong global

* Corresponding author.
E-mail address: m.hadjiat@cder.dz (M.M. Hadjiat).
https://doi.org/10.1016/j.ijhydene.2021.06.130
0360-3199/© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:m.hadjiat@cder.dz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2021.06.130&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2021.06.130
https://doi.org/10.1016/j.ijhydene.2021.06.130
https://doi.org/10.1016/j.ijhydene.2021.06.130

37546

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (?O?T) 37545—37555

Nomenclature

A électrolyser electrode surface (m?)

F Faraday constant

I electrical current (A)

Iy electrolysis current (A)

Ise short circuit current (A)

K the thermal heat transfer coefficient of the

module (W K)

MmsCpr capacity rate of cooling fluide (W K1)
Neel number of cells in electrolyzer stack

P electrical power (W)

Prnax maximum power (W)

Q heat transfer rate (W)

Qgen internal heat generation of the electrolyzer (W)
Qloss electrolyzer heat lost to the ambient (W)
T electrolyzer empirical parameter

R electrical resistance of the module (Q)

Ry load resistance (Q)

Riel thermal resistance of electrolyzer (W K )
s electrolyzer empirical parameter

t electrolyzer empirical parameter

T temperature (K)

Tembient ambient temperature (K)

Tk electric heater temperature (K)

UA thermal conductance of heat exchanger (W K~
Uq electrolyzer voltage (V)

Urey electrolysis reversible voltage (V)

Ut electrolyzer thermoneutral voltage (V)

\% voltage (V)

Voc open circuit voltage (V)

Greek symbols

« Seebeck coefficient (VK Y
AT temperature difference (K)

€ heat exchanger effectiveness
MF Faraday efficiency

Subscripts

c cold side

h hot side

Abbreviations

ORC Organic Rankine Cycle
TEG thermoelectric generator
TE thermoelectric

avoid an energetic crises and global warming in the future.
The current energy policy of Algeria gives the priority to
renewable energy.

Hydrogen represents a promising energetic vector if it is
produced by renewable energy. Hydrogen energy is consid-
ered to be the energy of the future, asitis a clean energy and is
storable compared to other renewable energy sources. Some
researchers worked on the extraction of hydrogen from
hydrogen sulfide (H,S). Investigating both chemical and ther-
mal methods for hydrogen removal from hydrogen sulfide,
Ouali et al. [2] has proposed to produce hydrogen from
hydrogen sulfide in a geothermal area in Algeria. This process
is an opportunity to produce hydrogen with less energy and to

minimize the presence of H,S in the environment to an
extremely low level. Petrov et al. [3] has proposed to extract
hydrogen from hydrogen sulfide contained in the water of the
Black sea by electrochemical process, the economic and the
environmental aspects of the process was investigated.

Karapekmez et al. [4] have presented a new model for
hydrogen production using AMIS technology (for abatement of
mercury and hydrogen sulfide) for hydrogen production from
H,S. The hydrogen sulfide has trapped inside the AMIS unit and
sent to an electrolyzer system in order to decompose it into
hydrogen and sulfur dimer. The calculated energy and exergy
efficiencies of the process are 27.8% and 57.1% respectively
when the inlet temperature of H,S is 150 °C. In another study,
Karapekmez et al. [5] have suggested a novel model for
hydrogen production from hydrogen sulfide using solar and
geothermal based combined energy systems. The system con-
sists of solar parabolic trough collectors and geothermal energy
source to generate six outputs which is power, cooling, heating,
drying air, domestic hot water and hydrogen. The results show
that the overall energy and exergy efficiencies of the system are
78.37% and 58.40% in the storing period, respectively.

Although the production of hydrogen from hydrogen sul-
fide was beneficial for the environment and cost effective, this
method did not have great success. The production of
hydrogen by the electrolysis of water is the most widely used
method in the world. Boudries et al. [6] have recommended a
model to produce hydrogen using solar PV as an energy
source. Mraoui et al. [7] have examined experimental and
simulation of the production of hydrogen by a proton ex-
change membrane (PEM) electrolyzer using solar photovoltaic
PV as an energy source. Baykara [8] has shown that electrol-
ysis of water at high temperatures is thermodynamically
more efficient than at low temperatures. However, the
inconvenience in these systems is that the production of
hydrogen depends on the intensity of solar radiation.

In fact, the production of hydrogen by electrolysis of water
using geothermal energy is a non-polluting and environ-
mentally friendly process and also this method has many
advantages. Indeed, geothermal energy is constantly and
durably provided in the form of heat. Commonly, this energy
is converted by Organic Rankine Cycle (ORC) machine into
electricity and then hydrogen. The hydrogen can be easily
stored and transported, and this is the advantage of this
process. The production of hydrogen by geothermal energy
has been widely discussed among researchers in the world.

Balta et al. [9] have analyzed the high-temperature elec-
trolysis process where geothermal water is used as the heat
source. The same group [10] investigated various options for
geothermal-based hydrogen production systems and their
technical, operational and efficiency aspects.

Kanoglu et al. [11] have developed and analyzed three
models for hydrogen liquefaction by geothermal energy. In a
recent study, Kanoglu et al. [12] have also investigated the use
of geothermal production for hydrogen production and
liquefaction. Four models were considered and analyzed
thermodynamically including the use of geothermal work
output; the work input for an electrolysis process (case 1), the
use of a part of geothermal heat to produce work for the
electrolysis process and the other part for preheating water
(case 2), the use of geothermal heat to preheat the water in a
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high temperature electrolysis process (case 3) and the use part
of geothermal work for electrolysis and the remaining part for
liquefaction (case 4). The results show that the produced
hydrogen amount by one kg of geothermal water at 200 °C is
higher in case 3 compared to other cases.

Yilmaz et al. [13—15] have considered seven models for
hydrogen production and liquefaction by geothermal energy
and were performed their thermodynamic and simple eco-
nomic analyses. It is estimated that the cost of hydrogen
production and liquefaction ranges between 0.979 $/kg H, and
2.615 $/kg H, depending on the model. The results show that
the cost of hydrogen production and liquefaction decreases as
the geothermal water temperature increases. Therefore, this
system is more efficient in geothermal sources with high-
enthalpy.

In Algeria, geothermal energy can be considered as a low
enthalpy energy source and the temperature of the hottest
spring is situated in the range of 30—70 °C [16]. Therefore, all
systems based on ORC machines cannot be considered as cost
effective. Nevertheless, Holdmann [17] has reported ORC in
Chena Hot Spring, Alaska, geothermal heat sources with
temperatures 73 °C, can produce a capacity of 210 kW and an
efficiency of 8.2%, however, water cooling fluid temperature is
4.4 °C during all the year. Hadi Ganjehsarabi [18] has proposed
to use for low temperature heat source, a mixture of butane,
pentane and iso-pentane as working fluid in Organic Rankine
Cycle (ORC) integrated with proton exchange membrane (PEM)
electrolyzer, however, the lowest temperature of heat source
must be 70 °C.

Recently, the use of thermoelectric technology in waste
heat recovery have been developed in many research labora-
tories. The application of this technology to produce renew-
able energy has become very useful. Chavez-Urbiola et al. [19]
have used concentrated solar energy to heat one side of a
thermoelectric module to produce renewable electricity. An
efficiency of 4% was obtained with such a system under the
considered operating conditions. Zare and Palideh [20] have
integrated thermoelectric modules into a Kalina cycle to
improve its efficiency. The cycle is driven by geothermal en-
ergy to produce renewable electricity. The authors have re-
ported a 7.3% increase in energy and energy efficiency by
integrating thermoelectric generators (TEGs). The economic
evaluation revealed that the proposed system would be prof-
itable if the added TEG costs lower than 6.4 $/W. Khanmo-
hammadi et al. [21] have proposed an improvement of a
geothermal system producing electricity and hydrogen by
electrolysis by recovering waste heat from condensers using
thermoelectric modules. Based on the economic study per-
formed, the authors find that if the cost of the TEGs is less than
6 $/W, the payback period is quite reasonable. Ziapour et al.
[22] have used a thermoelectric generator to replace an
Organic Rankin Cycle. The system is a solar pond power plant.
The authors have also investigated the possibility of coupling
the two technologies in order to evaluate the performance.
The results show that efficiencies are increased by 0.2%
compared to an ORC alone, giving an overall efficiency of 2.6%.
Habibollahzade et al. [23] have studied a system using ther-
mopiles combined with an Organic Rankin Cycle. The ther-
mopiles are connected to a PEM electrolyzer to produce
renewable hydrogen. However, the temperature of the

geothermal source is 200 °C. Hydrogen production under
optimal conditions is 300 kg/day.

In renewable energy systems, the use of thermoelectric
modules is generally used to recover heat that would other-
wise be lost [24]. Thermoelectric modules are usually com-
bined with an Organic Rankin Cycle to improve their
efficiency. However, these systems require a temperature of
the geothermal source of around 160—200 °C. In Algeria, the
temperatures of geothermal sources have generally low tem-
peratures. The majority of geothermal sources have an
average temperature of 70—90 °C.

The aim of this work is to find a new model for hydrogen
production adapted to Algerian's hot spring. The use of ther-
moelectric modules instead of an ORC machines is recom-
mended in this case. In this study, we propose a new method
for the production of hydrogen by geothermal energy using
low enthalpy. The system uses a thermoelectric generator to
produce the electricity required for the electrolysis of water.
The hydrogen is produced by an alkaline electrolyzer at the
temperature of the geothermal source. A TEC1-12706 ther-
moelectric module generates electricity, but it is necessary to
maximize the power produced. Experiments will be carried
out to determine the maximum power according to the tem-
perature of the hot and cold sides of the module. Thereafter,
simulations using the TRNSYS software will be used to
calculate the amount of hydrogen that can be produced at the
Hammam Righa site where the temperature of the geothermal
source is 70 °C.

System description

Fig. 1 shows a hydrogen production system and this model is
mainly composed of a thermoelectric module system and an
alkaline electrolyzer. The role of thermoelectric modules is to
generate electricity by creating a temperature difference be-
tween the hot side and the cold side. To get this temperature
difference, we will use water from a hot spring as a renewable
energy source and a cooling system that uses ambient air as a
cooling fluid.

For a better analysis of the system shown in Fig. 1, we
divided the study into two parts. In the first part, there are
studies on the thermoelectric generator used to generate the
electrical energy required for the electrolysis of water. A
thermoelectric module has been experimentally character-
ized to determine the maximum power using geothermal
energy as a renewable energy source. In the second part, the
amount of the hydrogen produced according to the electrical
energy produced by TEG was determined. TRNSYS software
was used to simulate hydrogen production in the thermal spa.

The basic principle of thermoelectric materials is the See-
beck effect, which was discovered by Thomas Seebeck. As
shown in Fig. 2, a typical thermoelectric element consists of
pairs of p and n type semiconductors interconnected by a
metallic conductor such as copper. The thermoelectric
element TE is electrically connected in series and thermally in
parallel and is sandwiched between two ceramic plates to
form a thermoelectric module. When a temperature differ-
ence AT (K) between the TEG surfaces is created, the TEG
produces electrical voltage. The voltage value is directly
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Fig. 1 — Schematic of Thermoelectric generator mounted with alkaline Electrolyzer.

proportional to the temperature difference as shown in
equation (1) [25].

V=a.AT

(1)
where « (V/K) is the Seebeck coefficient of the thermoelectric

generator and 4T (K) is the temperature difference between
the two surfaces of the module.

Thermoelectric generator (TEG)
Analytical model of TEG
The thermoelectric device can be used as a thermoelectric

generator or thermoelectric cooler. TEG converts thermal en-
ergy from a temperature difference to electrical energy by the

Cold Side
Metallic Conductors

. Alternating C i

+ive lead 1 eramic
N apd P type insulators
Semiconductors

Hot Side

-ive lead

Fig. 2 — Structure of thermoelectric module.

Seebeck effect, whereas TE cooler converts electrical energy
into a temperature difference by the Peltier effect.

Fig. 3 shows the equivalent electrical diagram of a ther-
moelectric generator. The thermoelectric module which is
connected to a load is subjected to a temperature difference
between its two surfaces, it functions as a generator. The inlet
and outlet heat in TE module used as a generator is expressed
by the following equations [26].

Q.= aIT. + 0.5I°R + KAT

(2)

Qn= aITy — 0.5I°R + KAT ©)

Here, Q, (W) represent the thermal energy absorbed by the
hot surface and Q. (W) represent the ejected thermal energy
from the cold surface. Ty, (K) is the temperature of the hot side
and T, (K) is the temperature of the cold side. « (V/K) is the
Seebeck coefficient, R (Q) is the total resistance of the module, I
(A) is the current drawn from the TE module and K (W/K) is the
thermal heat transfer coefficient of the module.

The output power of the TE module is P = Q,—Q,, P is
obtained from equations (2) and (3) and is expressed as the
following equation (4)

P=adT —I°R

4)
When a load is connected to the TE module, the current I

(A) and the voltage V (V) at the load are given as in equations
(5) and (6) below:
I=adT/(R+Ry) )

ViO[ATRL/(RJrRL)

(6)
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Fig. 3 — Thermoelectric module in TEG mode.

The power P = 1.V, is deduced from the relation of equa-
tions (5) and (6):

P=a?4T?R, /(R +R)’ )

The Seebeck coefficient and internal resistance of a TEG are
determined by measuring experimentally the open-circuit
voltage (V,), the short circuit (Is;), and the temperature dif-
ference between hot and cold sides of the TEG. The Seebeck
coefficient is calculated using equation (8).

a= Vo /AT 8)

The internal resistance of the TEG is the rate of the open-
circuit voltage (V,) to the short circuit current (Iy) and is
given as equation (9).

R=V,/Is )

The maximum power (Ppayx) is obtained when R = R;. By
using equations (8) and (9), Pmax can be evaluated theoretically
as equation (10).

Ppax =a’4T? /4R (10)
Characterization of individual TEG

In order to assess the hydrogen production of our system, the
commercially available Bi,Te; TE module (TEC1-12706) was
used. The TEC1-12706 is a 40 x 40 mm Thermoelectric Peltier
Module, with the simple application of the Peltier Thermo-
electric Effect. The module include 127 semiconductor couples
in the area of 40 x 40 mm which very effectively cools and
heats up to 90 °C. The maximum operating temperature is
138 °C. The life expectancy of the module is about 200,000 h.
The module is mainly used to warm or cool surfaces, but it can
take advantage of a temperature differential to generate
electricity. The datasheet does not contain details about the
electrical current that can be generated using this module.
Thus, experiments are necessary to determine the IV curves
according to the differential temperature applied on each side
of the module.

Although they have the disadvantage of a rather low power
density, the TEC1-12706 module generates 0.25 W for a surface
of 16 cm? when it is subjected to a temperature difference of
50 °C. Also, thermoelectric modules can deteriorate if they are
subjected to a high temperature. It is necessary to take certain
precautions during their installation so that they offer the best
performance [27].

As shown in Fig. 4, the experimental device consists of the
following components according to this order: electrical

heater, aluminum plate with thermocouple T}, TEC1-12706
thermoelectric module, aluminum plate with thermocouple
T, and finally heat sink with fan cooler. Thermocouples allow
to measure the temperature difference AT = Tp, — T..

The electric heater is used to heat the hot side of the
module; the heat flow through the hot side heat exchanger Qy
can be modeled as

Qn=UAp(Te — Th) (12)

Where Tg is the temperature of the electric heater, UA, is the
overall thermal conductance of the hot side heat exchanger
from the electric heater to the hot side of the TEC module. The
heat sink is used to cool the cold side of the module. The
method of the effectiveness number of transfer units (NTU) is
used for the cold side heat exchanger [28], the heat transfer
rate Q. can be expressed as

Q= 8cmfcpf(Tc - Tambiem) (12)

Where Tgmpien: and myc,; are respectively the ambient tem-
perature and the heat capacity rate of the cooling fluid, ¢ is the
heat exchanger effectiveness and can be written as

ec=1— exp(UA: / mycy) (13)

Where UA. is the overall thermal conductance of the cold side
heat exchanger from the cold side of the TEC module to the
cooling fluid. Temperature measurements were made with K
type thermocouple sensors. The current and tension were
recorded by using a multimeter EXTECH EX542 data logger.
Whereas the temperature were recorded with an EXTECH
SDL200 data logger.

The thermoelectric module connects to a variable resis-
tance load. A temperature difference between the two sides of
the module is applied and by varying the resistance of the
load, the value of the voltage and current supplied by the
module is determined experimentally. Repeating the opera-
tion with varying the temperature of the electric heater, the
variation of the maximum power is obtained versus temper-
ature difference.

The properties of this module TEC1-12706 such as open-
circuit voltage (V,) and short circuit current (Is;) depend on
the difference of the temperature 4T, these properties pro-
vided by experimental measurements are given in polynomial
form as follows:

Ve =0.2717 +0.0135.4T + 7.7240.10~*.4T? — 6.3907.10°°.4T>
(14)

I, =0.1113 + 6.1301.10 *.AT + 2.1258.10 4 AT?
— 1.8275.10°6.4T® (15)

Results

The experimental results are presented in Figs. 5—7. Figs. 5
and 6 show the curve of output voltage and power versus
current respectively. Fig. 7 shows the maximum power
versus temperature difference (AT). The experimental and
theoretical results are in harmony with each other. Fig. 7 is
shown that power increases with the temperature
difference.
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Fig. 4 — Experimental components and set up.

Electrolyzer operation

The alkaline water electrolyzer has a long history of use in the
chemical industry (see Fig. 8). This type of electrolyzer is
characterized by having two electrodes operating in a liquid
alkaline electrolyte solution of potassium hydroxide (KOH).
These electrodes are separated by a diaphragm, separating the
product gases and transporting the hydroxide ions (OH-) from
one electrode to the other. The diaphragm further avoids the
mixing of the produced hydrogen and oxygen at the cathode
and anode respectively. Typically, Nickel-based metals are
used as the electrodes for alkaline water electrolysis. The
advantages of alkaline water electrolysis are mainly: Cheaper
catalysts concerning the platinum metal group based cata-
lysts used for PEM water electrolysis. Higher durability due to
an exchangeable electrolyte and lower dissolution of anodic
catalyst. Higher gas purity due to lower gas diffusivity in
alkaline electrolyte.

Generally, the operating temperature of the electrolyzer is
between 50 °C and 70 °C, allowing it to maximize its overall
efficiency.

Ideally, for a single electrolysis cell, the voltage required to
decompose water is 1.23 V. This is the reversible voltage ob-
tained by the Nernst equation. However, in reality, there are
losses due to various resistance in the cell. The losses can be
classified as activation losses, which quantify for slow electro-

: : P theoretical AT=50
204 S © P experimental AT=50
---------- P theoretical AT=30
0O P experimental AT=30
 J- T SRR i SERTR— P theoretical AT=20
<] P experimental AT=20
>
[ ;\
[o]
S
o
>

1 1
0,0 0,1 0,2 03 0,4 0,5
Current (A)

Fig. 5 — Output voltage-current for different AT.

kinetics, ohmic losses in the cell and concentration losses,
which occur at higher current density due to improper mass
transfer of the species.

The electrolyzer cell potential can be evaluated from
equation (16):

U =Upey + 1/Aly + slog(t / Alq + 1) (16)

Ury = AG/nF = 1.23V. The empirical parametersr,s,and t
are obtained by curve-fitting manufacturers’ data.

r=1141,T (17)

= 1 2
t=t1+t/T+1t;/T (18)

The amount of hydrogen produced is given by

My, = nFNc.eIIel/(nP) (19)

where 7; is the Faraday efficiency which is the ratio of actual
hydrogen produced to theoretical maximum possible pro-
duction. N, is the number of cells in the electrolyzer stack.

The performance of the electrolyzer is dependent on the
operating temperature. When the temperature increases the
efficiency increases. The temperature can either be assumed
constant or can be calculated by using a thermal model. A
lumped thermal capacitance model is used to predict the
temperature of the electrolyzer [29]:

Cth/ dt = Qgen - Qloss - Qcool (20)

Qqen 1s the internal heat generation of the electrolyzer, Qs is
the heat lost to the ambient, and Q. is the amount of cooling
required to keep the electrolyzer at a rated condition
(maximum temperature 80 °C). These are given as follows:

Qgen = Nc,el (Uel - Urn)Iel (21)
where

4H
U =" = 148V (22)
Quoss = 1/Rt‘eI(T - Tambient) (23)

R.q the overall thermal resistance of electrolyzer (W/K).
Generally, the temperature of the electrolyzer is limited for
safety reasons to 80 °C. If the temperature is below 80 °C there
is no cooling ( Qe = 0), if the temperature is above, Q. is
calculated to maintain the temperature below 80 °C. The
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Fig. 7 — Maximum power as a function of AT.

electrolyzer used in this study is a 21 cells stack electrolyzer
(48 V) and is assumed to be working under a pressure of 7 bars.
The energy used by the electrolyzer system (parasitic load) is
assumed to be 0.6 W/kW during the shutdown, and 3 W/kW
during operations (hydrogen production) [29].

System simulation

In a geothermal spring, the water comes out at a temperature
between 70 °C and 90 °C.The water to be used is usually
cooled in heat exchangers, thus this thermal energy is
commonly lost. It is proposed to recover this energy by
generating electricity in order to generate renewable
hydrogen. The thermoelectric module produces electricity by
being exposed to a temperature gradient. This electricity is
used to power a high-power alkaline electrolyzer. The

2e- Je-
% 02 H2
. o
A
4_ 20H €— ¢ electrolyte

f (KOH)

anode cathode
(Ni) diaphragm (Ni)
(NiO)

Fig. 8 — Typical alkaline electrolyzer.

thermal energy is thus recovered by producing hydrogen that
can be stored for later use.

The geothermal source of Hammam Righa was chosen to
calculate the potential for hydrogen production using this
system. The thermal station is in the wilaya of Ain Defla,
90 km south-east of the city of Algiers (capital of Algeria). The
temperature of the thermal spring reaches 70 °C most of the
year.

To simulate the production of hydrogen, an electrolyzer
with known characteristics was chosen and adapted to the
system described in Ref. [30]. The system has been modified to
use the thermoelectric modules as a source of electricity.
Hydrogen production was thus evaluated for the whole year
using meteorological data from Hammam Righa [31].
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Result and discussion

Experimental tests on TEC1-12706 thermoelectric modules
show that the mathematical models describing characteristic
IV are applicable. It was noted that the I-V curve of the TEG is
linearly decreasing (Fig. 5). As the voltage increases, the cur-
rent decreases, the mean absolute percentage error between
the experimental IV points and the regression curves is in the
range of 0.3—2.5%. Same experiments were conducted by Hsu
et al. [32]. The authors obtained similar curves on
TMH400302055 TEG module (Wise Life Technology, Taiwan).

The linear curve in Fig. 6 gives a quadratic relationship for
power versus current. The P—I curve has an extremum that
represents the maximum power that can be delivered by the
TEG module under the given operating conditions. Different
techniques can be applied to extract this maximum power.
The most popular of the maximum power point tracking
(MPPT) techniques is perturb and observe. The power effi-
ciency of a dc/dc system with MPPT is typically 80—85% [33,34].

As the temperature difference between the hot and cold
sides of the TEG increases, the power output increases. The
relationship between power and temperature difference is
quadratic. Power becomes much greater when the tempera-
ture gradient is high (Fig. 7). The same trend was observed by
Refs. [32,35,36].

By characterizing a thermoelectric module Liu et al. [35,36]
was able to build a 500 W and 1 kW generator. The generator
uses a low-temperature geothermal source to produce renew-
able electricity. The 500 W power generator used 96 thermo-
electric modules and it provided its full power at a temperature
difference of 200 °C. The 1 kW generator used 600 modules and
it delivered its full power at a temperature difference of 120 °C.
The flow of hot and cold fluid is counter-current. The designed
system has demonstrated the feasibility of using low temper-
ature geothermal energy to produce renewable electricity. With
a capacity factor of 90% the cost of these systems can be lower
than a standard PV or Wind systems.

The studied system consists of a thermoelectric generator,
a dc/dc converter with MPPT function and an alkaline elec-
trolyzer to produce renewable hydrogen. The thermoelectric
generator was subjected to a temperature gradient: on one
side the geothermal source and on the other side the ambient
air. The power delivered by the thermoelectric generator de-
pends on the temperature of the hot source and the cooling
temperature.

The studied system was simulated using TRNSYS software.
Fig. 10 shows the schematic used in the simulations. The
thermoelectrical module has no model in TRNSYS. It was in-
tegrated by using a set of equations that calculate the power
supplied as a function of the geothermal water temperature
and the ambient air temperature. A power converter was
included between the generator and the electrolyzer. The
latter allows the control of the electrolyzer under specific
operating conditions. The electrolyzer is of alkaline type, its
power has been set at 1 kW. The power of the thermoelectric
generator has been set at 1.2 kW.

Simulation results for one year of system operation are
shown in Fig. 9. Simulation results were reported by a square
meter of thermoelectric module surface. This operation

allows to compare this technology with the production of
hydrogen using photovoltaic modules. Thus, the potential of
hydrogen production can be evaluated, and to calculate the
required hydrogen requirement, it will be sufficient to
multiply by the surface area.

The monthly productions were shown in Table 1. Due to the
temperature gradient, the warmest month (June) has the
lowest production and the coldest month (January) has the
highest production. The temperature of the geothermal source
hardly varies. It is the cooling temperature of the thermo-
electric generators that determines the power produced.

Hammam Righa is a thermal spa and is used for medical or
touristic reasons to carry out thermal cures (external hydro-
therapy). The geothermal water has unique properties allow-
ing a person to get back into shape and get back to health.
Hammam Righa has an average temperature of 70 °C, making
large-scale energy exploitation inefficient. In air exchangers
for use in baths, the temperature of the source is lowered and
this causes the heat to be wasted. The use of thermoelectric
modules that recover the geothermal heat would allow the
recovery of this energy that would be lost without this process.
Simulation results were showed that it was possible to produce
0.5652 kg Hydrogen per square meter of TEG in one year.

The potential for hydrogen production from geothermal
sources is much less than from solar photovoltaic energy. The
hydrogen production in the Hammam Righa region is about
3.2 kgH,/m?/year using a standard sized photovoltaic gener-
ator [24]. This production is about 6 times the geothermal
production. In order to reach the same level, it is necessary to
obtain better efficiency from thermopile modules. Therefore,
this process would represent a gain if the hydrogen produced
from geothermal energy would be lost without this process.

The energy efficiency of the system has not been evalu-
ated. The purpose of this study is to analyze hydrogen pro-
duction. The study can be completed by an economic
evaluation, however, studies have shown that a TEG cost of
less than 6 $/W makes this type of installation profitable [21].
An evaluation of other geothermal sources could give an
overall idea of the potential of this technique in Algeria.

The electricity generated by the thermoelectric generators
is of the direct current type. The direct current electricity ob-
tained can be used to feed various facilities or houses by using
inverters that convert to alternating current. It is possible to
inject this electricity into the electrical grid. In our study, this
renewable energy is used to produce renewable hydrogen.
Studies on converting low enthalpy geothermal energy to
hydrogen have received little attention. The use of geothermal
energy at low temperatures is not much studied because of
the low efficiency of a conventional conversion system.
Because the higher the temperature increases, the higher the
conversion efficiency (1-Tcoa/Trot). If the temperature is low,
the efficiency is quite low.

Viewed from a broad perspective, conversion to Hydrogen
allows to expand the range of use of geothermal resources and
at the same time allows us to obtain high yields from the
source. Various systems using renewable energies (particu-
larly photovoltaic energy) to produce hydrogen have been
studied and tested. The feasibility of such systems has been
extensively demonstrated through the studies by Gibson and
Kelley [37,38].
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Table 1 — Monthly hydrogen production.

Month

Production

model the thermoelectric module TEC1-12706. The current-
voltage curves were drawn, which allowed modeling the

power of electricity produced according to the difference be-

January
February
March
April

May

June

July
August
September
October
November
December

0.0547 Kg Hy/m?*/month
0.0481 Kg Hy/m?/month
0.0525 Kg Hy/m?/month
0.0496 Kg Hy/m*month
0.0473 Kg Hy/m?*/month
0.0403 Kg H,/m?/month
0.0405 Kg Hy/m?*/month
0.0411 Kg Hy/m?*/month
0.0416 Kg Hy/m?*/month
0.0439 Kg H,/m?/month
0.0516 Kg Hy/m?*/month
0.0538 Kg Hy/m* month

tween hot and cold temperature. The model used was very

close to the experiments with a maximum deviation of 2.5%.

Conclusion

In this study, studies and investigations on the efficiency of
hydrogen production from geothermal energy using thermo-
electric modules were made. Experiments were carried out to

e From the experimental data, a more complex hydrogen
production system was simulated. The system was pow-
ered by a geothermal source to provide the heat required for
the production of renewable electricity. This electricity was
used by an electrolyzer to produce renewable hydrogen.
The performance of the TEGs is more interesting at high
temperature gradients. However, the characteristics of the
geothermal sources in Algeria is their low enthalpy. The
temperature of the sources varies between 70 °C and 90 °C.
A use for purely energy purposes cannot be efficient in
these cases. The heat used by the TEGs was the heat that is
just necessary to cool the water for use in thermal baths.
e Hydrogen production at the hammam Righa site was
evaluated in this study. It was found that it is possible to
produce 0.56 kg of hydrogen per square of TEG in one year.
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The production of hydrogen depends on the temperature
difference between the geothermal source and the ambient
air. The greater the temperature difference, the greater the
production of hydrogen.

The conversion using the TEC1-12706 module was inves-
tigated in this study. If the thermoelectric module has
better efficiency, electricity production would be more
important. The future development of this technology
could in the long-term lead to more interesting efficiency,
which would contribute to the emergence of this technique
for power generation.

Although the hydrogen potential produced by this system

is lower than that produced by a system using photovoltaic
energy, the advantage of this technique is that it uses energy
that would be completely lost.
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