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Preface

With the advent of the energy transition, hydrogen field use has widen. Indeed
initially hydrogen, as an energy vector and an alternative fuel, has been considered
in conjunction with renewable energy in order to address the issue of conventional
energy sources depletion and the problem of pollution resulting from the use
of these conventional energy sources. With the emergence of energy transition and
the massive introduction of renewables in the energy mix, the hydrogen role has
expanded. System energy stability and mismatch of energy supply and demand has
become acute. Recourse to hydrogen and its technologies and processes such
power-to-gas offer suitable solutions to address these issues. This situation has led
to an increase need for hydrogen, giving an impetus to its technology development
and offering divers applications to the other sectors.

It is in light of these developments that the third International Symposium on
Sustainable Hydrogen (ISSH2’2019) has been organized November 27–28, 2019,
in Algiers, Algeria.

The main topic of the symposium is hydrogen as an energy vector, an alternative
fuel, a storage medium and a buffer product. Hydrogen is considered as one of the
keys to the successful transition to sustainable and clean energy and one of the
undertakings where development is completely compatible with environment
protection.

This year’s special topic is “promising alternative fuels.” It has been selected to
draw attention to the new concepts and new resources and technologies considered
to overcome the practical challenges in achieving low-carbon energy society. With
their technologies improving at fast paces, these fuels are likely to play a central
role in socio-economic development, energy access and climate change mitigation.

The various thematic sessions have dealt with the scientific advances, the
experience gained, the provided opportunities, the encountered hurdles and the
actions to undertake to ensure sustainable development in the fields of alternative
fuels and energy.

A panel discussion addressing the topic of “Hydrogen: Energy storage and
Energy transition” has been organized on the first day of the symposium with the
active participation of all the attendees. A debate has been carried out on advances
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in hydrogen as a storage medium and as a buffer product and its role in the success
of the energy transition.

We are grateful to our sponsors (IAHE, TIKA, NAFTAL, Sonelgaz, BDL,
CASH, Lamaraz, Envilab) who have assisted us in organizing this event.

We also kindly thank the Algerian National Library (Bibliothèque Nationale
d’Algérie) for graciously providing their conference facilities for the organization
of the symposium.
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Chapter 1
Hydrogen Storage: Different
Technologies, Challenges and Stakes.
Focus on TiFe Hydrides

David Chapelle , Anne Maynadier , Ludovic Bebon,
and Frédéric Thiébaud

Abstract The share of renewable energies in the energymix is gradually increasing.
This transition brings many challenges in the management of electricity grids, espe-
cially because of the fluctuating and intermittent nature of renewable energies. There-
fore, hydrogen represents one of the keystones for the sustainable exploitation of
our energy resources. Hydrogen allows storing in the long term not consumed but
available electricity, and hydrogen is a ‘fuel’ for mobile, nomadic and remote site
applications. Once produced and awaiting consumption, the hydrogenmust be stored
in optimal conditions of safety and efficiency with regard to the application and its
location. The most mature solution to date is the storage under the compressed form,
which consists in keeping the hydrogen gas in a container at increasing pressures in
order to increase the energy density; cryogenic storage is now well controlled but
generally reserved for very specific applications for reasons inherent to the tech-
nology and because of significant costs; and finally the so-called ‘solid storage’,
to which the scientific community has been showing a marked interest for several
decades in the hope of identifying a lasting solution likely to replace advantageously
other solutions. In this paper, these storage media are introduced by evoking their
technological characteristics and their fields of application often justified by inherent
limitations of the technology. We will also discuss the challenges still posed by these
storage solutions today by linking them with the research work carried out in the
Department of Applied Mechanics in FEMTO ST Institute.
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2 D. Chapelle et al.

1.1 Introduction

For decades, one can read the emergency to act against the climate change, to reduce
drastically our greenhouse gas emission and at the same time to develop a sustainable
management of our energy resources. Undoubtedly, even if it has taken too much
time, the energy transition is occurring in many countries and the part of renew-
able energy in the energy mix is getting greater and greater month after month.
One say, it cannot happen overnight, all the more this new energetic balance comes
with new challenges, especially regarding the management of electricity grids. By
nature, renewable energies have fluctuating and intermittent features but are also
desynchronized between production and consumption. Without any consideration
on technological or cost issues, the previous situation being established, hydrogen
carrier comes as a really promising candidate so as to create synergies between renew-
able energies and hydrogen production and use. Hydrogen allows storing in the long
term not consumed but available electricity, and hydrogen is a ‘fuel’ for mobile,
nomadic and remote site applications. In the first case, hydrogen can regulate and
stabilize our electricity distribution networks at different scales; in the second case,
it should progressively replace petroleum products. The recent report [1] of IRENA
(International Renewable Energy Agency) from September 2019, prepared for the
2nd Hydrogen Energy Ministerial Meeting in Tokyo, gives a clear, synthetic but
complete overview of the topic and establishes the analysis of potential pathways to
a hydrogen-enabled clean energy future. It emphasis “Clean hydrogen is enjoying
unprecedented political and business momentum, with the number of policies and
projects around the world expanding rapidly”. As an illustration (Fig. 1.1), “the cost

Fig. 1.1 Global cost trends for onshore wind and solar PV [1]
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of renewable power generation has fallen dramatically in recent years”.
Among all challenges, the hydrogen must be stored safely and efficiently with

regard to the application and its location.We list threemajormedia to store hydrogen:
the most mature solution to date is the storage under the compressed form, which
consists in keeping the hydrogen gas in a container at increasing pressures in order to
increase the energy density; cryogenic storage is now well controlled but generally
reserved for very specific applications for reasons inherent to the technology and
because of significant costs; and finally we identify a third media, the so-called ‘solid
storage’, to which the scientific community has been showing a marked interest for
several decades in the hope of identifying a lasting solution likely to replace other
solutions, if not advantageously, at least by greatly reducing constraints for the end
user.

Herewe discuss these storagemedia by evoking their technological characteristics
and their fields of application often justified by inherent limitations of the technology.
We will also discuss the challenges still posed by these storage solutions by linking
them with the research activities with a specific focus on hydrogen solid storage.

1.2 Hydrogen Storage Media

Among the various ways to store hydrogen, we decide to pay attention on the three
major solutions. Nowadays, they are the more mature from both a technological and
cost point of view. They are used for decades in various domains of activities.

Because of its high volumetric storage density, the cryogenics or liquid hydrogen
(LH2) has been considered even for automotive implementation till years 2010. Due
to the low required operating temperature, around 20K, the tank has to be designed in
order to diminish all the more heat exchanges. As illustrated in Fig. 1.2, even if well

Fig. 1.2 Schematic architecture of a liquid hydrogen (LH2) tank including all devices to ensure its
control and monitoring [2]
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Fig. 1.3 CGH2 tank
produced by Korean
manufacturer ILJIN [3]

established the architecture of a LH2 tank is undoubtedly the more complex among
all hydrogen storage solutions. It includes some heat exchanger limiting such as an
efficient multi-layer vacuum super insulator (40 layers of metal foil); safety devices
such as safety valve to vent hydrogen gas and prevent gas pressure increase. Due to
unavoidable heat loss, an amount of hydrogen gas is rejected to environment, this
is called boil-off. To complete previous drawbacks, energy balance for LH2 tank is
clearly unfavorable because 30% of the stored chemical energy is required to liquefy
hydrogen.

In comparison, pressurized hydrogen gas consumes less of this stored chemical
energy to be produced: one say 15% for a 700 bar hydrogen compressed gas (CGH2)
and 12% for a 350 bar CGH2. This matter of fact is enough to justify the CGH2
technology is the most suitable for many applications involving hydrogen energy.
Moreover the manufacturing process that is the filament winding process is perfectly
mastered and machine abilities are fully developed to design any geometry with
high accuracy of fiber positioning and the production time also decreases. Figure 1.3
shows a commercial CGH2 tank manufactured by the Korean ILJIN. These products
are implemented in fuel cell vehicles.

As mentioned above, the mechanical reinforcement of a CGH2 tank is obtained
by the filament winding process. The technological state of art leads to manufacture
Type IV (type I is a full metal tank) CGH2 tanks because this technology has proven
to be the unique allowing to store for long term hydrogen and to withstand multiple
emptying and refilling cycles. The reinforcement is here deposited on a polymeric
liner includingmetallic heads so as tomount fittings. Gravimetric density of 5–6wt%
may be reached with this technology, considering tank and fittings. Some tricky
challenges remain considering the use of such tanks. Among them, we have to note
the evolution of temperature during filling, the collapse of the liner during emptying
of hydrogen all the more kinetics is high etc. Some issues are coming from field
experience: one expect refilling time to be short but it leads to a potentially critical
increase of temperature, involving to ensure a refreshing of gas before filling; due to
decrease of pressure, we observe a peeling off between the liner and the composite
part, obviously detrimental for safety reason. Undoubtedly, the CGH2 tank is the
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most mature solution considering technology, cost, emptying and refilling kinetics,
nevertheless works are now concentrating on the global efficiency, ease of use and
safety.

Solid hydrogen storage in metals allows reaching the higher volumetric density
because mean distance between hydrogen atoms is then the lowest (see Fig. 1.4).
Expectedly, due to storage medium the gravimetric density is also the lowest if
the three different media are compared. However, solid storage has undoubtedly
some strong advantages among which it is worth notice the opportunity to choose
the working pressure and temperature according the application (see Fig. 1.5).
That means low pressure, between 1 and 10 bar, and temperature, between 10 and
80 °C, are commonly attainable what is particularly attractive for safety reason and
public acceptance. Moreover, the chemical reaction between hydrogen and metals

Fig. 1.4 Hydrogen density according the storage medium [4, 5]

Fig. 1.5 Van’t Hoff plots of some hydrides [6]. Slope relates to the enthalpy of formation
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is exothermic or endothermic during absorption or desorption respectively. The
amount of heat is sufficiently high to be managed at all times and necessarily during
desorption if a sufficient hydrogen flow (for fueling a fuel cell, for example) is
required.

As a synthetic consequence of above comments, one say the hydrogen storage
medium is application dependent. High technological applicationmay use LH2 solu-
tion, when hydrogen for mobility, more precisely for automotive, require pressurized
gas, and solid hydrogen is more suitable for stationary applications, eventually for
nomad application.

1.3 TiFe and Its Hydrides

Here we pay attention on solid storage solution, more precisely on Titanium-Iron
alloys which are very good candidate to replace well-known Lanthanum-Nickel
system. The TiFe system has the main advantages to offer a solid solution at lower
cost and more easily available and recyclable in Europe. Figure 1.6 represents the
phase stability domains of the binary alloy Ti–Fe as a function of temperature and Ti
composition. Two intermetallic compounds exist: FeTi which is of cubic structure
similar to that of CsCl and Fe2Ti of structure C14 similar to the structure of MgZn2.
Fe2Ti does not absorb hydrogen, but absorption becomes possible for compounds
that are richer in Ti than TiFe2 according Reilly et al. [7].

These authors studied the Fe–Ti–H system and in particular the reaction between
the TiFe compound and the hydrogen resulting in the formation of two hydrides
TiFeH1 and TiFeH2. Isothermal curves (Pressure-Composition-Isotherm, PCI) give
the hydrogen equilibrium pressure as a function of the amount of hydrogen absorbed

Fig. 1.6 Phase diagram of TiFe. Phase stability domains according Ti atomic percentage [8]
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by the material at a defined temperature. Figure 1.3a shows PCI curve at 40 °C of
TiFe compound from [7] and Fig. 1.3b represents PCI curves obtained on TiFeMn0.1
at 8, 22 and 45 °C with our own equipment.

As previously mentioned, when designing a vessel to welcome hydrides, one has
to consider heat exchange to manage the inlet or outlet flow, but also kinetics of
reaction [9, 10]. Another challenging issue regarding hydride is the decrepitation
phenomenon that occurs after repeated absorption/desorption cycles. The particle
size of the pristine powder bed decreases while the number of cycles increases. This
is of first interest for the designer because distribution inside the vessel consequently
evolves leading to high level of stress on the tank wall and a potential failure [11,
12] (Fig. 1.7).

To investigate the phenomenon, we develop specific observation bench test with
hydrogen reactor and CCD camera to visualize the way particle sizes diminish during
absorption. Figure 1.8 illustrates the decrepitation of a 2 mm diameter particle of
LaNi5 when submitted to 30 bar hydrogen pressure. TheLaNi5 is here chosen because
the phenomenon has clearly a higher dynamics with more visible effect on a shorter
time.

In parallel, we carry out Xray tomography analysis of TiFeMn particles at succes-
sive time to evidence the effect of hydrogen on the morphology (see Fig. 1.9). This
reveals a fracture network appears due to the hydride phase transformation. The
integrity of the TiFeMn particle is maintained when the fracture network is widely
spreadwhat is directly correlated tomechanical properties of the alloy,more precisely

Fig. 1.7 Pressure-composition-isotherm curves of TiFe alloys; a Hysteresis in the TiFe–H system
at 40 °C according [7], b TiFeMn alloy characterized at 8, 22 and 45 °C on our bench test
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Fig. 1.8 Focus on a 2 mm LaNi5 particle size during absorption at different time: a initial, b after
2 h, c 4 h and d 6 h

Fig. 1.9 X-ray tomography
of a TiFeMn particle after a
20 h exposure to hydrogen
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resilience. This respond seems really different of the respond of LaNi5 alloy (see
Fig. 1.8) for which energetic expulsion of very small particles is observed.

These observations, briefly introduced here, feed our reflections and our modeling
to predict the behavior of the single particle but also the particle in the powder bed.
The Different Element Modeling is peculiarly convenient for such mechanical issue,
and we presently develop routines for YADE [13] to simulate the particle response
depending on mechanical parameters.

1.4 Conclusion

In a world where renewable energies have to become the rule, hydrogen benefits
a high potential in order to store electricity under gas form for long term and thus
answersmain drawbacks of these energies, that are their intermittence and fluctuating
nature. We introduced the three main hydrogen storage media: liquid hydrogen LH2,
pressurized hydrogen CGH2 and solid storage solutions. Considering the state of art,
these solutions are rather mature, even if at different stages. The disadvantages but
also the domains of application were recalled. As an illustration, a focus was made
on the research activities at the Department of Applied Mechanics in Besançon
that is the decrepitation phenomenon of metal hydride occurring while the material
is submitted to repeated hydrogen cycles. We aim at increasing knowledge and at
modeling the decrepitation in order to develop methodologies and tools to be used
when designing solid storage tank.
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Chapter 2
Preparation of ZrO2–Fe2O3
Nanoparticles and Their Application
as Photocatalyst for Water Depollution
and Hydrogen Production

M. Benamira , N. Doufar, and H. Lahmar

Abstract This study is deducted to the treatment of wastewater from the organic
pollutants and hydrogen production using a photocatalyst composed of Fe2O3 and
ZrO2. The structural and photophysical properties of the catalysts have been charac-
terized byX-ray diffraction (XRD), scanning electronmicroscopy (SEM),Brunauer–
Emmett–Teller (BET) and UV–Vis diffuse reflectance spectrometry. The photocata-
lyst acquired p type conductivity, due to oxygen insertion in the layered lattice with
an activation energy of 0.15 eV. The flat band potential (Efb, −0.44 VSCE), close to
the photocurrent onset potential (−0.2 VSCE). A total degradation of Methyl orange
is achieved within 90 min under sunlight irradiation. The total degradation of phenol
is also achieved in less than 120min. Based on the energy band positions, the detailed
reaction mechanism has been discussed. The position of the conduction band in the
energy diagram shows the possibility of H2 production under visible light.

Keywords Photocatalytic activity · ZrO2–Fe2O3 · DRX

2.1 Introduction

Zirconia, ZrO2, is a ceramic material with a property-structure dependence. For
that, by playing on the structure with judicious additions or by using the appropriate
preparationmethod, it is possible tomodify its properties of use tomake it a functional
material used in various applications. Zirconia has a wide variety of application due
to its flexible structural characteristics [1–4]. This flexibility allows new areas of
functional applications to emerge.
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Our main objective in this work is to study a photocatalytic process for water
treatment as an alternative to existing processes using the sun. This work consists in
synthesizing new material based on zirconia that can be used in water depollution.
Our choice is focused on the ZrO2–Fe2O3 system. The addition of Fe increases the
catalytic activity of zirconia for hydrocarbon isomerization reactions. However, the
addition of ZrO2 increases the catalytic activity of Fe2O3 by increasing the stability
of the Fe3+ cation. Catalysts based on the Fe2O3–ZrO2 system are also used in
ammonium synthesis, Fischer-Tropic synthesis and carbonmonoxide hydrogenation.
Iron as a dopant was able to stabilize cubic zirconia, c-ZrO2, but due to its smaller
ionic radius compared to the rare earth cations, this stabilization is not effective.
In this work, we were interested in the synthesis of Fe-doped ZrO2 material by co-
precipitation for the degradation of organic pollutants and also for the production of
H2 under visible light.

2.2 Experimental

Fe-doped ZrO2 (3 g) was synthesized by co-precipitation using ZrOCl2·8H2O
(99.5%; Sigma–Aldrich), FeCl3·6H2O (97%; Sigma–Aldrich) and NH4OH as
starting materials. The starting reagents were mixed according to the following
equation:

(1 − x)ZrOCl2 · 8H2O + xFeCl3 · 6H2O

+ (2 + x)NH4OH → Zr(1−x)FexO(2−x/2) + (2 + x)NH4Cl

+ 18 H2O(x = 2/3) (2.1)

3.255 g of ZrOCl2·8H2O was dissolved in distilled water (100 mL) and stirred vigor-
ously for 40 min. After that, 5.46 g of FeCl3·6H2O were added to the first solution.
The aqueous suspensions were mixed and stirred slowly for 60min at 65 °C. NH4OH
(3.5 M) was added dropwise under continuous stirring for 60 min to adjust the pH
solution at 10, and to form a solid precipitate with a brown color. The resulting
mixture was centrifuged for 15 min; the obtained precipitate was filtered and washed
several times with deionized water. After that, the resulting precipitate was dried
in an oven at 100 °C for 24 h and calcined at 600 °C for 3 h. TiO2 powder used
in the hetero-junction was synthesized as reported in our previous work [5]. The
hetero-junction ZrFe2O5/TiO2 was obtained by mixing both catalysts in the mass
ratio (1/1).

X-ray diffraction (XRD) was used to characterize the structure of the as prepared
powders. The patterns were obtained using a Brüker “D8 Advance” powder diffrac-
tometer with a Cu Kα radiation (λ = 1.54056 Å) and 2θ varying from 20 to 80° by
steps increments of 0.0146° and 0.2 s counting time per step. The Scanning Electron
Microscopy (SEM) was performed on a FEG-SEM JEOL 7600 in order to evaluate
the size distribution aswell as themorphology of the nanoparticles. TheFT-IR spectra
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were recorded on a VERTEX 70/70v spectrophotometer (BRUKER) in transmission
mode between 400 and 4000 cm−1. The UV–vis diffuse reflectance spectra were
obtained with a UV-visible spectrophotometer (Specord 200 Plus). The BET surface
areas of the powders were carried out on a Micromeritics 3Flex analyzer deter-
mined by N2 adsorption–desorption isothermmeasurement at−196 °C. The electro-
chemical characterization was performed in 0.1 M Na2SO4 electrolyte using a stan-
dard three-electrode cell using Solartron 1287 potentiostat and frequency response
analyzer Solartron 1260; the sweep rate was set at 5 mV s−1. The working electrode
is prepared as 10 mm diameter pellet using uniaxial pressure of 3.5MPa and sintered
at 600 °C for 2 h. It was introduced into resin epoxy, polished with SIC paper (1200)
and washed with water. The electrical contact was achieved by the painted silver
lacquer. The photocatalytic tests were conducted in May and June between 9 am and
5 pm. The sunlight irradiation was evaluated as 700 W/m2, while the temperature
averaged 28 °C. The photocatalytic tests were carried out in an open Pyrex glass
reactor with a double wall. Before irradiation, the suspensions composed of 50 mL
of organic pollutant, 50 mg of catalyst and H2O2 (10−5 M) were kept in the dark for
60 min under magnetic stirring to ensure good adsorption equilibrium on the cata-
lyst surface. Then, the reactor was exposed to solar irradiation. The absorbance was
measured with a UV-visible spectrophotometer (Shimadzu UV-2400). After irradia-
tion, the solutions were centrifuged and filtered through a membrane filter in order
to measure the decomposition rate. The production of H2 by photocatalysis was
carried out at 50 °C [6]. The photocatalyst powder (100 mg) was introduced in a
Pyrex reactor equipped with a cooling system and dispersed in 200 mL of Na2S2O3

solution. Before each test, O2 was purged by passing N2 for 20 min. Three tungsten
lamps with a total intensity of 30 mW cm−2 were used as the light source. Hydrogen
gas was identified by gas chromatography using Clarus® 680 GC PerkinElmer Gas
Chromatograph and the volume of H2 was quantified in a water manometer.

2.3 Results and Discussion

2.3.1 Characterization of Material

Figure 2.1a shows the XRD pattern of ZrFe2O5 synthesized by co-precipitation.
The substitution of Zr by Fe confirms the formation of the tetragonal solid solution
Zr1−xFexO2−x/2 in agreement with JCPDS Card N° 17-0923. The incorporation of
high Fe content reveals the presence of new peaks of the hematite (α-Fe2O3, JCPDS
N°01-1053) and confirms the results obtained byDavison et al. [7] andBotta et al. [8].
The substitution of Zr4+ by Fe3+ ions in the ZrO2 lattice was reported using different
preparation methods. These studies confirm the formation of tetragonal phase at low
Fe3+ concentrations (<10 at.%). However, for high Fe3+ content (>20 at.%), the XRD
patterns indicate the presence of α-Fe2O3 phase in total agreement with our results.
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Fig. 2.1 a Powder X-ray diffraction results of ZrFe2O5 powder. b Scanning electron microscopy
of ZrFe2O5 powder

Fig. 2.2 FT-IR spectra of
ZrFe2O5 prepared by the
co-precipitation method
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The infrared Fourier transform spectrum is illustrated in Fig. 2.2; the wide band at
3400 cm−1 is attributed to the folding mode of OH groups due to adsorbed water on
the powder surface. The peaks observed below 750 cm−1 are attributed to the Fe–O
and Zr−O stretching vibrations while the peaks at 1470 and 1560 cm−1 are assigned
to adsorbed water molecules. A weak peak at 2315 cm−1 is assigned to adsorbed
carbon dioxide when the sample was handled in air [9, 10].

The converted UV-visible absorption data are used to evaluate the optical band
gap (Eg) by extrapolating the linear portion of the plots (αhν)2 versus hν to (αhν)2

= 0. The optical band gap of the as-prepared powder is 1.74 eV.
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2.3.2 Photocatalytic Activity

The ZrFe2O photocatalyst was used for the degradation of the azo dye methyl orange
and the organic compound phenol under solar light irradiation.

The standard redox potential of •OH radical (+2.8 V) classifies it as a powerful
oxidizing agent, able to oxidize the majority of organic compounds into mineral
end products. An initial concentration of 30 mg/L was used for the two products
tested (phenol and methyl orange); Fig. 2.3 summarizes the kinetic results of the
degradation in the presence of H2O2 under solar light irradiation. The two pollutants
are totally degraded after 90min formethyl orange (30mg/L) and 120min for phenol
(30 mg/L). The results obtained in this study are promising compared to that those
reported in the literature. Murcia et al. [11] studied the photocatalytic degradation of
methyl orange and phenol over TiO2 and Pt–TiO2. Total elimination of phenol and
methyl orange was obtained after 2 h under UV light; while degradation of only 60%
of phenol within 2 h under sunlight irradiation was obtained by Al-Hamdi et al. [12].

The relevant reactions of photocatalysis mechanism occur at the surface of the
photocatalyst causing the degradation of these two organic compounds (OC) can be
expressed as follows:

ZrFe2O5 + hv → ZrFe2O5
(
e−
CB + h+

VB

)
(2.2)

ZrFe2O5 + (
h+
VB

) + H2O → ZrFe2O5 + H+ + OH− (2.3)

ZrFe2O5 + (
h+
VB

) + OH− → ZrFe2O5 +• OH (2.4)

ZrFe2O5 + (
e−
CB

) + O2 → ZrFe2O5 + O•−
2 (2.5)

Fig. 2.3 Degradation of
methyl orange and phenol by
ZrFe2O5 catalyst in the
presence of H2O2 ~
0.2 mL/L, T = 25 °C, pH =
7, catalyst dose = 1 mg/mL)
under solar light irradiation
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O•−
2 + H+ → HO•−

2 (2.6)

2HO•
2 → H2O2 + O•−

2 (2.7)

H2O2 + (
e−
CB

) → •
OH + OH− (2.8)

OC + OH•/O•−
2 → (Degradation products) CO2 + H2O (2.9)

The use of the hetero-junction system is one of the effective ways to improve
the photocatalytic activity under visible light irradiation. The new hetero-junction
ZrFe2O5/TiO2 with a mass ratio (1/1) was used for the H2 production. Figure 2.4a
presents the current density-potential J(V) characteristics of ZrFe2O5 at pH ~ 7. The
cathodic reduction potential of water (production of H2) appears at −0.16 VSCE and

Fig. 2.4 a The intensity
potential J(V) characteristic
of ZrFe2O5
(Inset-Semi-logarithmic plot
over ZrFe2O5 electrode).
b Volume of evolved H2
versus illumination time with
ZrFe2O5: (1) with Methyl
orange, (2) without Methyl
orange
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corresponds to the intercept point of current density curve with the potential-axis.
The anodic oxidation potential of water appears at 0.3 VSCE (Inset Fig. 2.4a). The
volume of H2 obtained with Methyl orange increased compared to ZrFe2O5 alone
by 60% (Fig. 2.4b).

2.4 Conclusion

The degradation of organic pollutants by ZrFe2O5 under solar light irradiation
confirms the high photocatalytic efficiency. The use of p-n hetero-junction improves
the photocatalytic activity of H2 production by enhancing the separation of electron-
hole pairs and reduces the recombination process. The photocatalytic mechanism of
the degradation was proposed. A total photodegradation ofmethyl orange and phenol
was obtained in less than 120 min.
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Chapter 3
Preparation of Anode Supported Solid
Oxide Fuel Cells (SOFCs) Based
on BIT07 and Pr2NiO4+δ: Influence
of the Presence of GDC Layer

M. Benamira , M. T. Caldes, O. Joubert, and A. Le Gal La Salle

Abstract In this work, we study the electrochemical performance of anode
supported solid oxide fuel cells (SOFCs) based on perovskite-type materials:
BaIn0.3Ti0.7O2.85 (BIT07) as an electrolyte, BIT07-Ni as a cermet anode and
Pr2NiO4+δ as a cathode. Anode/electrolyte assemblies have been prepared by tape
casting and co-firing and the cathode has been deposited by screen-printing. The
performance of BIT07-Ni/BIT07/Pr2NiO4+δ cells has been determined between 600
and 750 °C under humidified (3%H2O) hydrogen as fuel and air as oxidant. The pres-
ence of an interfacial layer of gadolinia doped ceria (GDC) is also tested. Impedance
Spectroscopy (EIS)measurements have also been carried out and allowed to differen-
tiate between the series and polarization resistances. The power density obtained from
the cell with GDC was 119.21 mW/cm2 at 700 °C, compared with 28.1 mW/cm2 for
the cell without GDC thin layer. These results confirmed that the presence of a dense
thin layer of GDC at the interface electrolyte/cathode is a very promising method for
intermediate temperature SOFCs (IT-SOFCs) to increase the performance.

Keywords Tape casting · SOFC · EIS · Pr2Nio4+δ

3.1 Introduction

Nowadays, solid oxide fuel cells (SOFCs) operate at 800–1000 °C. Reducing the
operating temperature of solid oxide fuel cells requires the development of new elec-
trolyte materials with good performance at intermediate temperatures (500–700 °C).
BaIn0.3Ti0.7O2.85 (BIT07) has the required transport properties and redox stability to
be considered as a promising electrolyte material with an ionic conductivity of 10−2
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S cm−1 at 700 °C and chemical stability under a wide range of partial pressures of
oxygen [1–4]. The praseodymium nickelate Pr2NiO4+δ (so-called PNO) is a mixed
ionic electronic conducting (MIEC) oxide widely studied as oxygen electrode for
solid oxide fuel cells and solid oxide electrolysis cells (SOEC) as well. MIEC oxide
attracted particular attention since the oxygen reduction reaction (ORR) has been
extended to the whole volume of the electrode, compared to a pure electronically
conducting cathode where the ORR is restrained to the triple phase boundary (TPB)
points located at the cathode/electrolyte interface [5–9].

This paper aims to study the influence of the presence of the material used as
an interlayer between the PNO electrode and the BIT07 electrolyte on the electro-
chemical performance of the SOFC. Ce0.8Gd0.2O1.9 (namely GDC) has been selected
as interlayermaterial. It has also been demonstrated that BIT07 can be usedwithwell-
known cathode materials, such as La0.58Sr0.4Co0.2Fe0.8O3− δ (LSCF) or Nd2NiO4+ δ,
and that best results regarding electrochemical performance have been obtained with
LSCF.

Our main objective in this work is to prepare a complete Ni-BIT07/BIT07/PNO
andNi-BIT07/BIT07/GDC//PNOcells by tape casting and screenprinting.Theyhave
been tested under air on the cathode side and wet H2 (3% H2O) on the anode side.
The performance has been discussed in terms of total resistance determined from
current density/voltage curve (J/U) and Electrochemical Impedance Spectroscopy
(EIS) measurements at the Open Circuit Voltage (OCV) to understand the origin of
this resistance, and to determine the relevant parameters that can bemodified in order
to minimize it. The stability of the cell presenting the highest performance has been
studied at the operating temperature of 700 °C.

3.2 Experimental

BaIn0.3Ti0.7O2.85 (BIT07) was synthesised by solid state reaction by using stoichio-
metric amounts of BaCO3 (Alfa Aesar), In2O3 (Alfa Aesar) and TiO2 (Merck). Reac-
tants were thoroughlymixed using acetone in an agatemortar and calcined at 1200 °C
for 24 h. The obtained powder was again ground well, mixed, pressed into disks and
sintered at 1350 °C for 24 h, ground and passed throughmesh 100. Pr2NiO4+δ powder
was provided by Marion Technologie and NiO powder (grain size 0.5–1 μm) was
provided by Pharmacie Centrale de France. X-ray diffraction (XRD) was used to
characterize the structure of the as-prepared powders. The patterns were obtained
using a Brüker “D8 Advance” powder diffractometer with a Cu Kα radiation (λ =
1.54056 Å) and 2θ varying from 20 to 80° by steps increments of 0.0146° and 0.2 s
counting time per step. The Scanning Electron Microscopy (SEM) was performed
on a FEG-SEM JEOL 7600. By Brunauer–Emmett–Teller (BET), the surface areas
of the powders were measured and carried out on a Micromeritics 3Flex analyzer
determined by N2 adsorption–desorption isotherm measurement at −196°C.

Before cell fabrication and in order to decrease the grain sizes, the as-prepared
powders ofBIT07were ball-milled at 500 rpm: 60 h. The anode composition has been
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Fig. 3.1 Preparation of Ni-BIT07/BIT07/PNO anode supported cell. a Anode of BIT07-NiO,
b electrolyte BIT07, c deposition of PNO cathode, d current collector of gold grid

optimized to reach the best electrochemical performance, obtained with a BIT07-
Ni cermet (BIT07:NiO 50:50 wt%), realized with a BIT07 powder ball-milled and
5 wt% CB as pore forming agent. The button cell (Ø 10 mm) is composed of an
anode supported electrolyte/anode half-cell, prepared by tape casting and co-fired.
Then a PNO cathode is deposited on the electrolyte by screen-printing (Fig. 3.1).

Current collectors, made of discs (5 mm in diameter) of gold grid (Goodfellow,
wire diameter: 60 μm) are attached on both the electrodes using gold ink. The cell is
placed at 120 °C for overnight to evaporate the solvents and to obtain good electrical
contacts. The current–voltage characteristic is measured with the use of a laboratory-
made testing system. The cell was sealed on the top of an alumina sample tube. Thus
separating the atmospheres between the inside and outside of the tube. The fuel-gas
supply tube is situated inside the sample tube. The system was kept vertically in a
tubular furnace. The measurements of current density (J) and voltage (U) were done
by digital multimeters Keithley 197 and Protek 506, respectively. Current drawn in
the circuit was varied using a rheostat. Prior to the measurements, nickel oxide is
reduced in situ at 700 °C for 2 h under wet H2 and measurements were made at
700 °C, under wet (3% H2O) H2 on the anode side, and air on the cathode side.

Electrochemical performances of single cells were studied by electrochemical
impedance spectroscopy (EIS). The measurements were realized using a frequency
response analyzer Solartron 1260. The impedance spectra were recorded over a
frequency range 2 MHz to 0.01 Hz with a signal amplitude of 10 mV and with
10 points per decade under open circuit conditions from 500 to 700 °C. The EIS
diagrams were normalized to the electrode area and fitted using equivalent circuits
with the ZView® software (Scribner Associates). Post mortem (after measurements)
analyses of the cells have been carried out by SEM, using a JEOL 7600.
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Fig. 3.2 Performance of a single cell consisting in: a Ni-BIT07/BIT07 and Pr2NiO4+δ sintered at
1050 °C, b Ni-BIT07/BIT07 and Pr2NiO4+δ sintered at 1100 °C as the cathode; I-V curves and
resulting power densities

3.3 Results and Discussion

3.3.1 Characterization of Material

Figure 3.2 presents the voltage (U) and power density (P) versus current density
(J) characteristics obtained for two single cells at different temperatures 1050 and
1100 °C, respectively, Fig. 3.2a, b. In both cases, the polarisation curves (U/J) are
clearly linear in the studied current density range. In both cases, theOCV is lower than
the theoretical value expected, suggesting a small leakage between gas chambers.
Table 3.1 gathers the cells characteristics obtained from the voltage and power density
versus current density characteristics and also from theNyquist diagrams of the single
cells.

The extrapolatedmaximumpower densities are of about 28.1 and 22.06mWcm−2

for the two cells, respectively. The ASR value obtained from the EIS measurements,
10.41 for cells A at 700 °C, is in agreement with the ones obtained from the U/J

Table 3.1 Characteristics of the cell Ni-BIT07/BIT07 and Pr2NiO4+δ sintered at 1050 °C recorded
at OCV, ASR(U/J) calculated from U/J curves, ASR(EIS), Rs and Rp obtained from the EIS
measurements

T (°C) OCV
(V)

Pmax (mW cm−2) ASR(U-J) (� cm2) ASR(Nyquist)
(� cm2)

Re.S
(� cm2)

Rp.S
(� cm2)

600 0.875 4.83 41.34 43.39 3.46
(7.4%)

39.93
(92.6%)

650 0.843 9.85 18.81 20.27 2.20
(9.8%)

18.07
(90.2%)

700 0.914 22.06 9.75 10.41 1.01
(8.8%)

9.40
(91.2%)

750 0.900 44.13 4.64 5.63 1.14
(16.8%)

4.49
(83.2%)
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Fig. 3.3 X-ray diffraction patterns of BIT07/Pr2NiO4+δ composite pellets that were calcined at
1100 °C for different times

curves, 9.95. Those values are too high with a major contribution of polarization
resistance (91.2%) and need more improvement. Thus indicates that the polarization
resistance played an important role in cell performance.

In order to understand the origin of the low performances of the two cells, the reac-
tivity test between BIT07 and Pr2NiO4+δ powders for more than 168 h at 1100 °C
was done as shown in Fig. 3.3. Indeed, the DRX analysis reveals the significant pres-
ence of a new phase (Pr1,6Ba0,4NiO4) due to the reaction between the electrolyte and
cathode. Considering the reactivity of the Pr2NiO4+δ with BIT07, the higher power
densities would expect to be achieved by using a thin interfacial layer of GDC.

A thin interfacial layer (5 μm) of GDC is deposited to the electrolyte/anode
half-cell by screen-printing and co-fired at 1350 °C for 8 h. Then a PNO cathode
is deposited on the electrolyte by screen-printing. To demonstrate the benefit of
incorporating a thin layer at the interface between the electrode and electrolyte, the
I–V–P curves of the fuel cell are shown in Fig. 3.4. The power density obtained from
the cell with GDC thin film was about 119.21 mW/cm2 at 700 °C, compared with
about 28.1 mW/cm2 for the cell without thin film.

3.4 Conclusion

In this work, anode supported cells based on BIT07 as an electrolyte, BIT07-Ni as
anode and Pr2NiO4+δ as cathode have been successfully realized by tape casting and
screen-printing. The reactivity test between BIT07 and Pr2NiO4+δ powders reveals
the presence of a new phase (Pr1,6Ba0,4NiO4) which explain the low performances
of the single cell. The power density of a single cell with GDC thin film at the
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Fig. 3.4 a Performance of a single cell consisting in Ni-BIT07/BIT07/GDC/Pr2NiO4+δ; I-V curves
and resulting power densities, b scanning electron microscope image (cross-section) of single cell

interface electrolyte/cathodewas significantly higher than that of a single cell without
interfacial layer. This is attributed to increased interfacial area. The factors such as the
better electrocatalytic activity of ceria and the intrinsic properties of nanostructured
thin films.
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Chapter 4
Preparation of the Spinel CuCo2O4
at Low Temperature. Application
to Hydrogen Photoelectrochemical
Production

R. Bagtache , K. Boudjedien, I. Sebai, D. Meziani , and Mohamed Trari

Abstract We reported for the first time a facile method for the preparation of the
spinel CuCo2O4 at 140 °C by using sulfates of copper and cobalt in KOH. The
compound crystallizes in a cubic system (SG: F d 3̄ m) with a lattice constant of
8.0590 Å. The material was characterized by physical and photo-electrochemical
techniques. The X-ray diffraction (XRD) pattern confirms the single phase with a
high purity. The UV–Visible spectroscopy of the black product revealed a direct
optical transition of 1.38 eV. The capacitance-potential (C−2-E) displays a negative
slope and a flat band potential (+0.28 VSCE) characteristic of p-type semiconductor
behavior. Further, the Nyquist plot shows a semicircle followed by straight line at low
frequencies, indicating a diffusion process. To show effectively the photocatalytic
performance, we tested our product in the hydrogen production upon visible light
irradiation. H2 evolution rate of 7 μmol h−1 mg−1 and a quantum efficiency of 1.1%
were obtained upon visible light illumination.

Keywords Spinel CuCo2O4 · Photo-electrochemical characterization · Hydrogen ·
Visible light

4.1 Introduction

Nowadays,many efforts have been devoted in the field of environmentwhich consists
to develop new processes for the purification of air and treatment of water [1]. In this
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regard, the photo-catalysis has attractedmuch attention for the degradation of organic
pollutants into small molecules and/or total mineralization [2]. In recent years, the
photo-catalysis has become a challenge to face the modern world as it provides an
alternative simple using a source of energy (artificial: lamp or natural: sunlight) to
achieve the chemical transformation [3].Currently, compoundswith a spinel structure
AB2O4 such as ZnCo2O4, NiCo2O4, CuAl2O4, CuCr2O4, ZnCr2O4, MnCo2O4 and
CuCo2O4 received special attention because of their numerous applications in many
fields such as: electronics, magnetism, catalysis, electro-catalysis, photo-catalysis,
etc.

As examples these oxides, CuCo2O4 is a promising oxide in the field of storage
energy; this is due to its properties: high chemical stability, electrochemical stability,
ecofriendly, low cost, refractor, super-capacitor, moisture sensor and negative elec-
trode in Li-ion batterymaterials [4–8].We report our contribution by synthesizing for
the first time CuCo2O4, by co-precipitation at low temperature from sulfates reagents
and the physical and photoelectrochemical characterizations are reported. Moreover,
we successfully tested the as-prepared material in the hydrogen production.

4.2 Experimental

The co-precipitationwas used to prepareCuCo2O4 in presence of sulphate bymixture
of 3.2394 g of CoSO4 and 5.0872 g of CuSO4; 5H2O (Merck 99%) in 250 mL of
distilled water; the pH was adjusted with KOH at 12.25. Then, product is treated in
air oven at 140 °C for 3 days. The recovered product was filtered, washed and dried
overnight at 60 °C.

The X-ray diffraction (XRD) pattern was recorded with a Panalytical with Cu Kα

anticathode (λ = 0.154128 nm) in the range [2θ: 5–90°] to identify the synthesized
phase. The optical absorption spectrum of CuCo2O4 was performed with a Jasco 650
UV–Vis spectrophotometer, BaSO4 was used as reference.

The photo-electrochemical properties were studied in a standard cell with Pt
auxiliary electrode; all potentials were reported against a saturated calomel electrode
(SCE); the latter was separated from the working solution by a fritted bridge filled
with the same solution and the potential was uncorrected for the junction potential.
The electrode potential was piloted by a computer aided Versa STAT3 potentiostat
and the interfacial capacitance was measured at 10 kHz.

The photocatalytic experiments were carried out in a Pyrex reactor (200 mL
capacity) connected to a thermo-stated bath (50 °C); no temperature increase of
the solution was observed during irradiation. 100 mg of CuCo2O4 are suspended in
200mL of aqueous solution (Na2SO3 or Na2S2O3, 10−3 M) under magnetic agitation
(210 rpm); the pH is adjusted by NaOH (pH ~ 12).
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4.3 Results and Discussion

The powder XRD pattern of CuCo2O4 (Fig. 4.1a) shows the peaks observed at
2θ ~ 19°, 31.1°, 36°, 38°, 45°, 59°, 65° are typical of spinel cubic structure with
space group of F d 3 m and the result perfectly agree with the standard values of the
JCPDS N° 00-001-1155. No other impurity peaks were observed, which indicates
that high purity of CuCo2O4. The crystallite size of CuCo2O4 (D = 32 nm) is calcu-
lated from the full width at half maximum (FWHM, β = 0.26°) of the strongest XRD
peak (311):

D = 0.9 λ (β cos θ) (4.1)

To probe the optical properties, we have determined the forbidden band (Eg) of
CuCo2O4, by using the Pankov formula:

(αhν)2/m = Const × (hν − Eg + Eph) (4.2)

whereα (cm−1) is the optical absorption coefficient and hν (eV) the energy of incident
photon; the exponent m = 4 and 0.5 respectively for direct or indirect transitions;
Eph is the phonon energy for indirect transitions when the bottom of CB (Conduction
Band) does not coincide with the top of VB (Valence Band).

The extrapolation of the straight line (αhv)2 to the abscissa axis (hν = 0) provides
a direct transition at 1.38 eV (Fig. 4.1b), due to the degeneracy lift of d-orbital of
Co3+ in octahedral site into an upper t2g level and higher eg level obeying the selection
rules. The existence of the gap is in conformity with a semiconducting behavior. The
other important factor in photo-catalysis is the semi conductivity which produces a
space charge region near the interface where most if not all pairs the electron/hole
(e−/h+) are separated.

The electrical conductivity (σ) against 1000/T, determined on sintered disc, obeys
to the law σ = σo exp {Ea/RT} with a room temperature value (σ300 K) of 10−4 (�

Fig. 4.1 a X-ray diffraction pattern and b direct optical transition of CuCo2O4 prepared by co-
precipitation route from sulfate precursors
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Fig. 4.2 a The logarithm of the electrical conductivity (σ) versus reciprocal absolute temperature
and b projection of structure of CuCo2O4

cm)−1 (Fig. 4.2a). The activation energy of 0.38 eV, deduced from the slope d logσ/dT
(Fig. 4.2a) confirms the semi conductivity and where the acceptors are no longer
ionized. The holes move in a narrow with deriving from Co3+: 3d a mobility of 2.5×
10−6 cm2 V−1 s−1, obtained from the conductivity of CuCo2O4 (σ = e μh NA). Such
low mobility comes from to the obstruction of O2− ions to the electron’s movement
across octahedra/tetrahedra sharing respectively common edges/corners in the spinel
structure (Fig. 4.2b). The conduction mechanism is governed by low polaron jump
with phonon assisted conduction through mixed valences Co3+/2+.

The intensity-potential J(E) profile in the dark is asymmetrical, indicating an
irreversible and sluggish system (Fig. 4.3a); the peaks at ~−0.28V along the negative
potential, correspond to the irreversible reduction of dissolved oxygen (O2 + 2H2O
+ 2e− → H2O2 + 2OH−) to peroxide H2O2, such potential is close to that cited in
the literature (−0.38 V).

The drastic decrease of the dark current Jd below −0.6 V is due to H2 evolution.
On the other, the augmentation beyond 1 V is due to oxygen liberation (H2O + 2h+
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→ 0.5O2 + 2H+) and this clearly indicates that the photo holes do not oxidize water
because of the narrow band gap Eg of the spinel CuCo2O4 (1.38 eV).

The flat band potential (Efb) and the carriers density (NA/D) is obtained
by measuring the capacitance (C) versus applied potential (E) at the interface
CuCo2O4/NaOH:

C−2 = ±(0.5 × eεεoNA)−1{E − Efb} (4.3)

The sign ± correspond respectively to p- or n-type behavior, e the electric charge,
ε and εo the permittivity of material and vacuum respectively.

The negative slope is characteristic of p-type semi-conductivity; the potential Efb

(0.28 V) and the holes density NA (8.7 × 1018 cm−3) are simply deduced from
the intercept with the abscissa axis and the slope of the straight line (C−2 − E)
respectively (Fig. 4.3b).

The Efb value comes from the small ionization energy of 3d metal and provides
the position of the conduction band (−0.72 V = Efb + Ea/e − Eg/e) 1, such value is
more cathodic than the potential of the H2 evolution (~−0.8 V), the latter was simply
deduced from the J(E) profile. Accordingly, the potential valence band is equal to
0.66 V (=ECB + Eg). The holes can react with sulfite SO3

2− through a valence band
process; such reaction favors the charges separation and improves the photo-activity.
The spinel alone gives an appreciable H2 volume because of the difference between
CB (−072 V) and H2 level which moderate the electrons transfer, (Fig. 4.4a) is
found with an evolution rate of 340 μmol min−1 (g catalyst)−1. The pH influences
the photocatalysis; indeed, the bands of CuCo2O4 formed from 3d orbital are pH-
independent while that of the H2O/H2 follows the nerstian variation of 0.06 V/pH.
This property has been judiciously exploited to get an optimal band bending at the
junction CuCo2O4/electrolyte equal to the difference {EH2O/H2−ECB}. The lower

1The activation energies of CuCo2O4 (0.38 eV) was measured from the electrical conductivity on
sintered pellets.



30 R. Bagtache et al.

the over potential, the rougher the active area and the co-precipitation yield a porous
structure with an improved surface area. The crystallite size (32 nm) should give
a minimal surface area of 37 m2 g−2 {=6 (ρD)−1}, ρ is the experimental density
(5.05 g cm−3). The photo-voltage for the H2O splitting is smaller than the theoretical
value (�G°R/nF= 1.23V) of the total reaction and the splitting cannot occur because
of O2 and H2 over-voltage. The H2 evolution occurs concomitantly with the SO3

2−
oxidation; SO3

2− was selected in the goal to contribute to the charges separation and
to improve the photo-activity (Fig. 4.4b). The H2 liberation requires 2 photons by
H2O molecule and the quantum efficiency (η) is given by:

η = 2 × V × N/(� × Vm × t) (4.4)

V and Vm are respectively the volume of evolved H2 formed and the molar volume,
N the Avogadro number and � the photons flux absorbed by CuCo2O4.

A light flux of 2.09× 1019 photons s−1 was measured, leading to η value of 1.1%.
Initially, the hydrogen production occurs with a high evolution rate and slows down
over time; the saturation is observed beyond 14 min; indicating the occupation of
photoelectrochemical sites by H2 molecules.

4.4 Conclusion

The spinel CuCo2O4 was prepared by co-precipitation in KOH medium at low
temperature, not exceeding 140 °C using sulfates of copper and cobalt as precursors.
The compound crystallizes in a cubic systemwith a lattice constant of 8.0590 Å. The
X-ray diffraction (XRD) pattern confirms the single phase and the diffuse reflectance
of the black product indicated a direct transition of 1.38 eV coming from the crystal
field splitting. CuCo2O4 was characterized photo-electrochemically; the measure-
ment done in alkaline electrolyte showed an electrochemical stability with a cathodic
peak assigned to the oxygen reduction to peroxide. The capacitance-potential indi-
cated p-type semi-conductivity. The spinel was successfully tested for the hydrogen
formation under visible light illumination using SO3

2− as sacrificial agent; a quantum
yield of 1.1% was obtained.
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Chapter 5
Synthesis and Electrochemical
Characterization of Fe-Doped NiAl2O4
Oxides

Warda Tibermacine and Mahmoud Omari

Abstract A new spinel solid solution system of Ni1−xFexAl2O4 (0.0 ≤ x ≤ 0.5)
was synthesized through sol-gel method. The effect of Fe doping on the electro-
catalytic properties of nickel aluminate was investigated. The synthesized powders
were characterized by means of X-ray diffraction, scanning electron microscopy and
electrochemical measurements. From the preceding analysis, it can be shown that
compounds show a single spinel phase in the temperature range of 650–1000 °C and
the solubility of iron in the NiAl2O4 structure was limited to x ≤ 0.5. The electro-
chemical measurements indicate that the catalytic activity is strongly influenced by
iron doping. The highest electrode performance is achieved with Ni0.7Fe0.3Al2O4 (i
= 86.84mA/cm2)which is ~27 times greater than that of NiAl2O4 (i= 3.22mA/cm2)
at E = +0.8 V. After one hundred cycles, the stability of the doped electrode with
30% of iron is much better than that of the undoped electrode. These results indi-
cate clearly that Ni0.7Fe0.3Al2O4 electrode has promising potential for cost-effective
potential generation.

Keywords Spinel oxide · Sol-gel · Oxygen evolution reaction

5.1 Introduction

Nanocrystalline metal aluminates possess important applications in various fields
such as heterogeneous catalysis, pigments, sensors and ceramics [1–6]. Aluminate
spinels have been used as catalysts in the decomposition ofmethane, steam reforming
dehydration of saturated alcohols to olefins, dehydrogenation of alcohols, etc. These
oxides have also been reported as good photocatalysts, e.g. for the degradation of
methyl orange [7–9].

Nickel aluminate has been used in various catalytic applications and high temper-
ature fuel cells, due to its high melting point, high activity and resistance to corrosion
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[10]. It has been proposed as a promising candidate for an anode in aluminumproduc-
tion and as an anode in an internal reforming solid oxide fuel cell (IR-SOFC) [11],
in addition it has been used as good electrocatalysts for the oxidation of organic
compounds and nitrous oxide [10], and also as inert anodes in aluminum electrolysis
[12]. On the other hand, the spinel NiAl2O4 is photosensitive to visible light [13],
and it presents an attractive property in photocatalysis [14].

This oxide can be properly modified by the partial substitution of atoms at A
and/ or B sites which may affect strongly its physical property. Nickel aluminate
(NiAl2O4) oxide doped on the A site with various metal ions such as Cu [15], Cd
[16],Mg [17], Ce [18], were previously studied. A few years ago, it has been reported
that the oxygen evolution reaction (OER) indicates that substitution of Ni by Fe in
Ni0.9Fe0.1Co2O4 spinel increases the electrocatalytic activity of the resultingmaterial
significantly [19]. On the other hand, another work on mixed Fe-Ni oxide catalyst
showed much higher activity toward oxygen evolution and methanol oxidation than
either of the pure oxides with a peak in activity occurring near 10 mol% Fe [20]. In
alkaline solution some substituted ferrites which the foreign element was added to
the B site such as CoFe1.7Ni0.3O4, CoFe1.6Mn0.4O4 [21] and NiFe2-xCrxO4 (0 ≤ x ≤
1) [22], manifest a reduced oxygen over-potential. Despite all these precedent works
on spinel oxides based on iron and nickel, there is no report on the solid solution and
activity of Ni1-xFexAl2O4 materials for the oxygen evolution reaction.

In the present study, we examine the effect of partial substitution of nickel by iron
on structural, grain morphology, surface area, electrocatalytic activity and stability
of Ni1-xFexAl2O4 (0 ≤ x ≤ 0.5) electrodes prepared by the sol-gel method.

5.2 Experimental Procedure

Different nickel aluminate powders were prepared according to the formula
Ni1−xFexAl2O4 (0 ≤ x ≤ 0.6) by a sol-gel process. Fe(NO3)3·9H2O (BIOCHEM),
Ni(NO3)2·6H2O (BIOCHEM),Al(NO3)3·9H2O (FLUKA) and citric acid (JANSSEN
CHIMICA) were used as salt precursors. The calculated amount of Fe(NO3)3·9H2O,
Ni(NO3)2·6H2O, Al(NO3)3·9H2O was dissolved in C2H5OH 99%. Then, the proper
amount of citric acid dissolved in ethanol was added where the mole ratio of total
metal ions and citric acid is 1:2:3. The resulting solution was slowly stirred, heated
and concentrated by evaporating the ethanol at 80 °C until a gel was obtained. This
last was then dried in an oven slowly upon increasing the temperature to 110 °C for
12 h in order to produce a solid amorphous citrate precursor. The resulting precursor
was calcined in air for 6 h in the temperature range 400–1000 °C with a heating rate
of 5 °C min−1.

X-ray diffraction (XRD) was performed with a D8 Advance Brucker using a
Cu Kα line at 0.1540 nm in 2º range of 10°–90° in steps of 0.010°. Linear sweep
and cyclic voltammetry experiments for O2 evolution were performed in potassium
hydroxide 1 M using a Parstat 4000 potentiostat-galvanostat with oxide powders, Pt
plate and Hg/HgO as working, auxiliary and reference electrodes, respectively.
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Fig. 5.1 XRD patterns of
the Ni1−xFexAl2O4 (0 ≤ x ≤
0.6) samples calcined at
(650–1000 °C) (s): spinel;
(*): FeAl2O4

5.3 Results and Discussion

5.3.1 XRD Study

The XRD patterns of the Ni1−xFexAl2O4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6)
calcined at 650–1000 °C for 6 h in air are shown in Fig. 5.1. The results confirm
that all samples with 0 ≤ x ≤ 0.5 are consistent with the standard data for NiAl2O4

spinel phase (JCPDS card No. 10-0339), indicating the formation of a single phase
with space group Fd3m and with no detectable secondary phase. These peaks can
be indexed as (111), (220), (311), (400), (422), (511) and (440) planes, respectively.
These planes are associated with the nickel aluminate spinel with a cubic structure.
For x=0.6, themainphasewas also cubic spinelwith another phaseFeAl2O4 (JCPDS
card 00-007-0068) indicating a Fe solubility limit of ~0.5 in the Ni1−xFexAl2O4.

5.3.2 SEM Analysis

The crystallite size (Dhkl) of the samples 0≤ x≤ 0.5 was calculated using Scherrer’s
equation (Eq. 1) [23].

D = kλ/βcosθ (1)

where D is the average size of crystallites (nm), k Scherrer constant (≈0.9), λ wave-
length of the incident radiation (nm), θ half of the angular position of the peak
concerned and β full width at half maximum. The crystallite size was calculated
for different samples in the range of 13.4–43 nm indicating that the spinel powders
prepared by sol-gel method are composed of nanometric particles. The crystallite
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Fig. 5.2 SEM micrographs of Ni1−xFexAl2O4. a x = 0.2; b x = 0.3 calcined at 800 °C

size decreases with increasing iron content. A similar result was also found for
Ni0.9Fe0.1Co2O4 [19]. This is probably due to the incorporation of iron into the
NiAl2O4 lattice, which leads to the formation of either cation or oxygen vacancies
reducing the crystallite size.

The SEMmicrographs of Ni1−xFexAl2O4 samples are shown in Fig. 5.2a,b. Parti-
cles have different shapes, sizes and the powders are agglomerated. The particle size
is appreciated between 0.6 and 2.3 μm. The formation of agglomerate is probably
due to the nature of the solvent used in the preparation of samples [24].

5.3.3 Electrochemical Properties

Polarization studies under potentiostatic conditions for Ni1−xFexAl2O4 (0≤ x≤ 0.5)
catalysts were carried out (Fig. 5.3). The highest electrode performance is achieved,
for anodic current density with Ni0.7Fe0.3Al2O4. Oxygen evolution reaction shows
an important jump for (0.0 ≤ x ≤ 0.3), where the current density of Ni0.7Fe0.3Al2O4

(i = 86.84 mA/cm2) is ~27 times greater than that of NiAl2O4 (i = 3.22 mA/cm2)
at E = +0.8 V. As Fe content is increased beyond 30%, catalytic activity starts to
decrease. The improvement of catalytic activity with incorporation of iron (x ≤ 0.3)
is probably due to the amelioration of the conductivity and the crystallinity of the
doped material [25]. Burke et al. have also reported the role of iron in activating OER
catalysts [26]. It has been shown that oxidized nickel (oxy) hydroxide is conductive
and thus electrically connects the dispersed Fe sites to the conductive electrode. On
the other hand, the electronic interaction between Ni and Fe likely further activates
the Fe site for the OER. For higher iron content (x > 0.3), the trend reverses and
the catalytic activity becomes lower. This can be probably due to that these catalysts
have not the optimal M–O bond strength that is, this bond which constitutes an
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Fig. 5.3 I–E polarization
curves of oxygen evolution
reactions of Ni1−xFexAl2O4
electrodes in 1 M KOH

intermediate specie of the OER mechanism is too strong or too weak. On the other
side, Friebel et al. [27] have reported that for Fe content of 25–50%, the presence of
the phase-segregated FeOOH that lowered the overall geometric activity. This is due
to that FeOOH is electrically insulating and thus OER is less active [26].

The chemical stability of Ni1−xFexAl2O4 oxides under oxygen evolution reaction
conditions was tested. Figure 5.4 shows the cyclic voltammograms of the 1st and
100th cycle for NiAl2O4 and Ni0.7Fe0.3Al2O4 electrodes towards oxygen evolution
reaction. In the two cases, after one hundred cycles, the curves show almost similar
peaks with a slight decrease in current density for the undoped sample while it
becomes higher for Ni0.7Fe0.3Al2O4 at E > 0.7 V.

Indeed, during 100 cycles, the current density decreases from 3.22 to
2.11 mA/cm2 (~34%) for NiFeAl2O4 and increases from 86.84 to 91.75 mA/cm2

for Ni0.7Fe0.3Al2O4 (~5.65%) at E = 0.8 V. This result indicates clearly that the
stability of the electrode doped with 30% of iron is much better than the undoped

Fig. 5.4 Cyclic
voltammograms of NiAl2O4
and Ni0.7Fe0.3Al2O4 for the
1st and 100th cycles in 1 M
KOH media
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electrode. This is probably due to the improved crystallinity of the doped sample
compared to the undoped one. Furthermore, the current density of Ni0.7Fe0.3Al2O4

electrode after 100 cycles is 5.65% higher than that of the first cycle indicating that
this electrode is more activated which explains its better catalytic activity.

5.4 Conclusion

The catalytic properties of Ni1−xFexAl2O4 (0≤ x≤ 0.5) spinel oxides for the oxygen
evolution reaction were explored. XRD analysis reveals that all samples crystallize
with cubic structure at the temperature range (650–1000 °C). A single-phase spinel
was observed for Ni1−xFexAl2O4 in the composition range 0 ≤ x ≤ 0.5. The elec-
trochemical behavior of these samples reveals that the doped electrode with 30%
of iron exhibits a higher electroactivity. This indicates that Ni0.7Fe0.3Al2O4 oxide
is among the investigated series the best electrocatalyst for oxygen evolution reac-
tion. These results show clearly that there is a close relationship between the activity
of the catalyst and the iron content. After one hundred cycles, the stability of the
doped electrode with 30% of iron is much better than the undoped one. The catalytic
activity is improved with ~5.65% for Ni0.7Fe0.3Al2O4 while it is reduced with ~34%
for NiAl2O4. These results indicate clearly that the Ni0.7Fe0.3Al2O4 electrode can
play an important role in water splitting process.
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Chapter 6
Review on the Effect of Compensation
Ions on Zeolite’s Hydrogen Adsorption

Redouane Melouki and Youcef Boucheffa

Abstract The development of a safe and efficient storage method is a key to
achieving hydrogen economy. The zeolites are crystalline and porous aluminosil-
icate. They are potential candidates for hydrogen storage. These materials are well
known for their electrostatic fields due to the differences in electronegativity between
the atoms of aluminum, silicon, oxygen and compensation cations. In addition to
temperature and pressure, the adsorption of hydrogen on zeolites depends also on
the crystal lattice topology and compensating cations. Several studies have illustrated
the effect of exchange on the adsorption capacity of these materials. These properties
promote the zeolite’s surface energy change leading to an increase in the hydrogen’s
uptake capacity. Charge compensation ions in the zeolite’s framework are considered
as adsorption centers and the structure’s oxygen bridges as minor adsorption sites.
Indeed, the gained mass per unit of area reveals the effect of the ion’s exchange in
terms of cation’s size and charge.

Keywords Hydrogen · Adsorption · Zeolite · Ions exchange

6.1 Introduction

The development of human civilization is closely linked to mastering energy. Origi-
nally, man had fire and his own physical strength as a source of energy. Later on, he
added energies that today are known as renewable energies (wind, water). When the
industrial revolution came on, it has completely disrupted this order and a new era
of energy revolution sees the day.
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The energy consumption is increasing by about 1% in the developed countries and
by 5% in the developing countries [1]. The world global consummation has doubled
in 40 years, which is unprecedented in history: the world has consumed 5.52 billion
tons of oil equivalent (Toe) in 1971 and 13.76 billion tons in 2016 [2]. The established
scenarios by the International Energy Agency (IEA) for the upcoming decades are
predicting an increase in the global energy demand of about 50% in 2040 [3].

Nowadays, the major problem in the twenty-first century, on the one hand, is the
fossil energy sources depletion and, on the other hand, the environmental impact
of high hydrocarbon consumption. This situation has placed renewable energies at
the heart of the countries’ challenges aiming to ensure their energy income while
maintaining sustainable development.

The total investment in renewable energies was amounted to 279.8 billion dollars
in 2017. Research and development in this field has a significant part to play [4].

As a matter of fact, the abundant hydrogen seems to be one of the most interesting
and efficient energy carriers and its associated technologies are likely to significantly
grow in the near future. It can be used either as a heat source in gas turbines or as a
fuel in fuel cell devices.

The use of this energy carrier remains dependent on the development of safe and
efficient storage methods. Currently, hydrogen is stored either in a gaseous form at
high pressure or in a liquid form at low temperature. However, these storage forms
are not totally convenient in terms of gravimetric and volumetric density. Different
types of storage technology are studied, such as hydride metal storage and porous
materials storage.

Although fuel cell engines are more efficient, the gap between the two fuels is
very large. As good illustration, under the same conditions, a car tank filled with
hydrogen provides 1/10 of the gasoline’s storage. That fact leads to develop safe and
cost-effective storage facilities [5].

Several laboratories are interested in adsorption storage technique in order to
store the same amount of hydrogen; the use of porous materials reduces the required
pressure to about 40%. Therefore, to store 4.1 kg of H2 are stored in a 100 L’ tank
at 25 °C and 750 bar. Meanwhile, at a cryogenic temperature of −196 °C, only 150
bars are sufficient. Nevertheless, at the same temperature and using the same volume
filled with activated carbon straws AX-21, the required pressure for storage was only
90 bar [6].

Over the past thirty years, a large number of studies was dedicated to the hydrogen
storage possibilities in porous materials and has been remarkably increasing [7]. As
a consequence, various porous materials have been tested: carbon nanotubes [8],
MOFs (Metal Organic Frameworks) [9], graphene [10], activated carbons [11] and
zeolites [12].
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6.2 Hydrogen Storage in Zeolites

Zeolites are crystalline and porous aluminosilicates. They are potential candidates
for hydrogen storage because of their low cost, high thermal stability and different
types of porous structures [13]. The adsorption storage in zeolites is based on the
fact that a gas can be adsorbed to the surface of a solid where it is retained by Van
der Waals forces [14]. These materials are well known for their electrostatic fields
due to the differences in electronegativity between the atoms of aluminum, silicon,
oxygen and compensation cations.

The adsorption of hydrogen on zeolites depends on: the temperature, the pressure,
the porous volume, the surface area, the pore size and the compensating cations [15].
Although the availability of large porous volume increases the adsorbed quantities,
the surface’s thermodynamic has significant contribution (or impact). Indeed, two
materials with equivalent textural proprieties, under the same conditions of temper-
ature and pressure, can adsorb unequal quantities of hydrogen since the surface’s
affinities are different [16]. The cations of the structure are considered to be the
hydrogen adsorption sites [17], although Kazansky et al. have suggested that oxygen
zeolite framework also contributes to the hydrogen’s interactions [18].

Vitillo et al. have established a theoretical calculation of the maximum quan-
tity that could be stored in several aluminosilicates zeotype’s structures [19]. These
quantities are intrinsically limited by geometric constraints and can reach amaximum
value of 2.86 %wt for FAU and RHO zeolites.

In order to promote the adsorption phenomenon, the surface-gas interaction’s
energy must be high enough so it can retain the gas. However, a very high energy
levelmakes the desorptionprocess difficult to achieve.The zeolites have large specific
surfaces, but surface-hydrogen interactions remain too low to retaining the desired
amount of gas.

Different methods have been developed aiming the zeolite’s modification in order
to increase their storage capacity. Chung has reported that the amount of the adsorbed
hydrogen on the mordenite type zeolites (MOR) has increased with increasing the
Si/Al molar ratio [20]. Also, the ion exchange property of these structures gives them
the ability to modulate both textural and thermodynamic of surface [21]. The nature
of the extra-structure cations has a great influence on the adsorption capacities.

In order to optimize the storage process’s cost, different conditions than standard
temperature and pressure values are preferable. The adsorption is an exothermic
phenomenon; the process is favored by a decrease in temperature. All room temper-
ature adsorption tests revealed very low mass gains. Chung examined the storage
capacity of five zeolites at 30 °C and 50 bar [20]. At this temperature, the largest
amount was 0.4 %wt and it was recorded on a Y type zeolite which is very low to be
considered as a good storage solution.
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6.3 Adsorption at Low Pressure

The adsorption capacities of zeolites at low pressure remain small and insufficient
for mobile applications. To our knowledge, the greatest adsorbed amount on these
materials was reported by Musyoka et al. on a commercial X zeolite type and was
around 1.6 %wt at 1 bar and −196 °C [22].

Testing the same zeolite type, at −196 °C and 1 bar, Li et al. have reported that
the hydrogen adsorption capacity is highly dependent on the cation’s structure radius
and density [17]. The storage capacity decreases with the ion exchange capacity
(Li+ > Na+ > K+ giving 1.50 %wt, 1.46 %wt and 1.33 %wt respectively). The
interaction energies between cations and H2 follow the predicted order, on the ionic
size basis. The oxygen bridges of the zeolite structure present a minor adsorption
sites. Compared to natural zeolites, these quantities remain higher. ErdoğanAlver
et al. have performed hydrogen adsorption tests at−196 °C and 1 bar on three natural
zeolites of the clinoptilolite (CLN), mordenite (MOR) and chabazite (CHB) types,
exchanged at the various cations [23]. The largest uptake was equal to 1.08 %wt
recorded on Na-CHB (458 m2/g), followed by 0.55 %wt on Li-CLN (41 m2/g)
and 0.34 %wt on Li-MOR (90 m2/g). These results show the complexity of the
competition phenomenon due to the influence of the cation’s nature and size as well
as the specific surface area.

6.4 Adsorption at High Pressure

In adsorption processes, the pressure’s increase effect is well known. Higher pressure
leads tomoremolecule’s accumulation on the adsorbent surface. Several studies have
reported that the increase in pressure enhances the adsorbed stored quantities. In the
work of Rahmati et al. various simulations have been carried out considering several
zeolite structures [24]. Under optimal conditions of−196 °C and 600 bar, hydrogen
adsorption in RWY zeolite is 6.93 %wt. However, the experiments carried out on
these materials show very low values compared to the simulation.

Du et al. have reported that the largest adsorbed mass of hydrogen was about
2.55 %wt, on NaX zeolite, at −196 °C and 70 bar [25]. However, with the increase
in temperature to−78 °C and then 20 °C this quantity was reduced to 0.98 %wt and
then to 0.4 %wt respectively. These results show that storage is strongly influenced
by temperature. It remains to determine the optimal pressure of the process in order
to avoid any energy loss. In this work, the maximum adsorbed quantity was equal to
2.55 %wt and has been reached at 40 bar, then the quantity remains constant during
the pressure increases.
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6.5 Conclusion

Hydrogen adsorption in zeolites is a complex function of zeolite temperature,
pressure and structure. Storage capacities remain very low at normal temperature
and pressure. When working under extreme physical conditions (low temperature
and high pressure) the adsorbed quantities increase, but remain insufficient for an
embedded storage. The zeolites’ modification via the ion exchange influences the
adsorption capacities. The nature of the exchanged cations, their size and density
considerably influence the interaction energies between the hydrogen and the corre-
sponding material’s surface. Considering these class of porous material, all work
show that their hydrogen uptake remains insufficient to be applied as a storage
solution.
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23. B. Erdoğan Alver, M. Sakızcı, Hydrogen (H2) adsorption on natural and cation-exchanged
clinoptilolite, mordenite and chabazite. Int. J. Hydrogen Energy 44(13), 6748–6755 (2019)

24. M. Rahmati, H. Modarress, The effects of structural parameters of zeolite on the adsorption of
hydrogen: a molecular simulation study. Mol. Simul. 38(13), 1038–1047 (2012)

25. X.M. Du, Wu, E.d.: Physisorption of hydrogen in A, X and ZSM-5 types of zeolites at
moderately high pressures. Chin. J. Chem. Phys. 19(5):457–462 (2006)



Chapter 7
Catalytic Reforming of Methane Over
Ni–La2O3 and Ni–CeO2 Catalysts
Prepared by Sol-Gel Method

Nora Yahi , Kahina Kouachi, Hanane Akram,
and Inmaculada Rodríguez-Ramos

Abstract Lantanium and Cerium supported Nickel catalysts with Ni-loading close
to 15 %wt were synthesized using sol-gel methods in order to design efficient cata-
lysts for the dry reforming of methane to produce syngas (H2 + CO). The catalytic
test was performed after calcining the as-prepared samples at 700 °C and subse-
quent in situ reduction was performed under hydrogen flow at 600 °C. The resulting
catalysts were characterized by X-ray diffraction (XRD), Temperature Programmed
Reduction (TPR), transmission electron microscopy (TEM) and N2 adsorption-
desorption isotherm measurements. The investigation of the catalytic performances
of Ni–CeO2 and Ni–La2O3 catalysts prepared by sol gel method (SG), for a duration
of 12 h, under a reaction CH4/CO2 shows that, for the same synthesis method, the
efficiency varies with according to the support nature. Indeed, conversions and yields
are higher in the presence of the lanthanum than with the cerium support (XCO2 =
18% and YCo = 15% for Ni–La compared of XCO2 = 8% and YCo = 6% for Ni–
Ce. Comparing the catalysts stability, we can notice that it is 100% (no deactivation)
in the presence of Ni–La2O3 catalyst compared to Ni–CeO2, which showed a high
deactivation (78% after 12 h of reaction). This difference in stability is probably
related to the perovskite structure and to the strong interactions between the active
phase and the support, reinforced by the basicity of lanthanum support which inhibits
carbon deposition during the CH4/CO2 reaction.
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7.1 Introduction

Carbon dioxide reforming of methane (CH4/CO2) has aroused considerable atten-
tions in recent years thanks to its enormous advantages, not only on the environment
protection by the reducing and recycling of greenhouse gases (CH4 and CO2) to valu-
able gas but as an efficient and sustainable technique for the valorization of natural
gas.

Dry reforming of methane DRM allows obtaining syngas with a H2/CO ratio near
to one, which is suitable for the Fischer-Tropsh process of long chain hydrocarbons
[1, 2]. Commonly, the used catalysts are based on noble metals (Pd, Rh, Ru, Pt and
Ir) and transition metals (Ni, Co and Fe) [3, 4] deposited on various supports, such
as alumina, silica and rare earths oxides [5]. Nevertheless, the main problem with
the catalysts used for dry reforming of methane is their quick deactivation due to the
strong carbon deposition. However, noble metal based catalysts have been found to
be less sensitive for carbon deposition than other experienced catalysts [6], but their
high costs represents a major drawback for their widespread use.

For the DRM, the most used catalysts are usually based on Ni thanks to their high
activity and efficiency and low cost [7]. However, the problem with these catalysts
is their easy deactivation because of the coke deposition and metal sintering which
causes plugging of the reactor. The stability of this kind of catalysts is, generally,
affected by the Ni particles size. In fact, catalysts with nanosized Ni particles show
lower carbon deposition and, of course, better stability [8].

In our work, we prepared Ni/La2O3 and Ni/CeO2 catalysts by sol-gel method [9].
We investigated the structures of Ni–La2O3 and Ni–CeO2 catalysts by XRD, TEM,
Brunauer-Emmett-Teller theory (BET) and TPR in order to correlate these structural
properties with their catalytic activity in the dry reforming of methane process.

7.2 Experimental Procedure/Details

7.2.1 Catalyst Preparation

Two Ni-based catalysts were prepared using sol-gel method [9]; they are labeled Ni–
CeO2, Ni–La2O3 respectively. All the reagents were of analytical grade and purity.
A mixture of adequate amounts of Ni(NO3)2 6H2O and Ce(NO3)3 6H2O/La (NO3)3
6H2O was dissolved in 40 ml of distilled water. Subsequently, 20 ml of saturated
solution of stearic acid C18H36O2 (98%, Gpr Rectapur) was added to this mixture.
The resulting solution was stirred at 80 °C for 5 h. The gel prepared was dried at
room temperature for 6 h then at 110 °C for 24 h and finally calcined during 8 h in
air at 700 °C using a ramp of 5 °C/min.
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7.2.2 Characterization Methods

The BET surface areas of the catalysts were measured with N2 adsorption at N2

liquid temperature by using a micromeritics ASAP 2020 instrument. Prior to each
measurement, the samples were degassed at 403 K (130 °C) in vacuum for 1 h.

Temperature-programmed reduction (TPR) was conducted with a BROOKS 5878
instrument in Materials Research Laboratory. About 200 mg of the samples were
loaded in a quartz reactor and heated from room temperature to 750 °Cat heating rate
of 8 °C/min in stream of (5%) H2 in Ar with total flow of 100 ml/min, the hydrogen
consumption is determined as function of the temperature.

Power X-ray diffraction (XRD) patterns were recorded on a Xpert Pro X-ray
diffractometer with Cu/Kα radiation (λ = 0.1544 nm) operating at 45 kV and 40mA,
ranging from 4 to 90°. The crystallite size was determined from the Scherrer-Warren
equation [10].

7.2.3 Catalytic Test

The catalytic activity of the prepared samples was performed in a fixed-bed tubular
reactor (with an inner diameter of 9.5 mm) that was heated in an electric furnace
equipped with a programmable temperature controller. A fresh 100 mg of catalysts,
with a particle size between 150 and 250 μm, were diluted with silicon carbide
(SiC) to obtain 50 mm bed height and packed in the middle of the reactor. The
temperature was monitored by a K-type thermocouple placed in the center of the
catalyst bed. Before starting the reaction, the catalyst was reduced in situ at 600 °C
(maximum operation temperature) for 2 h with a mixture of 25 vol. % H2 in helium
at a flow of 100 ml/min. After reduction, helium gas was used during 30 min to
sweep the H2 from the reactor. The feed steam gas mixture consisted on CH4, CO2

and He to balance 1:1:8. The total flow rate was 100 ml/min. The reactant gases
were measured-controlled by mass flow meters (Brook). The catalytic activity was
measured at 600 °C. Gas analyses of both reactants and products were carried out by
on line GC (Varian 3400) equipped with a TCD detector. Porapaq Q and Chromosorb
102 columns were used to separate the sample gas (CH4, H2, CO and CO2). Blank
experiments were done to verify the absence of catalytic activity under the condi-
tions used in this study, either with the reactor empty or filled with silicon carbide. To
discard the presence of diffusion problems, the experiments performed were repli-
cated with other particles sizes and significantly changing both the flow rate and the
catalyst amount while keeping the mass/flow rate ratio constant. The results obtained
suggest the absence of both internal and external mass transfer effects. The carbon
balance was close to 100% in all cases. The conversions (X), the yields (Y) and the
H2/CO ratio are calculated as follows:

XCH4(% ) = (moles of CH4 converted) ∗ 100

moles of CH4 fed
(1)
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XCO2(% ) = (moles of CO2 converted) ∗ 100

moles of CO2fed
(2)

YH2(% ) = (moles de H2 produced) ∗ 100

2moles of CH4 fed
(3)

YCO(% ) = (moles de CO produced) ∗ 100

moles of CH4 Fed + moles of CO2 fed
(4)

H2

CO
Ratio = (moles de H2 produced) ∗ 100

moles CO produced
(5)

To investigate the stability, of the Ni–CeO2 and Ni–La2O3 catalysts, the
deactivation after 12 h of reaction was calculated as follows:

D(%) = (
CH0

4 − CH12
4

)
/CH0

4 (6)

7.3 Results and Discussion

The BET surface areas (SBET) of the catalysts are shown in Table 7.1. The Ni–CeO2

catalyst presents higher specific surface area (45 m2/g) than that of Ni–La2O3 SG
catalyst (11m2/g). For Ni-La2O3 catalyst, (SBET) is much higher to those previously
reported for perovskite-type oxides air-calcined beyond this temperature [11, 12].
However with Ni–CeO2 catalyst, the obtained (SBET) is very near of those obtained
by S. Pangranich [13] (65 m2/g) with Ni–CeO2 prepared by impregnation.

The TPR profiles of H2 consumption for Ni–CeO2 and Ni–La2O3 catalysts are
shown in Fig. 7.1. The TPR profiles of Ni–CeO2 showed a main peak located at
360 °C for Ni–Ce SG. This peak can be assigned to the reduction of bulk NiO phase
to Ni0 [14, 15]. Moreover, small peaks are observed at 244 and 514 °C. The first
one can be attributed to the reduction of non-stoichiometric species Ni+3 [16, 17]
the presence of free NiO particles [18] or hydrogen spillover effect [19], while the
second one, much broader, can be assigned to the reduction of NiO interacting with
support [20] or CeO2 reduction [21]. However the TPR profile of Ni–La2O3 catalyst
shows two peaks at 364 and 521 °C. The first one is due to the first LaNiO3 reduction
step. The resulting reduced compound, represented by the general formula LaNiO2.5,

Table 7.1 BET specific
surface area of the prepared
catalysts and their crystallite
size obtained from the XRD
patterns before TPR

Catalyst SBET (m2 g−1) Particle size (DRX) (nm) Deby
Scherer

Ni–La2O3 11 La2O3 (35), LaNiO3(18)
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Fig. 7.1 XRD patterns (bottom) and TPR profiles (top) of the studied catalysts

is an oxygen deficient structure developed during the nickel reduction. This reaction
is presumably accompanied by the reduction of nickel oxide NiO [22].

LaNiO3 + 1/2H2 → LaNiO2.5 (1st step) (7)

The second peak observed at 521 °C can be assigned to the second LaNiO3

reduction step (Ni+2 to Nio) may be demonstrates the high interactions between the
nickel and catalyst support.

LaNiO2.5 + H2 → 1/2La2O3 + Ni + H2O (2nd step) (8)

The X-ray diffraction patterns profiles of Ni–La2O3 and Ni–CeO2 catalysts are
depicted in Fig. 7.1 and Table 7.1. Ni–La2O3 catalyst prepared by SG technique
exhibits, at the same time, perovskite structure rhombohedra (R) (00-034-1028,
JCPDS), La2O3 hexagonal (01-083-1344, JCPDS). However, no NiO phase was
detected by this technique because of its undersized particles likely less than 5 nm
[23]. However, CeO2 cubic system (00-034-0394, JCPDS) (Fm-3m, a = 5.41 Å)
and NiONiOmonoclinic (C2/m) (03-065-6920, JCPDS) are observed with Ni–CeO2

[9].
The size of the different phases detected in the as-studied Ni–La2O3 catalysts is

obtained by Scherer equation and are gathered in Table 7.1. In fact, crystallite size is
a key factor for a high reforming activity as well as the coke deposition degree [24,
25]. For the Ni–La catalyst prepared by Sol-Gel technique, small particles LaNiO3
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Table 7.2 Conversion of CH4, CO2, yield of CO and H2 (CH4:CO2:He) = (1:1:8), reduction
temperature (Tr = 600 °C), reaction time (tr = 12 h) obtained from Ni–CeO2 and Ni–La2O3
catalysts

Catalysts XCH4 (%) XCO2 (%) YCO (%) YH2 (%) CO/H2 (%) D

Ni–La SG 12 18 15 06 2.5 –

Ni–Ce SG 05 08 06 03 2.0 78

(18 nm) and relatively big La2O3 crystallite (35 nm) are presented simultaneously.
However a particles size of CeO2 and NiO calculated with Ni-CeO2 catalyst is 11 nm
[9].

The studied catalysts were tested for the dry reforming of methane reaction
(DRM), with a feed of (CH4/CO2/He = 1/1/8, volume ratio) at 600 °C during 12 h.
The conversion of CH4, CO2 and CO, H2 yields are presented in Table 7.2. The
results, indicate that the CO2 conversion is higher than that of CH4 for all the studied
catalysts, suggesting that, besides methane dry reforming, reverse water–gas shift
reaction is also occurring at low temperature [26]. The reaction 9: RWGS before
Table 7.2.

(RWGS) (CO2 + H2 ↔ CO + H2O) (9)

The catalytic performances of Ni–CeO2 and Ni–La2O3 catalysts prepared by SG,
for a duration of 12 h, under a reaction CH4/CO2 shows that, conversions and yields
are higher in the presence of the lanthanum than with the cerium support (XCO2 =
18% and YCO = 15% for Ni–La2O3 compared of XCO2 = 8% and YCo = 6% for
Ni-CeO2 [9]. Ni–La2O3 is more stable than Ni–CeO2, This difference in stability is
probably related to the perovskite structure and to the strong interactions between
the active phase and the support in the perovskite LaNiO3 [27], reinforced by the
basicity of lanthanum support which inhibits carbon deposition during the CH4/CO2

reaction [28].
The tested catalysts were characterized by XRD, after 12 h of reaction in order to

show their structures and its possible relationship with their deactivation cause. In
fact, the deactivation of Ni–CeO2 can result from carbone deposition confirmed by
DRX analysis (Fig. 7.2), However, the stability of Ni-La2O3 can be due to formation
of La2O2CO3 (Fig. 7.2).

Indeed, it has been confirmed in literature that La2O3 reacts in situwithCO2 to give
La2O2CO3, which positively contributes to the stability of the catalyst by preventing
the carbon deposition that causes the deactivation of the active sites according to the
reaction:

C−Ni + La2O2CO
®
3 2COg + Ni + La2O3 (10)
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Fig. 7.2 XRD patterns after reaction of the studied Ni–La2O3 (left) and Ni–CeO2 (right) catalysts

7.4 Conclusion

In the present work, we have prepared Ni–CeO2 andNi-La2O3 catalysts using sol-gel
method. The resulting catalysts were characterized by XRD, BET and TPR analysis
and tested in catalytic reforming of methane. The XRD analysis shows a good crys-
tallization of all catalysts, with peaks assigned to CeO2 and NiO in the case of
Ni–CeO2, La2O3 and LaNiO3 for Ni–La2O3. Although Ni–CeO2 catalyst presents a
high surface area (45 m2/g) but Ni–La2O3 is found to be more active in the methane
reforming test, the catalytic tests show that the conversions of CH4, CO2 are near to
12%, 18%, Yields of H2 and CO yields are of 15%, 06% respectively, with CO/H2

ratio 2.5 (Table 7.2). After 12 h of reaction, no deactivation was observed, which can
be due to the presence of single LaNiO3 perovskite phase (18 nm) and the presence
of stable La2O2CO3 compound during the reaction.
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Chapter 8
Hydrogen Effect on Soot Formation
in Ethylene-Syngas Mixture Opposed Jet
Diffusion Flame in Non-conventional
Combustion Regime

Amar Hadef , Selsabil Boussetla , Abdelbaki Mameri ,
and Z. Aouachria

Abstract The influence of the addition of hydrogen on the formation of soot in an
ethylene-gas/air mixture of a counter-current laminar diffusion flame in the flame-
less regime and at atmospheric pressure has been studied. A detailed gas phase
reaction mechanism, including aromatic chemistry up to four cycles and complex
thermal and transport properties, was used. The soot is modeled by the moments
method. The interactions between soot and gas phase chemistry have been taken
into account. Losses by thermal radiation (from CO2, CO, H2O from CH4 and soot)
modeled by a thin body. Adding hydrogen to the fuel eliminates the formation of
soot. The calculations further suggest that the effect of the addition of hydrogen on
soot formation is due to the absence of the concentration of hydrogen atoms in the
surface growth regions of soot (stagnation plane) and at a higher concentration of
molecular hydrogen in the flame zone. It also reduces the concentrations of C3H3,
C6H6 as well as PAHs (for example, pyrene) which all suppress the process of soot
formation.
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8.1 Introduction

The use of alternative fuels gives very attractive solution to depletion of fossil fuel
energy resources. Among these fuels syngas (synthesis gas) which comes from the
transformation of various raw materials, both solid and carbonated or liquid, which
are rich in carbon. It can also be produced from coal, natural gas, organic waste or
biomass. It is composed of hydrogen (H2) and carbon monoxide (CO). However,
depending on production techniques, it may also contain methane (CH4), carbon
dioxide (CO2) or nitrogen (N2) [1].

For the combustion process, a new flameless regime (MILD) is discovered. It
is based on low oxygen content with preheating of oxidizer, furthermore differ-
ence between maximum temperature during combustion and temperature of reactive
mixture injection should be lower than the self-ignition temperature of mixture [2].

The temperature reduction in MILD combustion reduces polluting species signif-
icantly. Among these species, conversion of fuel carbon in a series of chemical reac-
tions to CO2 and CO. When combustion takes place with air excess, solid carbona-
ceous particles known as soot appear in flue gases zone. Soot are detrimental to
combustion efficiency and human health, [3, 4]. They participate in global warming
because they have the ability not only to absorb some of the solar radiation but also
to reflect some of the infrared radiation reemitted by the earth and cause an inten-
sification of the greenhouse effect. This effect is all the more marked because they
are the most absorbing and their global warming potential is about 680 times greater
than that of carbon dioxide [5].

8.2 Configuration and Computations Strategy

The flame in question is represented by Fig. 8.1, it consists of two circular opposed
jets with a separating distance D= 2.9 cm, one injects a mixture of ethylene/syngas

Fig. 8.1 Opposed jets
geometry
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Table 8.1 Operating conditions

Fuel M1 M2 M3 M4

Mole fraction of C2H4 0.70 0.70 0.70 0.70

Mole fraction of H2 0.05 0.10 0.15 0.20

Mole fraction of CO 0.25 0.20 0.15 0.10

Temperature (K) 300 300 300 300

Strain rate s−1 50 50 50 50

Velocity (cm/s) 25.23 25.65 26.08 26.55

Stagnation plan (cm) 1.87 1.85 1.83 1.81

Maximum temperature (cm) 2.29 2.29 2.27 2.27

Oxidizer

Mole fraction of N2 0.79

Mole fraction of O2 0.06

Mole fraction of CO2 0.15

Temperature (K) 1200

Velocity (cm/s) 25.23 25.65 26.08 26.55

and the other preheated oxidant of a temperature of 1200 K. A low oxygen content of
oxidizer is considered (Table 8.1)with constant global strain rate [6]. Unidimensional
conservation equations of mass, momentum, energy, and species [7] are solved with
their corresponding boundary conditions.

The moments method [8] is adopted for soot modelling, it is widely used for
models adapted to aerosols for its flexibility and low-cost calculation. In this method,
the first moment corresponds to total concentration of particles and the second one
permits the computation of soot volume fraction Fv. For chemical kinetics, the reac-
tion mechanism composed by 101 species and 543 elementary reactions and which
is developed by Appel et al. [9] is adopted in this study. This mechanism includes
growth reactions from PAHs to pyrene.

8.3 Results and Discussions

8.3.1 Hydrogen Effect on Flame Structure

As shown in Fig. 8.2, increase of hydrogen did not significantly influence variations in
maximum combustion temperatures, since it substitutes CO species which has nearly
the same volumetric heat value. The addition of 20% of H2 in mixture (M4) increases
temperature by 24 K relatively to the mixture (M1), with a small displacement of
maximum to the fuel side. The results clearly show that molar fraction of OH species
increases with hydrogen addition, which increases the efficiency of the mixture with
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Fig. 8.2 Flame temperature and OH species evolution in function of hydrogen addition

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
0.00

0.04

0.08

0.12

0.16

0.20
Heat flux

XStp,p
XT,max

C2H4:70%,O2 :06%, P=1 atm, a= 50s-1

 M1
 M2
 M3
 M4

Nozzle separation distance (cm)

Mo
le 

fra
cti

on
 of

   H
2

Diffusion zone

0.0

5.0x10-4

1.0x10-3

1.5x10-3

 M
ole

 fr
ac

tio
n o

f   
H

Fig. 8.3 Distributions of species H2 and H in function of hydrogen addition

its high diffusivity (Fig. 8.2) as well as its dissociation and which increases the
production of the radical H (Fig. 8.3).

8.3.2 Effect of Hydrogen Addition on the Soot Particles
Formation

Soot production is a very complex phenomenon involving many chemical reac-
tions and physical mechanisms [10]. It is widely accepted that acetylene (C2H2) is
considered as the potential precursor of the propargyl radical (C3H3) which is itself
the major source of benzene (propargyl radical recombination reaction) [11]. The
positions of flame front represented by maximum temperature (Tmax) position and
stagnation plane of particles (XStp.p) by axial velocity vanish position are indicated
in the figures.
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As a soot growth promoter, acetylene only appears on the fuel side in the four
flames (M1–M4), indicating that it is mainly produced from the pyrolysis of the fuel.
It is not really affected by hydrogen (Fig. 8.4a), unlike C3H3 which is a radical, where
the effect of the addition of H2 plays an important role in its reduction (Fig. 8.4b), the
volumetric fraction of soot (Fig. 8.4c) is highly induced by the addition of hydrogen.

8.4 Conclusion

In this study, the effect of hydrogen concentration in ethylene/syn-gas/air mixture
on formation of soot precursors was studied in a flameless combustion regime. The
increase of H2 in the H2/CO ratio does not vary the flame temperature significantly,
but promotes the production of OH radical. The amount of C3H3 formed decreases
continuously with increase of H2 concentration in the mixture, as well as the volume
fraction of soot which is greatly affected by addition of hydrogen.
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Chapter 9
A Two-Dimensional Simulation
of Opposed Jet Turbulent Diffusion
Flame of the Mixture Biogas-Syngas

Abdelbaki Mameri , Selsabil Boussetla , and Amar Hadef

Abstract To reduce combustion harmful emissions such as CH4, CO2 and NO,
low calorific renewable biofuels are found to be the best candidate. Combustion of
biofuels gives a weak unstable flame which can be enhanced by hydrogen addition.
The latter can also be obtained from a renewable source like syngas. In this context
the mixture biogas-syngas is studied to overcome combustion emissions issues. A
two-dimensional numerical procedure has been used to investigate the opposed jet
turbulent flame structure of biogas-syngasmixture. The standard k-εmodel is adopted
for turbulence modeling and the Steady Laminar Flammelettes Model (SLFM) to
handle turbulent combustion. The combustion kinetics is modeled by the detailed
Glarborg’s N-mechanism. Equimolar biogas-syngas mixture is considered, namely:
biogas 0.25CH4 + 0.25CO2 and syngas 0.25H2 + 0.25CO. Injection velocity is
equal for both jets and it is varied from 3 to 12 m/sec. It has been noticed that when
injection velocity increases, the flow residence time and non-equilibrium effects are
enhanced. This improves incomplete reaction species production and reduces final
combustion products volume, temperature and NO species emission. As a summary,
the NO emission can be avoided by using important injection velocities.

Keywords Turbulent 2D opposed jets · Biogas-syngas mixture · SLF modelisation
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9.1 Introduction

Renewability and sustainability of biofuels make them the favorite in feeding
numerous applications such as households, furnaces, IC engines and gas turbines.
Biofuels are always contaminated by diluent species like carbon dioxide and water
vapor; which makes them Low Calorific Value fuels (LCV) with weak flames [1].
The latter cannot sustain high injection velocity of reactants which enhances non-
equilibrium effects and decrease temperatures to the extinction [2]. To overcome
these issues biofuels are blended by hydrogen which can also be recovered in syngas
from renewable sources by gasification [3, 4]. Hydrogen addition to biogas improves
the flame resistance to injection velocity (strain rate) and inhibits NO species forma-
tion [5]. In the biogas-syngas blends, it was found that hydrogen increases the flame
burning velocity and consequently enhances combustion stability [6]. Besides, it was
revealed that the NO species levels are lower than those in methane. Their primary
formation routes in biogas are both thermal and prompt; however, in syngas the only
route is the thermal one [7]. For the mixtures biogas-syngas, it was found that the
results obtained by the NUIG2013 mechanism were in best match with the measured
laminar flameburningvelocity and ignition delay [8]. Thismechanismdid not include
NOx sub-mechanisms and cannot be used in this work. The up to date mechanism
that include the NOx sub-mechanisms is the Glarborg’s one which is formed by 1397
elementary reactions linking 151 species [9]. This numerical simulation purposes is
to investigate the effect of injection velocity (strain rate) on turbulent flame structure
and NO emission. The equimolar B25S25 (biogas 0.25CH4 + 0.25CO2 and syngas
0.25H2 + 0.25CO) is considered and injection velocity is varied from 3 to 12 m/s.
Temperature and pressure are constant and equal to 300 K and 1 atm respectively.
The resolution of the phenomenon equations is achieved by Ansys Fluent program
[10].

9.2 Governing Equations and Numerical Procedure

The geometry is composed by two opposed jets streaming fuel mixture from the left
side and air from the right side (Fig. 9.1). Each jet is formed by a circular duct of

Fig. 9.1 Geometry of the
flame
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inner diameter of 2 cm, the separating distance between the ducts is 2 cm Fig. 9.1.
A diffusion toroidal flame is formed between the jets which simplifies the analysis
to axisymmetric two-dimensional configuration.

The governing equations for two-dimensional, axisymmetric, turbulent flames
are:

The continuity equation is:

∂

∂x
(ρu) + 1

r

∂

∂r
(rρv) = 0 (9.1)

The axial and radial momentum conservation equations are:
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Energy conservation equation is:
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Turbulence is modeled by the well-known k-ε model [11] and turbulent combus-
tion by the Steady Laminar Flamelet Model (SLFM) [11].

An equimolar composition is considered with 0.25 mol for each fuel compo-
nents i.e. biogas 0.25CH4 + 0.25CO2 and syngas 0.25H2 + 0.25CO. Oxidizer is air
composed by 0.21O2 + 0.79N2. Injection temperature and pressure are constant for
both fuel and oxidizer and equal to 300 K and 1 atm respectively. Injection velocity
guarantees the turbulent regime and it is varied from 3 to 12 m/s.

9.3 Numerical Results and Interpretation

The fuel mixture and oxidizer are injected by two opposed ducts at the same velocity
which forms a toroidal diffusion flame between the nozzles. To characterize the
flame structure, two sections are operated through the flame center. The first one is
longitudinal (denoted L) and begins from the axis and ends at the exit plane following
the radial direction, whereas the second section is transverse (denoted T) and follows
the axial direction (Fig. 9.2). Here, it should be noticed that the sections are operated
according to the temperature field which represents the flame position.

Globally, it has been observed that injection velocity increase enhances kinetic
energy Fig. 9.3a. Kinetic energy is maximal on the axis at the impinging point,
since velocity gradients induced by injection are very high. Moreover, kinetic energy
increases at flame front since gas expansion increase velocity gradients Fig. 9.3b–d
show that temperature increases from the surroundings to reach its maximum at the
flame front. The latter is slightly shifted to the radial direction and towards the fuel
side with injection velocity. Obviously, when the flame residence time is reduced,
the flame position is lifted downstream, also the heavier oxidizer stream shifts the
light fuel one.

Fig. 9.2 Temperature filed and positions of longitudinal and transverse cuts
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Fig. 9.3 Effect of injection velocity on kinetic energy and flame temperature

The global flame shift which can be seen on Fig. 9.2 and others is combined effect
of flame residence time reduction and stream mass flow rate.

Figure 9.4 shows variations of the fuel mixture compounds (CH4, CO2, H2 and
CO) and the H2O produced from the flame. It can be seen that methane and hydrogen
are quickly consumedcompared toCOandCO2 which is a stable combustionproduct.
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Fig. 9.5 Effect of injection velocity on minor species

Of course, when injection velocity increases, more fuel is injected and the mole frac-
tion is increased at the injectors Fig. 9.4a, c. At the flame transverse cross section
Fig. 9.4b, d, it can be seen that all species are reduced by injection velocity augmen-
tation. Near or at the flame front, the velocity increase makes the flame more reactive
and consumes more fuel such as methane, hydrogen and CO. On the other hand, CO2

and H2O are also reduced by injection velocity increase Fig. 9.4b. This is due to the
non-equilibrium effects which enhances incomplete reaction products and decreases
complete reaction species.

The OH species which is an indicator of the flame strength is shown by Fig. 9.5a,
b. It can be seen that when injection velocity increases, the OH species production
is enhanced. The OH is an incomplete reaction product which is augmented by
non-equilibrium effects which are amplified velocity increase. The NO species is a
harmful combustion product which should be avoided in any combustion system. It
can be noticed that NO is produced after the flame front Fig. 9.5c and reduced by
injection velocity augmentation.

9.4 Conclusion

A two-dimensional procedure is used to investigate the effect of fuel and oxidizer
injection velocity on the flame structure and NO emission. When injection velocity
increases:

• Flame is shifted towards the fuel duct and its volume is reduced.
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• Final combustion products are reduced and intermediate species are increased
since non equilibrium effect are enhanced.

• The NO species is significantly reduced.
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Chapter 10
Numerical Evaluation of NO Production
Routes in the MILD Combustion
of the Biogas-Syngas Mixture

Selsabil Boussetla , Abdelbaki Mameri , and Amar Hadef

Abstract In the present study, the effect of composition, pressure and inlet temper-
ature on NO production in non-premixed MILD (Moderate or Intense Low-oxygen
Dilution) combustion of biogas-syngas mixture is evaluated numerically. Several
pressures, compositions and inlet temperatures are considered. Results showed that
NO formation increase highlywith increasing pressure and oxidizer injection temper-
ature (Tox). It is found that production of NO is more sensitive to increasing Tox than
decreasing pressure. Moreover, effect of pressure is reduced as volume of hydrogen
decreases in mixture. Also, increase of maximum NO mole fraction, as a function
of injection temperature is important for the B50S25 mixture. Furthermore, effect
of pressure and injection temperature on different NO production routes (thermal,
prompt, N2O and NO2) were evaluated. It is noticed that at low pressure, NO is
mainly produced by prompt path, whereas NO2 mechanism prevails when pressure
is increased. When oxidizer temperature increases, most important mechanism that
produces NO is prompt one followed by thermal route and finally NO2 path. It is
noticed that N2O production route is trivial for all values of pressure and Tox. The
reaction path diagramwas presented to show the formation routes of NO for different
pressures.
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10.1 Introduction

Climate change induced by human activities is the most serious environmental prob-
lems caused by energy consumption. Combustion installations are key sources of
greenhouse gas emissions and many different types of air pollutants, such as carbon
monoxide (CO) which can cause harmful effects on human health, nitric oxides
(NO), which is toxic at low amounts and may combine with water to form nitric acid
(HNO3), responsible of acid rain [1]. Solutions to these problems comes from the use
of clean and renewable energy sources. The latter are produced from elements found
in nature, like biomass, as an alternative to traditional energy sources and which is
an inevitable trend in future [2].

Control of polluting emissions is crucial in design of new combustion systems.
Flameless or MILD (Moderate or Intense Low-oxygen Dilution) combustion tech-
nology has capacity to emit very small amounts of pollutants, in particular nitrogen
oxides, carbon monoxide and unburnt hydrocarbons [3]. In conventional combus-
tion systems using diffusion flames, it is found that NO is formed according to
NO2 and prompt routes, whereas others important pathways such as thermal one is
inhibited [4]. Few studies [5–7] examined the effect of operating conditions such
as pressure, carbon dioxide dilution, hydrogen addition, nitrogen concentration and
preheated air temperature onNO formation inMILD combustion. It has been demon-
strated that in MILD combustion regimes, thermal NO is implicitly reduced by
lowering flame peak temperature. The other pathways may also have crucial role in
formation of NO, namely: Fenimore-NO, also called prompt NO, which is activated
at temperatures below 1800 K, the N2O-intermediate and the NO2 pathway.

The objective of present study is to evaluate numerically NO formation routes
of laminar diffusion combustion in MILD regime of biogas (CH4 + CO2)-syngas
(H2 +CO)mixture, taking into account compositions, pressure and inlet temperature
effects. Several pressures ranging from 1 to 10 atm, compositions (B00S25, B25S00,
B25S25, B25S50 and B50S25) and inlet temperatures (from 900 to 1600 K) were
considered, strain rate (injection velocity) is kept constant.

10.2 Governing Equations and Numerical Strategy

The counter flow geometry is adopted, distance between the two nozzles is fixed at d
= 2 cm as shown in Fig. 10.1. The mixture biogas-syngas is injected at the first side
while the oxidizer composed by oxygen and nitrogen (0.04O2 + 0.96N2) is injected
at the second one. This configuration simplifies on one-hand flow equations, which
become unidimensional, and on other hand produces a stagnation plane flame for
characterizing the structure.
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Fig. 10.1 Schematic of
counter flow non-premixed
flame configuration Stagnation 

Fuel Oxidizer

d 

Flame front

Burned gases

uv 

10.2.1 Governing Equations

Mathematical model adopted for this geometry is that developed by Kee et al. [8]:
Conservation of mass in axisymmetric coordinates writes as:

∂

∂x
(rρu) + ∂

∂r
(ρvr) = 0 (10.1)

Equation of momentum in axial direction x is:
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Diffusion velocities are given by multi-component formulation:
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The Gri-mech 3.0 mechanism [9], formed by 53 species linking 325 elemental
reactions (and 40 NO associated reactions), is used to describe chemical kinetics
and NO formation. Contribution of the four NO formation mechanisms (thermal,
prompt, N2O and NO2) in NO production was evaluated [10].

10.2.2 Boundary Conditions

For all studied cases, injection temperature of fuel is 300 K and strain rate is kept
constant and equals to 200 s−1. Several compositions explicitly: B00S25, B25S00,
B25S25, B25S50 andB50S25were considered.Mixture composition iswritten in the
form BαSβ, where α and β represent volume of methane and hydrogen respectively
in mixture.

The Chemkin software [11] is used for solving with their appropriated boundary
conditions.

10.3 Results and Discussion

10.3.1 Composition, Pressure and Inlet Temperature Effects
on Maximum NO Mole Fraction

Effect of pressure and inlet temperature on maximum NOmole fraction for different
compositions is illustrated in Fig. 10.2. Maximums variation of molar fraction of NO
is shown by Fig. 10.2a. It is noticed that in the interval 1–3 atm increase in pressure
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Fig. 10.2 Effect of pressure and inlet temperature on maximum NO mole fraction
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increases the NO emission. The most sensitive composition to pressure in terms of
NO production is B25S50, which contains maximum volume of hydrogen (50%).
Whereas, the least sensitive one is B25S00 which contains minimum of hydrogen
volume. In the interval 3–10 atm a reduction in NO production is observed with
maximum under 15 ppm for all compositions. For B25S00, it can be noticed that
from P = 2 atm NO is null.

Figure 10.2b shows maximum mole fraction of NO which is significantly
enhanced by oxidizer injection temperature increase and methane volume augmen-
tation. For oxidizer temperature Tox = 1600 K, maximum NO production increases
from 26 ppm for B00S25 to 91 ppm for B50S25.While for B25S00, it can be noticed
that no NO species is produced until Tox = 1200 K.

10.3.2 Pressure and Inlet Temperature Effects on Net Rate
of NO Production

Effects of pressure and injection temperature on net rate of production for each NO
route and flame temperature are presented in Fig. 10.3. Three values of pressure (1,
5 and 10 atm) and injection temperature (1000, 1200 and 1600 K) were considered
for the composition B25S25 at a strain rate a = 200 s−1. It can be observed that
when pressure increases, reaction zone thickness is reduced and combustion region
is shifted to fuel side. From Fig. 10.3a, at pressure P = 1 atm, it can be observed
that most important mechanism that produces NO is the prompt one followed by
thermal and finally NO2 mechanism. When pressure increases to 5 atm (Fig. 10.3b),
the NO2 route becomes more important than thermal one. At a pressure of 10 atm
(Fig. 10.3c), the NO2 mechanism become the most important with a maximum net
rate of NO production of 5.8 mol cm−3s−1 reached in lean fuel region at x= 1.36 cm.
The production through N2O mechanism is very small for all values of pressure.
Moreover, it can be seen that maximumNO production position for NO2 mechanism
is shifted to oxidizer side compared to other routes. Variation of temperature along
direction x is shown by Fig. 10.3d, it can be seen that when pressure increases,
maximum flame temperature is increased from 1572 K for P = 1 atm to 1620 K for
P = 5 atm and then to 1629 K when pressure increases to 10 atm. Reaction zone is
significantly reduced and shifted to the fuel side especially in the range P= 1–5 atm.

To elucidate effect of injection temperature on NO production, Fig. 10.3e–g show
distribution ofNOnet rate production for each path. It can be seen that all NOproduc-
tion routes are enhanced by oxidizer injection temperature. Furthermore, prompt
mechanism dominates NO production despite of oxidizer temperature. Relatively to
the other mechanisms, NO2 route decreases when oxidizer temperature augments.
The variation of temperature in function of distance x is shown in Fig. 10.3h for
different oxidizer injection temperatures. It can be seen that when oxidizer temper-
ature increases, the maximum flame temperature and thickness are increased and
reaction zone is shifted to the oxidizer side.
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Fig. 10.3 Effect of pressure and injection temperature on net rate of NO production

10.3.3 Effect of Pressure on the NO Formation Paths

In Fig. 10.4 are presented reaction paths for NO production through thermal and
prompt mechanisms for different pressures P = 1, 5 and 10 atm. Arrows represent
reaction paths while theirs thickness (six levels) shows the maximum production
rate. Globally, it can be seen that pressure has significant influence on the rate of NO
formation, also thermal and prompt mechanisms are strongly coupled via reactions
N + O2 = NO + O and N + NO = N2 + O.

When pressure increases, NO produced by Fenimore route (prompt) is more
important than that produced by thermal path. For an ambient pressure of 1 atm,
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Fig. 10.4 Reaction paths of NO formation for different pressures

the maximum rate of NO formation by reaction HNO + H = NO + H2 is 7 × 10−8

mol/(cm3s), it reaches 2 × 10−6 mol/(cm3s) when P increases to 5 atm and for P =
10 atm, it increases to 2.8 × 10−6 mol/(cm3s). Whereas, for reaction N + OH = NO
+ H, maximum rate of NO formation is 1.2 × 10−7 mol/(cm3s) for P = 1 atm, it
increases to 5.5 × 10−7 mol/(cm3s) for both pressures P = 5 atm and P = 10 atm.

10.4 Conclusion

Effect of compositions, pressure and injection temperature on NO production are
considered. In summary, results show that:

• Production of NO is more sensitive to increasing oxidizer injection temperature
Tox than decreasing pressure.

• For the mean mixture B25S25 and an ambient pressure of P = 1 atm, the main
source of NO formation is the prompt path followed by thermal and finally NO2

mechanism.When pressure increases, NO2 mechanism become dominant. If inlet
temperature increases the principal source of NO is the Fenimore mechanism.
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• TheN2O production route is trivial for all values of pressure and oxidizer injection
temperature Tox.
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Chapter 11
Effect of H2/CO Ratio and Air N2
Substitution by CO2 on CH4/Syngas
Flameless Combustion

Amar Hadef , Abdelbaki Mameri , and Z. Aouachria

Abstract Energy conversion through combustion is one of main energy production
processes. The research related to combustion has progressed enormously, leading to
an improvement in energy performance in industrial combustion systems. Relative
to strong growth in global energy demand, gradual depletion of fossil resources is
reported. The latter generates an improvement in combustion processes and makes
energy optimization a major challenge for researchers. On the other hand, the
combustion emissions to the atmosphere are considered as one of main environ-
mental and climate change concerns. This work analyzes the non-premixed flame-
less combustion of CH4-syngaz mixture in opposed jet configuration. Kinetics of
combustion is described by Grimech 3.0 mechanism, calculations are achieved by
Chemkin code. Several ratio values were considered, fuel injection temperature is
T = 300 K, that of oxidant is 1200 K with a constant pressure equals to one atmo-
sphere. It has been found that increasing H2/CO ratio does not affect combustion
temperature and consequently NO emission. Furthermore, a large reduction in NO2

has been depicted. The replacement of N2 by CO2 in the oxidizer has a significant
impact on the thermal field and species.

Keywords Flameless combustion · CH4/syngaz mixture · Strain rate
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11.1 Introduction

Energy demand is steadily increasing since it is one of main drivers of global
economic growth, while global fossil fuel energy reserves are declining. The increase
in global energy need leads to an increase in polluting emissions. To reduce pollu-
tion and energy dependency, developed countries begin implementing alternative
renewable biofuels [1].

Environmental laws and regulations have evolved and are leading, or at least
attempting to support, the transition from pollution-based to prevention-based
approaches, and finding fuels that are more respectful of the environment and more
sustainable to reduce the effect of climate change and reduce toxic pollutants.

Hydrogen-based fuels are currently an important alternative to fossil fuels; they
do not contribute to exacerbating certain global environmental impacts such as
greenhouse effect since they emit less carbon dioxide [2].

Synthesis gas (syngas) is a non-primary fuel such as methane, it can be produced
from a large number of raw materials containing carbon and hydrogen. It does not
necessarily depend on a raw material of fossil origin; it can also be produced from
waste or biomass through gasification. Among its advantages, it is renewable, it can
be used in energy generation systems and cogeneration systems and it emits less
pollution than conventional fuel [3].

The objective of this work is to compare the response of flameless combustion
characteristics of syngas/methane mixtures to the changes in hydrogen content, and
the replacement of air nitrogen by CO2 with oxygen content of 6% in the oxidizer
and a constant strain rate a = 200 s−1.

11.2 Geometry and Operating Conditions

The flame in question is represented by Fig. 11.1, it consists of two opposing round
jets separated by a distance D = 1.4 cm, one injecting a mixture of methane-syngaz
(Table 11.1) and the other a low oxygen containing preheated oxidizer at a temper-
ature of 1200 K (Table 11.2). In order to ensure that the stagnation plane is in the
center, the momentum ratio of the species with respect to the opposing nozzles is the
same and with a deformation rate a = 200 s−1 [4].

The governing equations of the opposed flow flame model are mass conserva-
tion, conservation of momentum, energy conservation, and species conservation [5].
Chemkin Oppdiff program established by Kee et al. [6] is used for solving equations.
For chemical kinetics, the Grimech 3.0 reaction mechanism, which is formed by 53
species and 325 elemental reactions, is adopted.
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Fig. 11.1 Configuration of
the opposed jet flame

Table 11.1 Fuel mixture composition

CH4 (%) 40 40 40 40

H2 (%) 20 30 36 40

CO (%) 40 30 24 20

Ratio H2/CO 0.5 1 1.5 2

LHV (MJ/m3) 7.21 7.02 6.90 6.45

Table 11.2 Oxidizer
composition

O2 (%) N2 (%) CO2 (%)

6 79 15

11.3 Validation of the Computation Procedure

The opposed jets configuration has been used in several studies with different fuels
and oxidizers, it was introduced by Sung et al. [7]. Figure 11.2 represents a compar-
ison of the results calculated by the Chemkin program and values derived from the
experiment which are temperature and major species CH4, O2, H2O, CO2 and CO.
Good agreement is shown. Furthermore, the maximum flame temperature computes
accuratelywhich shows that radiation heat losses taken into account arewellmodeled
(Fig. 11.2).
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Fig. 11.2 Comparison between calculated and measured values: temperature and major species
profiles (symbols represent experimental results)

11.4 Results and Discussion

11.4.1 Effect of H2/CO Ratio

The Fig. 11.3a, b show the effects of change in syngaz composition according to four
H2/CO ratio values R1, R2, R3 and R4 on temperature and NO formation. As initial
heat input for different ratios is nearly the same (Table 11.1), the temperature does
not vary significantly, except for R4 (Fig. 11.3a) in which reduction is important,
since lower heating value of H2 is 10.76 MJ/m3 while that of CO is 12.64 MJ/m3.
The mole fraction of thermal NO is dominated by temperature, it is represented by
Fig. 11.3b, it follows the same trend as temperature.

The nitrogen oxides generated by combustion are designated by notation NOx,
mainly NO, NO2, N2O, their formation is due on one hand to nitrogen of the air,
and on other hand to the presence of a nitrogenous body in the fuel. Figure 11.4a
shows the variation of molar fraction of NO2, where its reduction is greatly affected
by increase in molar fraction of hydrogen in the mixture.

Nitrous oxide, also known as nitrous oxide, is a pollutant found in most flames
and is represented by Fig. 11.4b. It is produced in oxidizer before flame front and
then completely disappear in the zone where the temperature is higher. On the other
hand, the variation of the H2/CO ratio does not have a significant influence on the
variation of this species which is not stable.
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Fig. 11.3 Axial profiles: a—flame temperature b—NO mole fraction for different ratios R

11.4.2 Effect of Replacement of N2 by CO2 in the Air

Figure 11.5 illustrates the variation of maximum temperature as a function of the
amount of CO2 added to the oxidizer which substitutes N2 contained in the air for
different ratios H2/CO. Oxygen volume in the oxidizer is equal to 6% and strain
rate a = 200 s−1. It is noticed that carbon dioxide dilution reduces significantly
maximum temperature by 12% for all four ratios. The maximum molar fraction of
NO is represented by Fig. 11.5b, it is greatly affected by amount of CO2 added, and
it is reduced with respect to the increase of CO2.

Le maximum de la fraction molaire de NO2 est très induit par l’ajout du CO2

jusqu’à une valeur de égale à 40% (Fig. 11.6a); L’effet de l’addition de CO2

réduit le maximum de fraction molaire de N2O progressivement et relativement
au pourcentage de d’addition (Fig. 11.6b).



82 A. Hadef et al.

0.4 0.6 0.8 1.0 1.2
0.0

2.0x10-8

4.0x10-8

6.0x10-8

8.0x10-8

(a)

Mo
le 

fra
cti

on
 of

  N
O 2

Distance X (cm)

(b)
0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.0

1.0x10-7

2.0x10-7

3.0x10-7

4.0x10-7

5.0x10-7
O2: 6%,P=1 atm and  a= 200 s-1

           R1
           R2
          R3
          R4

Mo
le 

fra
cti

on
 of

  N
2O

Distance X (cm)
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Fig. 11.5 Variation of maximum of: a—flame temperature, b—NO molar fraction as a function
of CO2 replaced in the oxidant
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Figure 11.6a shows that maximum of molar fraction of NO2 is very induced by
addition of CO2 in the interval 0–40% of CO2. The effect of CO2 addition reduces
maximum N2O molar fraction gradually and relative to percentage of CO2 addition
(Fig. 11.6b).

11.5 Conclusion

The conclusions that can be drawn: The temperature is not affected by the variation of
H2/CO ratio, since the initial heat input is nearly constant. The formation of thermal
NO is proportional to temperature variation. Increasing hydrogen in the fuel reduces
the formation of NO2. Adding CO2 to the air greatly reduces temperature and NO
species; NO2 and N2O.
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Chapter 12
Chaotic Bacterial Foraging Optimization
Algorithm with Multi-cross Learning
Mechanism for Energy Management
of a Standalone PV/Wind with Fuel Cell

Issam Abadlia , Mohamed Adjabi , and Hamza Bouzeria

Abstract Variability and intermittency are some of the features renewable ener-
gies (REs). Due to their intermittent nature, it is very difficult to predict energy
production, which requires either additional supply plants or new storage and control
technologies. This work presents the sustainable development of a RE production
chain. Reinforcement and optimization of the chain are also considered. At the same
time, an energy management strategy (EMS) for a standalone photovoltaic (PV) and
wind system integrated with fuel cell is presented. The EMS is aimed to coordinate
the power flow of the system components while satisfying load demand and other
constraints. System optimization and EMS are combined such that it is unusual to
discuss them individually from a system-level design perspective. Therefore, opti-
mization by a Chaotic Bacterial Foraging Optimization (CBFO) algorithm based
on multi-cross learning (M-CL) mechanism is proposed to ensure an EMS of the
system. The performance of the proposed system is validated by simulation and
obtained results prove the efficacy and the feasibility of the proposed approach.

Keywords Standalone multisource · Energy management · Chaotic bacterial
foraging optimization algorithm with multi-cross learning
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12.1 Introduction

The population of the planet is increased and its mobility needs to the more and more
of the electrical energy.Howdo to respondwithout accentuating thegreenhouse effect
or accelerating the scarcity of fossil resources? RE is one of the possible responses
to this major challenge. REs, also called green energies, are not new, although they
are becoming increasingly popular in the context of energy transition.

RE describes a collection of energy technologies i.e. wind, solar, geothermal
derived from sources that are never-ending to produce the electrical energy. Vari-
ability and intermittency are the major drawbacks of REs. However, PV and wind
generation are the most promising technologies for supplying load in remote and
rural regions. In this case, the possibility of the integrating of diesel generators and
storage systems are approaches to overcome reliability problem. The combination
of computer technologies, energy sources and storage devices smoothes and reduces
the most costly peak production capacities with increase network security.

Energymanagement is very important formultisource systems. In order to present
a preferment algorithm, many conditions and constraints have considerate. The prin-
ciple of the “intelligent” power grid is presented as being able to reduce the emissions
of greenhouse gases and thus fight against the global warming. Finally, it is one of
the components for the concept “smart grid”. On the other hand, control andmanage-
ment of energy systems aim to ensure the balance of energy flows between suppliers
and consumers through the match between production, distribution and consump-
tion. They improved the security of power supply and the overall energy efficiency
(minimizing losses and overconsumption), while limiting the environmental impact
as CO2 emission [1–3]. Generally, controlling of storage systems, powers distur-
bance and equipment costs are the mean task of any EMS. Intelligent algorithm
offered always a big success in the EMS applications. It permitted to overcome the
nonlinearity problems that also represent a good solution to defeat the problem of
modelling and the complexity of the conventional EM algorithms.

In this paper, an optimization and energymanagement of amulti-power standalone
generation system based on CBFO technique with M-CL is proposed. Generation
system is composed of renewable PV and wind sources with hydrogen fuel. Where
CBFO optimize the system and ensure an optimal power management. Hence,M-CL
approach of the algorithm adds more performances. The main contributions of the
work are: Investigate CBFO performance to perform a good EMS for a standalone
system; Using M-CL technique to perform the CBFO; Increasing the efficiency of
the hydrogen storage in fuel system; Maximizing the use of the renewable sources.
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12.2 System Description and Problem Formulation

12.2.1 Study of Standalone System

Standalone architecture considered for the application as shown in Fig. 12.1 consists
of controllable and uncontrollable micro-sources, where PV generator and wind
turbine (WT) are the uncontrollable micro-sources, and storage hydrogen fuel cell
production system (H2FC) constitutes the controllable micro-sources. There are two
types of charge DC and AC. Power converters convert power with maximizing func-
tion of wind and PV sources. Intelligent switches operating all power system. The
standalone conditions operating presented as follows: All loads powered directly
from renewable sources, In case of surplus of renewable production, electrolyzer
is activated in order to produce the H2. The case of the demand is more than the
production, the energy stored in hydrogen as add, intelligent switches activate the
operations of sources and loads. Then, H2 tank level is controlled at maximum and
minimum states.

Fig. 12.1 Standalone configuration [1]
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12.2.2 Problem Formulation

The standalone optimization model is introduced using the energy flow between
the different generators and devices loads. To provide the optimization model, its
objective functions are firstly introduced. The total power, denoted as PAC

t , represents
the optimized target, which defined as follows [1]:

PAC
t = PWT

t + PPV
t + PFC

t − PRC
t

bnRC
(12.1)

where: PWT
t is the output power from wind turbine at instant t, bnRC are the effi-

ciencies of the converters, PPV
t , PFC

t and PRC
t indicate respectively the power of

the photovoltaic generator, the fuel cell generation and the power inverter/rectifier at
time t.

The role of the H2 reservoir is to store H2 produced by electrolysis of water
using alkaline electrolyser. The number of H2 mol in the tank (NH2) is given by the
difference between the H2 level generated (NH2; in) and the H2 level consumed by
the NH2 FC; out [1]. It is expressed as follows:

C−H2 = NH2

NH2Max
× 100 (12.2)

where: NH2Max is the number of moles of H2 in the tank is in plain position. H2

content in the reservoir given as a percentage using the following equation:

NH2 =
∫

(NH2,in− NH2,out) dt (12.3)

In our case, we find to: Minimize balanced power PAC
t considering mean square

error (MSE) bases.Maximize the injecting renewable powers via intelligent switches.
Controlling the C–H2. Minimize power converters absorbing.

To do, the C–H2 represents a circumstances optimization problem and variables
of EMS unit as defined following.

Ucontrollable sources Controlable sourses Power converters

PW PPV PFC PRC

– – C–H2 bnRC

Total MG power: PAC
t = PWT

t + PPV
t + PFC

t − PRC
t

bnRC

Figure 12.2 Schows the unite of power flow management and switches control
that select states of optimaized power system respecting all conditions operation.
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Fig. 12.2 EMS control unit
of the standalone system
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12.3 Energy Management System

In this section, EMS operating standalone system based on BFOAwinMC-Lmecha-
nism is proposed. BFOAhas beenwidely accepted as a global optimization algorithm
of current interest for distributed optimization and control. BFOA [4] inspired by the
social foraging behavior of Escherichia coli. BFOA has already drawn the attention
of researchers because of its efficiency in solving real-world optimization problems
arising in several application domains. The steps of the BFOA applied to reduce
the power loss are as follows [5]: Step 1: Initialization of the algorithm parameters.
Step 2: Elimination/dispersal loop. Step 3: Reproduction loop. Step 4: Chemotaxis
loop. Step 5: Reproduction. Step 6: Elimination/dispersal. Step 7: Otherwise end.
The offspring’s of individuals are built in using the test vector and parent based on the
chaotic procedure shown in [6, 7]. These values are also obtained from the learning
mechanism of [7] is also a randomly chosen index.

12.4 Results

Table 12.1 shows the main characteristics of the simulated model. Performance of
the Standalone power system under the proposed intelligent management algorithm
over a typical uncontrollable sources conversion for one day (Fig. 12.3a) has been
evaluated. Demand side is given by Fig. 12.3b. Figure 12.3c shows the different
power system that can see the complementarily of the injecting power considering
the controllable sources (Fig. 12.3d) via C–H2 in the tank of gas. Figure 12.3e shows
the MSE of the optimization model that prove a small error compared with the max
of the produced power.
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Table 12.1 Simulation
parameters

Fuel cell generator Electrolyzer

Type Nexa ballard
310-0027

Electrolyte Alkaline

Rating 10,000 W Electrolyte
section

300 cm2

Number of
cells

40 Distance
between
electrodes

3.0 × 10−4

Rated
current

45 Temperature of
the electrolyzer

52 °C

Rated
voltage

28 Cathode transfer
coefficient

0.5

– – Anode transfer
coefficient

0.3

PMSG wind turbine PV system

Rated power 10000 W Type ELR-615

Rated
voltage

220 V Rating 10000 W

Rated
frequency

50 Hz Series modules 50

Pole-pairs 2 Parallel modules 4

Stator
resistance

2.9 � S-circuit current 3.28 A

Rotor
resistance

1.52 � O-circuit voltage 21.6 V

Stator
inductance

223 mH Maxi power/cell 50 W

Rotor
inductance

229 mH – –

Moment of
inertia

0.0048 kg m2 – –

12.5 Conclusion

An efficient Chaotic Bacterial Foraging Optimization algorithm with multi-cross
learning mechanism for EMS was presented for a standalone power system. Under
the proposed scheme, the power plant is able to operate, effectively under both normal
climatic conditions. In addition, the scheme provides a dynamic during abnormal
conditions, thus making it compatible with the modern power generation.
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Fig. 12.3 a: Uncontrollable sources (PV + Wind) data, b: load (AC + DC) profile, c: different
power system, d: C–H2 tank, e: MSE of optimization problem
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Chapter 13
Mechanical Properties of the Tetragonal
CH3NH3PbI3 Structure

Kamel Benyelloul , Smain Bekhechi, Abdelkader Djellouli,
Youcef Bouhadda , Khadidja Khodja, and Hafid Aourag

Abstract The hybrid organic-inorganic halide perovskite solar cells based on
CH3NH3PbI3 have attracted enormous attention in the last fewyears due to their rapid
improvement and high certified efficiencies over 20%. In this paper, the tetragonal
structure of CH3NH3PbI3 hydrides was investigated by first-principles calculations
based on density functional theory (DFT) with the generalized gradient approxi-
mation (GGA). The elastic constants for the tetragonal CH3NH3PbI3 hydride are
successfully obtained from the stress-strain relationship calculations. The obtained
equilibrium lattice parameters and elastic constant (Cij) are in good agreement with
other theoretical values and experimental data available in the literature. The shear
modulus (G), bulk modulus (B), Young’s modulus (E), Poisson’s ratio (ν) and the
ratios (B/G) are also determined. The calculated bulk modulus and the ductility
factor (B/G) shows that the CH3NH3PbI3 hydrides which indicates that this material
is ductile behaviour. Also, the universal Poisson’s ratio (ν) is higher than the critical
value.

Keywords Perovskite structure · First-principles calculation · Elastic properties

K. Benyelloul (B) · Y. Bouhadda · K. Khodja
Unité de Recherche Appliquée en Energies Renouvelables, URAER, Centre de Développement
des Energies Renouvelables, CDER, 47133 Ghardaïa, Algeria
e-mail: benyelloul_kamel@yahoo.fr

Y. Bouhadda
e-mail: bouhadda@yahoo.com

S. Bekhechi · H. Aourag
Departement de Physique, Université de Tlemcen, 13000 Tlemcen, Algeria

A. Djellouli
Departement de Physique, Université de Tiaret, 14000 Tiaret, Algeria

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer
Nature Singapore Pte Ltd. 2021
A. Khellaf (ed.), Advances in Renewable Hydrogen and Other Sustainable Energy
Carriers, Springer Proceedings in Energy,
https://doi.org/10.1007/978-981-15-6595-3_13

93

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6595-3_13&domain=pdf
http://orcid.org/0000-0002-9915-467X
http://orcid.org/0000-0003-1215-6435
mailto:benyelloul_kamel@yahoo.fr
mailto:bouhadda@yahoo.com
https://doi.org/10.1007/978-981-15-6595-3_13


94 K. Benyelloul et al.

13.1 Introduction

The Methylammounium triiodideplumbate CH3NH3PbI3 takes a structural phase
transition, cubic, tetragonal and orthorhombic depending on the temperature [1].
Kazim [2], Snaith [3], Park [4] and Kim et al. [5] have discussed on the physical
and electronic structure of lead halide perovskites with their photovoltaic applica-
tion. In addition, Feng [1] have been determined the elastic constants, mechanical
properties such bulk, shear, Young’s modulus, anisotropic indices, sound velocity
and Debye temperature of CH3NH3BX3 (B = Sn, Pb; X = Br, I), obtained by the
DFT calculations.

MAPbI3, presents different phase transition as a function of temperature, above
327.4 K it adopts a cubic phase (space group Pm-3 m), between 162 and 327.4 K it
is tetragonal phase (space group I4/mcm, Z = 4) and below 162.2 it is orthorhombic
phase (Pna21) [6].

The tetragonal phase (165 K < T < 328 K), was confirmed, which is the same
space group with the tetragonal phase of SrTiO3.

It is well known that the elastic properties, optical properties and electronic struc-
ture of complex hydrides play an important role in many applications related to
the mechanical properties of materials and optoelectronic technology. In this paper,
the first principle was carried out to investigate the structural and elastic proper-
ties of tetragonal Methylammounium triiodideplumbate CH3NH3PbI3 compounds.
The structural and elastic properties are compared comprehensively to the available
theoretical results [1].

The paper is organized as follows. In Sect. 13.2, details of the theory and compu-
tational are presented. Themost relevant results obtained are presented and discussed
in Sect. 13.3. Finally, a conclusion of the present work is given in Sect. 13.4.

13.2 Computational Methods

The organic-inorganic halide perovskite solar cells based on CH3NH3PbI3 have been
studiedby thedensity functional theory (DFT).Theprojector augmentedwave (PAW)
method [7] as implemented in the Vienna Ab initio Simulation Package (VASP)
code [8, 9] was employed. Also, the exchange-correlation interaction was treated
and described using the generalized gradient approximation correction GGA [10].
The convergence is achieved when the cut-off energy is 800 eV. For Brillouin zone
interaction we use theMonkhorst-Pack scheme [11] and k-point was sampled by 5×
5× 4. For tetragonal structure organic-inorganic halide perovskiteCH3NH3PbI3 with
space group I4/mcm [6]. The orthogonal structure of CH3NH3PbI3 is illustrated in
Fig. 13.1 [1].

The elastic constants are computed by applying the strain energy-strain curve
method [12]. There is six independent elastic constants for tetragonal structure. The
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Fig. 13.1 The tetragonal structure for CH3NH3PbI3

elastic constants were deduced from the variation of total energy calculations by
applying five small dimensionless strains δ with (δ = 0, ±0.01, ±0.02).

13.3 Results and Discussion

The atomic positions and lattice parameters were relaxed; this relaxation lowered
the total energy. The calculated equilibrium volume (V 0) and bulk modulus (B) are
extracted by fitting the total energy as a function of volume, the plot of volume
versus energy is shown in Fig. 13.2. The optimized lattice parameters (a and c) are
determined. The results are reported in Table 13.1.

Our relaxed structures are in good agreement with reported structures from exper-
imental. For the compounds we have obtained a value of 8.765 and 12.635 Å for
the lattice a and c, respectively. This value are in good agreement with experimental
values of 8.800 Å [1] and 12.685 Å [1], for a and c respectively, the difference is
less then 0.39% and 0.56% for a and c, respectively. To get the bulk modulus (B)
we employed the four-parameter Birch-Murnaghan equation of state (EOS) [13].
Consequently, the obtained bulk modulus is 41.52 GPa.

From Table 13.2, it can be seen that the calculated results on this hybrid halide
perovskite satisfy the elastic stability conditions, such C11 > 0, C33 > 0, C44 > 0,
C66 > 0, C11 − C12 > 0, C11 + C33 − 2C13 > 0, 2C11 + C33 + 2C12 + 4C13 > 0.
For tetragonal CH3NH3PbI3, it can be seen that C11 > C33, that means the atomic
bonding between neighbours along (100) plane is stronger than along (001) plane.

In case of polycrystalline bulk modulus (B), shear modulus (G), Young’s modulus
(E) and Poisson ratio are determined. The general expressions for theVoigt andReuss
approaches are represented in Eqs. (13.1)–(13.4) [14] for bulk modulus and shear
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Fig. 13.2 Energy as a function of volume for CH3NH3PbI3

Table 13.1 Structural parameters of CH3NH3PbI3

a (Å) c (Å) V0 (Å3) B (GPa) B′

This work 8.765 12.635 971.37 41.52 3.92

Exp. 8.800a 12.685a 982.3

aRef. [1]

Table 13.2 Elastic constants of CH3NH3PbI3 perovskite compounds by calculations. The unit is
GPa

System C11 C12 C13 C33 C44 C66

CH3NH3PbI3 88.51 22.25 10.5 21.8 5.6 21.48

20.1a 14.6a 6.8a 17.9a 1.6a 9.2a

aRef. [1]

modulus as follows. In Eqs. (13.3) and (13.4) Sij’s represent the elastic compliance
constants. The elastic moduli of polycrystalline CH3NH3PbI3 aggregates can then
be approximated by Hill’s average [14]. BH = (BR + BV)/2 and GH = (GR + GV)/2.

BV = 1

9
(C11 + C22 + C33) + 2

9
(C12 + C23 + C13) (13.1)
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Table 13.3 The bulk modulus, shear modulus, Young’s modulus, Poisson ratio and B/G ratio of
CH3NH3PbI3. The unit is GPa

BV BR BH GV GR GH E ν BH /GH

31.7 19.52 25.61 14.91 8.91 11.91 30.94 0.298 2.15

12.2a 3.7a 12.8a 0.33a 2.52a

aRef. [1]

GV = 1

15
(C11 + C22 + C33) − 1

15
(C12 + C23 + C13) + 1

5
(C44 + C55 + C66)

(13.2)

1

BR
= (S11 + S22 + S33) + 2(S12 + S23 + S13) (13.3)

1

GR
= 4

15
(S11 + S22 + S33) − 4

15
(S12 + S23 + S13) + 1

5
(S44 + S55 + S66) (13.4)

Also, the Young’s modulus, Poisson’s ratio, can be estimated by the following
equations [14].

E = 9BG/3B + G (13.5)

N = (3B − 2G)/2(3B + G) (13.6)

All the calculated results based on Eqs. (13.1)–(13.6), the results are summarized
in Table 13.3.

From Table 13.3, in order to predict the brittleness or the ductility behaviour of
our studied compounds, we calculated the ratio between bulk modulus and shear
modulus (B/G) as introduced by Pugh [15]. Our calculation shows the ratio B/G
is 2.15 is greater than the critical value (1.75), which indicates that this material is
ductile behaviour. The universal Poisson’s ratio (ν) can also be applied to characterize
materials: amaterial is ductile if ν is higher than 0.26, otherwise thematerial is brittle.
From our results listed in Table 13.3, we can notice that the value of Poisson’s ratio
for CH3NH3PbI3 are larger than 0.26, which is consistent with the results found
earlier using the ratio B/G. Also, we can notice that the obtained values for BH, GH

and E, our results are great than calculated by Feng [1], that is due to the different
methods calculations.

13.4 Conclusion

In this paper, ab initiowas performed in order to predict the elastic properties of hybrid
organic-inorganic halide perovskite CH3NH3PbI3. The calculated lattice parame-
ters are in excellent agreement with the experimental data. Elastic properties are
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calculated by first principle calculation within the generalized gradient approxi-
mation (GGA) based on density functional theory (DFT). The single crystal elastic
constants for the tetragonal CH3NH3PbI3 compounds are successfully obtained from
the stress-strain relationship calculations. The obtained elastic constant (Cij) are in
good agreement with other theoretical values in the literature. The shear modulus,
bulk modulus, Young’s modulus, Poisson’s ratio and the shear anisotropic factors
are also calculated. Analysis of single-crystal and polycrystalline elastic parameters
revealed that the hybrid organic-inorganic halide is mechanically stable. The calcu-
lated ratio BH /GH shows that the compound is ductile. The best of our knowledge,
there are, till now, no available experimental data about the elastic constant of tetrag-
onal structure CH3NH3PbI3. This research work and obtained results could provide
a useful for future studies.
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Chapter 14
Hydrogen Production
by the Enterobacter cloacae Strain

Azri Yamina Mounia , Tou Insaf , and Sadi Meriem

Abstract Today, alternative and sustainable solutions are proposed to replace fossil
fuels. Hydrogen production from renewable energy sources has gained special atten-
tion in recent years, especially biohydrogen production from biomass resources
which is accepted as a sustainable ecofriendly approach, it is a colorless gas, taste-
less, odorless, light and non-toxic.When this gas is used as fuel, air pollution will not
be produced, only water is produced and considered as end-product. This work aims
to develop a microbial biohydrogen electrosynthesis using Enterobacter cloacae
strain bacteria isolated from Beni-Messous wastewater. Very little informations are
available on the hydrogen production using E. cloacae, which is a gram negative,
motile, facultative anaerobe. The present work deals an electrochemical study from
linear and cyclic voltammetry tests examining the hydrogen evolution reduction in
biocathode in order to optimize the biohydrogen production. The acetate fermenta-
tion, the proton H+ accumulation and reduction had allowed an increase in current
density from −19 to −96.6 mA/m2 with the E. cloacae strain.

Keywords Biohydrogen · E. cloacae · Linear sweep voltammetry first section

14.1 Introduction

The exponential growth of the world’s population requires potential sources of clean
and low cost energy, most of energy production processes used to date are known for
their pollution and greenhouse gases emissions. The renewable energies [1, 2] (wind,
solar, bioenergy, etc …) has emerged as hope for humanity even if their applications
remain limited. A new bioenergy can be produced by biomass fermentation that is
the bio-hydrogen [2], contrary to chemical hydrogen production which is an energy
intensive process. Biologically, hydrogen can be produced both by photosynthetic
and fermentation pathway [3]. In the fermentation, the hydrogen production rates by
Clostridium butyricum and Enterobacter aerogen were 7.3 and 17 mmol/(g dry cell
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per h) respectively, these rates are higher than 0.3mmol/(g dry cell h) givenby the blue
green algae Oscillatoria. sp via photosynthetic process. The fermentative hydrogen
production has been reported fromGramnegative and facultative anaerobes, this later
can be grownmore easily than strict anaerobic bacteria [3]. TheEnterobacter species
studied for hydrogen production include Enterobacter asburiae [4], Enterobacter
cloacae [5] Enterobacter aerogenes [6] are recognized as a promising biological
tool for biohydrogen production because of their rapid growth in aerobic conditions
and their easy adapting to a broad range of substrates as well as the possibility
of combining energy generation with simultaneous biodegradable waste materials
treatment [7].

The present study concerns bio-hydrogen production from E. cloacae strain
isolated from a wastewater biofilm. E. cloacae is a Gram-negative bacterium with
facultative anaerobicmetabolism. The bio-hydrogen producedwas detected by linear
sweep voltammetry on graphite electrode during the fermentation process using
acetate substrate according to the following reaction:

C2H4O2 + 2H2O → 2CO2 + 8e− + 8H+ bacterial oxidation (14.1)

8H+ + 8e− → 4H2 reduction on graphite cathode (14.2)

The cathodic reduction of proton H+ allows the production of biohydrogen and
detects it without going through technics often tedious and expensive, this technic
remain qualitative and allows to quickly get a result of biohydrogen production.

14.2 Materials and Methods

14.2.1 Microorganism and Culture Conditions

Enterobacter cloacae was isolated from biofilm of Beni-Messous wastewater formed
on the working electrode surface under imposed potential+0.155V/CSE. The bacte-
rial identification was carried out by biochemical method using the API 20E [8]. A
culture medium composed of macro and micro nutrients: Acetate 4 g/L, NH4Cl
0.5 g/L, KH2PO4 0.2 g/L, K2HPO4 0.2 g/L, MgCl2 0.25 g/L, CoCl2 20 mg/L, ZnCl2
10mg/L, 10mg/LMnCl2 regulated at pH7,was used for bacterial growth. The acetate
was used as an energy source and as the sole e-donor for electrochemical experiments.
The culture medium is mixed with sodium sulfate to increase the conductivity.
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1. Electrochemical cell
2. Pt rode
3. Graphite plate 
4. Calomel Saturated Electrode 
5. Stirring plate
6. potentiostat Verstat 3

Enterobacter cloacae

Fig. 14.1 Experimental setup

14.2.2 Electrochemical Cell and Measurements

The first step is to form a cathodic biofilm by chronoamperometric method at
0.155 V/CSE using a three electrode electrochemical system measured by poten-
tiostat Verstat 3 AMTEK Princeton applied research. A sealed electrochemical cell
contain-ing a graphite plate 2.5× 2.5 cm Fig. 14.1. The counter electrodewas Platine
rod. All potential was quoted versus CSE. The media in both cells were flushed with
N2 for 20 min to create anaerobiosis.

Cyclic voltammetry (CV)was carried at the beginning and after chronoamperome-
try to compile the information of catalytic responses. Start and end potential were −
1 to +1 V with scan rate 0.01 mV/s.

Linear sweep voltammetry (LSV) from +0.2 to −1 V (vc CSE) was performed
to evaluate the electroactivity of the cathode biohydrogen evolution reduction at
different times of the chronoamperometric kinetic during the cathodic biofilm forma-
tion on about 10 days. The LSVwas practiced every 2 days during chroamperometry
kinetic.

Scanning electron microscopy analysis of biocathode was carried out using
HITACHI model TM 1000 at an acceleration voltage of 10 kV with a variable
pres-sure system (University of Boubker Belkaid, Department of Physics, Tlemcen).

14.3 Results and Discussion

In the present study, the cathode was modified and so performed by cultivating the
E. cloacae collected from bioanode effluent wastewater operated in electrochem-
ical at +0.155 V during 10 days. Figure 14.2 shows the monitored current during
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Fig. 14.2 Biofilm formation with E. cloacae using chronoamperometric method under +
0.155 V/CSE, linear sweep voltammetry

the E. cloacae biofilm formation at potential +0.155 V/SCE. A current increase
after 2 days and remains stable until the 4th day, after that a current decrease was
gradually registered. With the substrate consumption, the current density increased
significantly and thus demonstrated maximum bioelectricity activity indicating elec-
troactive biofilm formation. In fact, the Gram− bacteria group to which E. cloacae
belongs is known to generate a higher current compared to Gram+ bacteria [9]. It was
also previously studied that the current density obtained with the E. cloacae bacteria
studied separately was very low compared to a results given with bacteria consortium
containing E. cloaceae [10]. Kumar and Das have already reported the E. cloacae for
biohydrogen production [5]. According to reaction 1, the substrate was consumed by
E. cloacae in anaerobic condition by releasing protons H+ and electrons e−. Thus,
this study will help the biocathode formation for hydrogen production by recording
the hydrogen evolution reduction through the linear sweep voltammetry at different
points.

From the linear sweep voltammetry, it can be demonstrated that biocathode led to
higher current production compared to the current produced with electrode without
inoculumFig. 14.3. The hydrogen evolution in the biocathodewas−0.6V, indeed the
current obtained increases with the proton H+ reduction according to the reaction 2.
It can be demonstrated that the biocathode formed with E. cloacae biofilm shows
a higher current when accumulation of H+ protons and their reduction allows the
current increase of about −19 mA/m2 at 1st day to −96.6 mA/m2 at 10th days under
−0.6 V.

Figure 14.4 shows the catalytic activity between biocathode (with E. cloacae)
and control (without E. cloacae) under the potential range +1 to −1 V, a signifi-
cant reduction activity was observed from −0.6 V and no oxidation peak is noticed.
However, an important oxidation current was observed when the voltammetry was
scanned from 1 to 0 V, this current density increase was attributed to hydrogen
oxidation reaction where the generated hydrogen (at −0.6 V) was re-oxidized under
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Fig. 14.3 Linear sweep voltammetry of hydrogen evolution
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Fig. 14.4 Cyclic voltammetry of the E. cloacae biocathode and SEM surfaces images of the
a control graphite, and b E. cloacae biocathode

the extra-membrane hydrogenases effect [11]. Otherwise, the control showed only
reduction activity at −0.6 V with current of −4.16 mA/m2 which was significantly
lower than biocathode current of −96.6 mA/m2. The catalytic properties proved
bacterial growth on the electrode surface [11]. Data suggest that hydrogen produc-
tion was significant after cathodic potentials −0.6 V. The cyclic and linear sweep
voltammetries do not show an action on the hydrogen evolution reduction (HER) on
the biocathode but only on the current increase indicating a high concentration of
biohydrogen produced.

It can be demonstrated that the biocathode formed with E. cloacae shows a higher
current compared to the control electrode (without E. cloacae). The accumulation
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of H+ proton and their reduction allowed to increase the current from −19 to −96.
6 mA/m2. According to this study, the electrochemical system tension can be fixed
at −0.6 V in the biocathode of E.cloacae for hydrogen production.

14.4 Conclusion

The biocathode formed with E. cloacae led to higher performance compared to the
untreated electrode, it allows to produceH+ protons through the acetate fermentation.
The linear sweepvoltammetry corresponding to the reduction of accumulated protons
and cyclic voltammetry confirms the electrode modification by significant current
density product. The linear sweep voltammetry measurements corresponded to the
accumulated protons reduction.
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Chapter 15
Visible Light Hydrogen Production
on the Novel Ferrite CuFe2O4

S. Attia , N. Helaïli , Y. Bessekhouad , and Mohamed Trari

Abstract The spinel type compounds represent a new family of photocatalysts that
can be used as photoelectrodes capable to produce hydrogen under visible light. In the
current study, the CuFe2O4 spinel, which is prepared by the sole-gel method, is inves-
tigated as a possible candidate, and the structure, opto-electronic, electrochemical
and photoactive properties are characterized. CuFe2O4 exhibits a p-type semicon-
ductor; the conductionmechanism is assigned to the typical small polaron hopping of
semiconductor conduction band ‘d’. Determining the potential of the flat strip elec-
trochemically has established an energy digraph to predict the duality between the
physico-chemical properties and photocatalytic activity. The production of hydrogen
under visible light was selected to evaluate the photoactivity. Sensors holes: Na2S,
Na2SO3 and oxalic acid were studied. The best performance was obtained by Na2Sin
basic medium.

Keywords CuFe2O4 · Spinel · Physical properties · Hydrogen production

15.1 Introduction

The spinels oxides are important materials for a wide range of applications such
as electronics, materials with magnetic properties, as catalysts and photo-catalysts
[1–7]. The ternary oxides (Cu2+Fe23+O4 → A + IIB+ III

2 O4) of spinel structure are
very promising semiconductors for the production of H2 as well as for the oxidation
of minerals such as S2− or SO3

2− under visible light [8–10]. These compounds
offer an interesting compromise between optical and transport properties, which is
in contrast with that observed for simple oxides such as TiO2 or ZnO [11, 12]. These
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are considered as wide band gap materials and suffer from an insulative nature [13–
15]. These oxides have the advantage of being chemically stable with a suitable Vbp
flat band potential. This fact makes it possible to induce desired oxidation-reduction
reactionswithout polarization [16]. However, such oxides absorb only a small portion
of sunlight and have low on version efficiency. This behavior appears to result from
the anionic nature of the valence band that flows from the deep O2−: 2p6 orbital [17].

15.2 Experimental Procedure

The spinel CuF2O4 was prepared by a classical Sol-Gel method. A certain amount of
Cu(NO3)2, 6H2O and Fe(NO3)3, 9H2O with purity greater than 99% were dissolved
in 100 mL of water containing Agar-Agar (1 mg mL−1). The mixture is heated at
70 °C for 3 h before to be completely dehydrated at 100 °C. A black precipitate is
generally obtained which becomes homogeneous by grinding in agate mortar. This
powder was calcined in static air condition at 850 °C for 12 h. This calcination
was repeated three times. The photoactivity is studied in a double walled Pyrex
cell connected with a cooling system; the temperature was fixed at 50 °C ± 1 °C.
100mg of the CuF2O4 powderwas dispersed in 200mLof solutions (Na2SO4, 0.5M)
containing Na2SO3, Na2S and oxalic acid (10−3 M) at pH 7 under stirring (210 rpm).
The nitrogen was bubbled in the solution (10 mL mL−1) during 35 min before the
launch of the test. The tree tungsten lamps (3 × 200 W) were used for as a source
of light photocatalytic system. Hydrogen gas was identified by gas chromatography
(Agilent Technology 7890A) using a thermal conductivity detector. The volume was
collected in a water manometer at standard temperature and pressure (STP).

The crystal structure of the spinel phase was confirmed by X-ray diffraction
measurements (XRD). The patterns are recorded with a Philips diffractometer
equipped with Ni-filtered CuKα radiation.SEM Analysis For this analysis, MEP-
EDX Quanta TM 250 with tungsten filament was used by the company FEI. It is
a domain microscope to explore the properties of nanoscale materials and to char-
acterize their structure. The Fourier transform infrared reflectance spectroscopy is
recorded in the range of 400–4000 cm−1 using the Bio-Rad-FTS 3000MX system.
Themorphology of the oxide is obtained using a HITACHI S2500 scanning electron-
microscope. The Cary 500 UV-VIS-NIR spectrophotometer is used for the study of
optical properties. On the other hand, the transport properties are studied by means
of the thermal variation of both conductivity (s) and thermopower S = (DV/DT).
The intensity potential J(E) curves and capacitance plots were drawn with apotentio-
stat/galvanostat (PGZ 301 Radiometer), Pt-electrode and a saturated calomel elec-
trode (SCE) were employed as emergency and reference electrodes respectively.
The photoactivity is studied in a double walled Pyrex cell connected with a cooling
system; the temperature was fixed at 50 °C ± 1 °C. 100 mg of the CuF2O4 powder
was dispersed in 200 mL of solutions (Na2SO4, 0.5 M) containing Na2SO3, Na2S
and oxalic acid (10−3 M) at pH 7 under stirring (210 rpm). The nitrogen was bubbled
in the solution (10 mL mL−1) during 35 min before the launch of the test. The
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tree tungsten lamps (3 × 200 W) were used for as a source of light photocatalytic
system. Hydrogen gas was identified by gas chromatography (Agilent Technology
7890A) using a thermal conductivity detector. The volume was collected in a water
manometer at standard temperature and pressure (STP).

15.3 Results and Discussion

The XRD Patterns of the crystalline CuFe2O4 synthesized by the sol-gel method is
presented in (Fig. 15.1). All the picks of the spinel are indexed in tetragonal unit
cell with the space group I41/amd, in concordance with the JCPDS cards 34-0425.
The lattices parameters of CuFe2O4 a = 0.5836 and b = 0.8632 nm (Table 15.1),
obtained by Rietveld refinement of the XRD pattern (see Fig. 15.1).

The FTIR spectra show the same vibration bands for all samples (see Fig. 15.2)
and are similar to those reported in the literature [18, 19].

The large vibration band in the ranges (3000–4000 cm−1) and (1600 and
1700 cm−1) are ascribed respectively to the stretching and bending of OH groups
of adsorbed water. It is well known that spinel type oxides show two characteristic
vibration bands that are attributed to tetrahedral and octahedral sites [20, 21]. In our
case, the vibration bands observed in the 510–535 cm−1 range are attributed to the
atoms in the tetrahedral sites while those observed in the 580–680 cm−1 domain are

Fig. 15.1 XRD patterns of CuFe2O4 prepared via sol–gel at 850 °C

Fig. 15.2 The infrared spectrum of CuFe2O4 elaborated by sol–gel at 850 °C



108 S. Attia et al.

Fig. 15.3 MEB analysis of
CuFe2O4 treated for 12 h at
850 °C

attributed to the atoms in octahedral sites. The surface morphology of the CuFe2O4

sample is obtained by scanning electron microscopy (see Fig. 15.3).
It reveals the formation of pseudo-spherical grains of micrometric size. The grains

are connected to each other and form blocks.
The variation of diffuse reflectance (%R) shows an intense reflection in the visible

region (see Fig. 15.4).
The Pankov relation (15.2) is used to determine the optical gap energy (Eg) [15]:

αhv = const ∗ (
hv − Eg

)
(15.1)

The exponent n indicates the nature the transition, 0.5 or 2 respectively for direct
or indirect transition. The direct transition (m= 2), was obtained from the plot (αhν)n

versus the photon energy (hν). The extrapolation of the straight line (αhν)2 = 0 gives
a gap Eg of 1.47 eV (see Fig. 15.4). The Eg values of these materials were between
1.3 and 1.58 eV (Table 15.2). It can be seen that each of these ferrites have Eg lower
than 2 eV, making them efficient photo-catalysts under visible light irradiation. It
is also important to note that these ferrites have a smaller gap compared to other
photo-catalysts such as Fe2O3 (~2 eV), CdS (2.4 eV) and TiO2 (~3 eV) [22, 23].
Consequently, their ability to absorb visible light was enhanced compared to the

Fig. 15.4 Optical gap of CuFe2O4 prepared by sol-gel route
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a

b

Fig. 15.5 a The thermal variation of the thermo-power (S) of CuFe2O4, b the logarithm of the
electrical conductivity as function of 103/T for CuFe2O4

photocatalysts that absorb in the UV and visible regions. The dependence of the
Seebeck (S) coefficient on the temperature is shown in (see Fig. 15.5). The positive
values S300 K = 589 (μV/K) all samples close to room temperature indicate that the
conductivity is that of a p-type material, i.e., the holes represent the majority carriers.
The conduction mechanism is believed to take place through small polaron-hoppings
since such materials present an incomplete ‘d’ orbital that constitute the conduction
band.

The plot of the variation of the logarithm of the electrical conductivity (σ) as a
function of the inverse of the temperature exhibits a linear trend (see Fig. 15.5b).

The increase ofσ with temperature confirms the semiconductor character of spinel
σ300K = 4.58 × 10−5 (ohm.cm−1). This indicates that the conduction mechanism
occurs by thermal activation of the charge carriers and that the Arrhenius model
can be applied for the determination of the activation energy �Eσ. This leads us to
deduce an activation energy �Eσ of CuFe2O4 is 0.14 eV. The photocurrent voltage
(J-E) characteristics for the ferrite materials in the dark and under illumination were
investigated in the (Na2SO4, 0.5 M) with a scanning speed rate fixed at 10 mV/s.
The photocurrent (Jph) increased along the positive potential confirming that the SC
material behaves like p-type semi-conductor. The flat band potential Vfb (−0.041 V)
and the holes density NA (4.52 × 1019 cm−3) are provided, respectively, from the
intercept of the potential axis at C−2 = 0. To understand how the light is converted into
chemical energy, we have drawn the energy diagram that establishes the relationship
between the semiconductor and the charge transfer [20]. The electrons excited by
visible light should have a potential enough negative to reduce water molecules i.e.
more cathodic than HER. S2O3, Na2S and oxalic oxide were used to scavenge the
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Fig. 15.6 Hydrogen evolution of CuFe2O4 in KOH electrolyte as function for time

photo hole, the half electrochemical reactions occur simultaneously on the opposite
sides of the crystallite:

Cathodic pole:

CuFe2O4 + hv → CB
(
e−) + VB

(
h+)

(15.2)

CuFe2O4 − CB
(
2e−) + 2H2O → H2 + 2OH− (15.3)

Anodic pole:

S2O
2−
3 + 4h+ + 6OH− → 2SO2−

3 + 3H2O (15.4)

The determination of the optical, electrochemical and electrochemical optical
characteristicsmakes it possible to locate the CuFe2O4 valence and conduction bands
on the energy diagram with respect to the vacuum and with respect to the saturated
calomel electrode and to predict thus the photocatalytic reactions. The CuFe2O4

conduction band is positioned at amore negative potential than theH2O/H2 level. This
causes a spontaneous evolution of H2 under illumination. The hydrogen evolution is
see in Fig. 15.6.

The quantity of H2 is measured volumetrically and it was identified by gas chro-
matography. A good activity is observed on oxalic acid after 20 min of irradiation
corresponding to 3.4 mmol h−1 g−1 in oxalic acid.

15.4 Conclusion

The photoelectrochemical performance of the pure tetragonal phase of the CuFe2O4

was successfully prepared by the sol-gel method. Their structural and optical prop-
erties point to a direct allowed transition. Under visible illumination, the photocat-
alytic results indicated that the show a much higher activity in oxalic oxide to water
photo-reduction. This can be ascribed to a narrower band gap, a higher electrical
conductivity and amore facile flow of charge due to enhanced (e−/h+) separation
at the catalyst surface. The conduction band is clearly negative as the potential of
H2O/H2 couple allowing unbiased hydrogen liberation. Three holes scavengers in
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KoH medium were studied: Na2S, Na2SO3 and oxalic acid, the best amount to H2

production attains 3.4 mmol h−1 g−1 in oxalic acid under ideal conditions.
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Chapter 16
Prediction of New Hydrogen Storage
Materials: Structural Stability of SrAlH3
from First Principle Calculation

Youcef Bouhadda , Kamel Benyelloul , N. Fenineche ,
and M. Bououdina

Abstract The structural stability of the SrAlH3 has been investigated using the
density-functional theory with the generalized-gradient approximation, pseudo-
potential and plane wave method, for hydrogen storage application. Indeed, we have
predicted structures for hypothetical compounds SrAlH3 by considering 24 different
guess structures possible and have been attained through energy minimization and
force relaxation, for the above guess structures. The most stable arrangement being
the tetragonal PCF3-type (tP40) structure, which contains distorted octahedral. At
higher pressure this phase transform into the orthorhombic GdFeO3-type (oP20) at
31.8 GPa. We have fitted the total energy as function of cell volume using the so-
called universal equation of state andwe have found that SrAlH3 have a bulkmodulus
B equal to 37.11 and 44.88 Gpa for P42/nmc (space group n° 137) and Pnma (space
group 62) respectively. The formation energy, the electronic density of states, charge
density, charge transfer, electron-localization function and Born effective charge are
investigated and discussed.

Keywords Hydrogen storage · Ab initio · SrAlH3

Y. Bouhadda (B) · K. Benyelloul
Unité de Recherche Appliquée en Energies Renouvelables, URAER, Centre de Développment des
énergies Renouvelables, CDER, 47133 Ghardaïa, Algeria
e-mail: bouhadda@yahoo.com

K. Benyelloul
e-mail: benyelloul_kamel@yahoo.fr

N. Fenineche
FR FCLAB, UTBM bât. F, Rue Thierry Mieg, 90010 Belfort Cedex, France

M. Bououdina
Department of Physics, College of Science, University of Bahrain, 32038, Zallaq, Bahrain

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer
Nature Singapore Pte Ltd. 2021
A. Khellaf (ed.), Advances in Renewable Hydrogen and Other Sustainable Energy
Carriers, Springer Proceedings in Energy,
https://doi.org/10.1007/978-981-15-6595-3_16

113

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6595-3_16&domain=pdf
http://orcid.org/0000-0003-1215-6435
http://orcid.org/0000-0002-9915-467X
http://orcid.org/0000-0002-4958-1972
http://orcid.org/0000-0001-8770-7129
mailto:bouhadda@yahoo.com
mailto:benyelloul_kamel@yahoo.fr
https://doi.org/10.1007/978-981-15-6595-3_16


114 Y. Bouhadda et al.

16.1 Introduction

The recent meteorological and ecological reports showed an anomalous climate
change compared to old studies [1]. This can be explained by pollution and the
green house effect due to the progressive consumption of fossil energy especially in
the transport field.

Using clean energy as hydrogen can be a solution of the green house effect and
climate change problem. Indeed, hydrogen can be burned in the presence of oxygen
and produce only energy and water with zero CO2 gas [1]. However, the widespread
of hydrogen as fuel in transportation is penalized by its storage in vehicle. Many
methods are used to hydrogen in vehicle but the solid-state storage is considered as
a promising technique. In fact, numerous materials can store hydrogen in solid state
and can be used under specific conditions (temperature and pressure) in Fuel cell
car. Among them, ABH3 family has been intensively studied due to their attractive
perovskite crystal structure. The perovskite hydrides are of interest for hydrogen
storage and can have cubic, orthorhombic, hexagonal or tetragonal phases depending
on pressure and temperature. The known perovskite hydrides with the ideal Pm3m
structure (cubic) are LiBeH3, SrLiH3, CsCaH3, BaLiH3,KMgH3, andRbCaH3 [2–6].

We have previously studied the electronic, dynamic, thermodynamic and
mechanic properties of both NaMgH3 (orthorhombic) and KMgH3 (cubic) [7–10].
Indeed, we have investigated the optical response and the theoretical optical spectrum
[7] of NaMgH3. However, the study of the thermodynamic functions of NaMgH3

was done for the first time [8] and show that NaMgH3 is dynamically stable.
We have also investigated the mechanical properties of NaMgH3 and we have

found that this compound is mechanically stable at ambient pressure and can be
classified as brittle material [9]. Also, we have found that the calculated linear bulk
moduli are in good agreement with the theoretical value reported in the literature.
We have determined Debye temperature (648 K°) using theoretical elastic constants.
This value is higher compared to that of KMgH3, which reveals that NaMgH3 is
harder than KMgH3. Moreover, we have calculated and presented the dynamical and
thermodynamic properties of KMgH3, such as thermodynamic functions and forma-
tion energywhichwas calculated for different possible reaction pathways [10]. These
results encouraged us to extend our research activity to find and predict unexplored
ABH3 hydrides.

In this work, we investigate and predict the structural stability of unknown SrAlH3

phases. In the best of our knowledge, no experimental or theoretical investigation
has been reported in the literature on SrAlH3 hydride.
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16.2 Computational Methods

In this study, we have used for all electronic structure computations the ABINIT
code [11], which based on plane-waves and pseudopotentials within density func-
tional theory (DFT) [12]. Indeed, an efficient fast Fourier transform algorithm [13] is
employed for the conversion of wave functions between real and reciprocal space. In
addition, we used an adaptation to a fixed potential of the band-by-band conjugate-
gradient method [14] with a potential-based conjugate-gradient algorithm for the
determination of the self-consistent potential [15]. To represent atomic cores we used
the Generalized Gradient Approximation (GGA–PBE) [16] to describe exchange
energy with Fritz–Haber–Institute GGA pseudopotentials [17].

The atoms are progressively relaxed to equilibrium until the Hellmann–Feynman
forces on all atoms were less than 0.005 meV/Å. The electronic wave functions were
extended in plane waves up to a kinetic energy of cut-off 60 hartree. Integrals over
the Brillouin zone were done with similar k-grid densities in all calculations: 6 × 6
× 6 mesh of special k-point. A tolerance in the total energy of 0.01 meV/atom was
chosen for the self-consistency.

16.3 Results and Discussion

In order to determine the crystal structure of SrAlH3 stable phase, we have used
as inputs in the structural optimization calculations, twenty-four potential struc-
ture types. The concerned structure types are (Pearson structure classification nota-
tion in parenthesis): α-CsMgH3 (Pmmm), BaRuO3 (hR45), SrZrO3 (oC40), GdFeO3

[NaCoF3(oP20)], BaTiO3 [RbNiF3 (hP30)], CsCoF3 (hR45), PCF3 (tP40), KCuF3
(tP5), KCaF3 (mP40), NaCuF3 (aP20), SnTlF3 (mC80), KCaF3 (mB40), LiTaO3

(hR30), KCuF3 (oP40), CaCO3 (mP20), KNbO3 (tP5), KNbO3 (oA10), KNbO3

(hR5), LaNiO3 (hR30), CaTiO3 (oC10), FeTiO3 (hR30), KCuF3 (tI20), CaTiO3

[CsHgF3 (cP5)], and KMnF3 (tP20) [18].
We have performed full geometry optimization with both force and stress

minimization, starting with the above chosen structure.
It should be noted that, during the full geometry optimization, some of the initial

structures are physically instable or converted into another structure type. We report
in Table 16.1 and Fig. 16.1 the atomic positions and crystal structure of only the stable
structureswith lowest total energy as drown in Fig. 16.2.Wemust note that the crystal
structure of SrAlH3 is up to now not experimentally or theoretically determined.

Among the considered structures, a PCF3-type (tP40) (P42/nmc space group n°
137) atomic position arrangements (Table 16.1, Fig. 16.1a) occurs at the lowest total
energy (Fig. 16.2).

In this tetragonal structure, SrAlH3 has 40 atoms (Fig. 16.1) and include two
occupation sites of hydrogen (8 g, 16 h) and two occupation sites for Sr (8 g) and Al
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Table 16.1 Optimized equilibrium structural parameters for SrAlH3 predicted structure

Unit cell (Å) Space group Positional parameters

KMnF3 (tP20), P4/mbm a = 6.02298182
b = 6.02298182
c = 8.53803400

127 Sr (4f) 0.0, 0.5, 0.247928
Al (2a) 0.0, 0.0, 0.0
Al (2b) 0.0, 0.0, 0.5
H (4e) 0.0, 0.0, 0.249889
H (4h) 0.22581, 0.27419,
0.5
H (4g) 0.249916,
0.749916, 0.0

GdFeO3 [NaCoF3(oP20)],
Pnma

a = 5.611
b = 7.669
c = 5.349

62 Sr (4c) 0.43716, 1/4,
0.01556
Al (4a) 0, 0, 0
H (8d) 0.1984, 0.0506,
0.3043
H (4c) 0.5328, ¼, 0.6005

KCuF3 (tI20), I4/mcm a = 5.8604
b = 5.8604
c = 7.8528

140 Sr (4a) 0.0, 0.0, 0.25.
Al (4d) 0.0, 0.5, 0.0.
H (8h)0.223, 0.723, 0.0
H (4b) 0.0, 0.5, 0.25

CaTiO3 [CsHgF3 (cP5)], Pm-3
m

a = 3.8 221 Sr (a1) 0,0,0
Al (b1) 0.5,0.5,0.5
H (d3) 1/2,1/2,0

PCF3 (tP40), P42/nmc a = 10.1
c = 6.397

137 Sr (8g) ¼, 0.6025, 0.3029
Al (8g) ¼, 0.0036, 0.0641
H (8g) ¼, 0.5557, 0.8794
H (16h) 0.1452, 0.0804,
0.0649

KCuF3 (tP5), P4/mmm a = 3.923
c = 3.8963

123 Sr(1a) 0,0,0
Al (1d) ½, ½, ½
H(1b) 0,0, ½
H (2f) 0, ½, 0

KNbO3 (tP5) P4mm a = 4.02866548
b = 4.02866548
c = 4.21874013

99 Sr (1b): 0.5, 0.5, 0.505211
Al (1a): 0.0, 0.0, 0.021747
O (2c): 0.0, 0.5, 0.972551
O (1a): 0.0, 0.0, 0.462741

FeTiO3 (hR30) R-3 a = 5.0881
c = 14.091

148 Sr (6c): 0.0, 0.0, 0.35543
Al (6c): 0.0, 0.0, 0.14643
H (18f) 0.3495, 0.03967,
0.08835

(8 g) respectively.However,whenwe employ pressure the stable P42/nmc structure of
SrAlH3 transform into orthorhombic Pnma (space group n° 62) structure at 38 Gpa.

Indeed, in an orthorhombic structure SrAlH3 has 20 atoms (Fig. 16.1) and contains
two occupation sites of hydrogen (4c, 8d) and that Sr (4a) andAl (4c) atoms, surround
both of them. Reliable with the ABX3 perovskite structure, each Sr (A-site) cation is
bounded by 12H anions, while eachAl (B-site) cation is coordinated with 6H anions.
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Fig. 16.1 Predicted crystal structure of SrAlH3: a PCF3 type, P42/nmc, b GdFeO3 type, Pnma,
c KNbO3 type, P4mm; d KCuF3 type, P4/mmm; e KMnF3 type, P4/mbm; f KCuF3 type, I4/mcm;
g FeTiO3 type R-3; h CaTiO3 type, Pm-3 m. Sr, Al and H atoms are shown green (big), blue
(medium) and pink (small) spheres, respectively
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Fig. 16.2 Calculated cell volume versus total energy curves for SrAlH3 in different possible
arrangements (space group number indicated on the figure)

Therefore, eachHanion is bondedwith twoAl and four Sr cations. Therefore, SrAlH3

returns to a distorted perovskite structure similar to the NaMgH3 hydride [7].
We have fitted the total energy as function of cell volume using the so-called

universal equation of state and we have found that SrAlH3 have a bulk modulus B
equal to 37.11 Gpa and 44.88 Gpa for P42/nmc (space group n° 137) and Pnma
(space group 62) respectively.

Finally, wemust note that the other crystal structures are less stable than the above
prototype structures for SrAlH3.

16.4 Conclusion

In this work, we have used density functional calculation to predict the crystal struc-
ture of the unknown phases from the guess-structure approach for SrAlH3 hydride.
Indeed, the ground-state structures have been identified from a full optimization
with both force and stress minimizations. The crystal structure of SrAlH3 has been
predicted to beof thePCF3-type (tP40) (P42/nmc spacegroupn°137) at 0Kandatmo-
spheric pressure. However, at high pressure this phase transforms into orthormbic
Pnma (space group n° 62) structure at 38 Gpa. Using the equation of state, we have
found that SrAlH3 have a bulk modulus B equal to 37.11 Gpa and 44.88 Gpa for
P42/nmc (space group n° 137) and Pnma (space group 62) respectively.
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Chapter 17
CFD Analysis of the Metal Foam
Insertion Effects on SMR Reaction Over
Ni/Al2O3 Catalyst

Ali Cherif , Rachid Nebbali , and Lyes Nasseri

Abstract This work presents a numerical study of hydrogen production via steam
methane reforming (SMR) process in a monolithic reactor. Two parallel coated
catalytic layers of order of micrometers consist of Nickel (Ni) supported on α- Al2O3

and structured in a rectangular channel are used to achieve more methane conver-
sion and high levels of compactness. In order to find the influence of the copper
foam, two configurations were numerically studied and compared. In the first case,
the feed was introduced directly without using the metal foam. While in the second
configuration, the reactor was fitted with copper foam. Indeed, SMR reaction is a
high endothermic process requiring a great energy to achieve the activation condi-
tion. Although the Ni catalyst reduces this energy, it is recommended to increase the
thermal efficiency improvement, thus the methane conversion, the hydrogen yield,
and as a result pollution effects are minimized. It has been shown that using copper
metal foam promotes the heat conduction, which is very small in gas phases. In
addition, it has been found that the use of the copper foam enhances the hydrogen
yield by 6.42%, and the catalyst length can be reduced by 9.67% while maintaining
the same results. Therefore, the metal foam can positively impact the SMR reaction
and reduces the process costs.

Keywords Catalyst · Reforming · Porous media

17.1 Introduction

Hydrogen is considered as a promising substitute of hydrocarbons. It uses as an
energy source without producing any pollution. Even though it is the most abun-
dant element in the universe, there is no process for mining it in primary form.
Therefore, industrial processes have been developed for hydrogen production from

A. Cherif (B) · R. Nebbali · L. Nasseri
Laboratory of Multiphase Flow and Porous Media ‘LTPMP’, Faculty of Mechanical Engineering
and Process Engineering, University of Sciences and Technologies Houari Boumediene, Algiers,
Algeria
e-mail: ali.cherif@usthb.dz

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer
Nature Singapore Pte Ltd. 2021
A. Khellaf (ed.), Advances in Renewable Hydrogen and Other Sustainable Energy
Carriers, Springer Proceedings in Energy,
https://doi.org/10.1007/978-981-15-6595-3_17

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6595-3_17&domain=pdf
http://orcid.org/0000-0001-8376-2593
http://orcid.org/0000-0001-7085-6363
http://orcid.org/0000-0001-5239-9197
mailto:ali.cherif@usthb.dz
https://doi.org/10.1007/978-981-15-6595-3_17


122 A. Cherif et al.

natural gas such as Partial Oxidation of methane (POX) [1], Autothermal methane
reforming (ATR) and methane steam reforming (SMR). The later developed in 1920
[1] became the principal method for the syngas production. Almost 50% of the
hydrogen produced in the worldwide is obtained through this process [2].

In this work we studied the production of hydrogen via SMR process which
consists mainly in a catalytic reaction of SMR, followed by WGS reaction.

As shown in Eq. (17.1), the SMR is proportionally a strong endothermic reaction.
Thus, a high temperature range (980–1373 K) is required to activate it. The use
of catalysts reduces significantly the amount of energy needed. There are different
transient materials that can be used as catalysts in (SMR). One can cite the Platinum
(Pt), Ruthenium (Ru), palladium (Pb) and the Nickel (Ni). The last one is the most
used due to its low cost compared to the other named active elements [3].

Different methods are mainly used to use the catalyst in a reactor. The fluidized
bed, which doesn’t require a support to introduce it into operation [4], because it
can be occurred within fluid flow. Another method widely used in the industry is the
packed bed reactor which is more efficient in small-scale reactors, proportionally,
the increasing of reactor section reduces the conversion of methane [5]. The coated
bed reactor is the most common process in SMR activation, for its simplicity to
put on the support and its efficiency compared to other deposition methods [6].
Reaction rate is an intrinsic parameter that links the energy and species governing
equations and describes the reactive process evolvement. There are three different
approaches to determine the reaction rate expression. The first one is the general
model Langmuir-Hinshelwood kinetics [7], the first-order reaction with respect to
methane is the fastest way in the numerical simulations and the power-law expression
which is derived using data fitting results [8]. The latter methodology depends highly
on the catalyst, reactor and boundary condition parameters. However, it has a high
consistencewith the experimental results and can be adjusted using a pre-exponential
factor [9]. In our previous work, we achieved a decrement of temperature of 45%
for the autothermal reformer compared by changing the arrangement of the catalyst
compared to the traditional autothermal reactor [10].

In this work, we analyzed the influence of the metal foam (MF) insertion on the
distribution of the species along the reactor, the methane conversion and the temper-
ature field. The copper foam has a high thermal conductivity which can affect the
thermal behaviors of the process as well as the improvement of the reactor compact-
ness. Aiming to study the SMR reaction, two configurations have been established
numerically. In the first configuration the inlet component occurs directly over the
reactor. While, in the second configuration, the MF is inserted.

17.2 Numerical Modeling

SMR is the only considered reaction in this work due to its high activity compared to
WGS reaction and the other involved reactions. The SMR reaction over a rectangular
channel of 14 cm length and 0.2 cm height was integrated in a numerical model. The
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Fig. 17.1 SMR reformer schema, a without MF, b with MF

Ni/Al2O3 wash-coated catalyst is used to enhance the reaction activity with a length
of 12 cm and a height of 0.01 cm. Figure 17.1 shows schematically the studied
process in this paper.

The heat transfer process and the flow field inside the reformer is described by
continuity, momentum, energy and spices governing equations. Consequently, the
transport equations of the averaged physical properties for laminar flows, were used.
Thegoverning equations for the calculation setupwere the continuity, themomentum,
the energy conservation and the species equation. The governing equations are as
follows:

Continuity : ∂ρeu

∂x
+ ∂ρev

∂y
= 0 (17.1)
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Table 17.1 Thermophysical properties of the MF

Porosity Pore per inch Cf (J kg−1 K−1) Kp (m2) Cp,s Density Heat
conductivity

0.935 33 0.00643 1969 × 10−8 385 8500 400

In the above equations, effective thermophysical properties are used for taking into
account of the presence of the solid andgases phases.Whereρe, λe,Cp,e and Di,e are
the effective density, thermal conductivity, heat capacity and diffusivity, respectively.

These equations were used for building a code basing on the FORTRAN
programming language.

For the case of metal foam insertion, the Darcy-Brinkman-Forchheimer approach
is used [11]. Adopting the effective properties of gases and the thermophysical prop-
erties displayed in Table 17.1. For the case of the metal foam insertion, the equa-
tions are adopted by adding the source terms, and considering the averaged mixture
features.

Boundary Layer

Inlet : u = 0.45 ms−1; T = 800 ◦C; v = wco = wh2 = 0,S/C = 3 (17.6)

Outlet : ∂u

∂x
= ∂T

∂x
= ∂w

∂x
0 (17.7)

Top andBottom adiabatic wall : u = v = 0,
∂wi

∂y
= 0 (17.8)

Top andBottomwash coatedwalls : u = 0, v = 0 (17.9)
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ρDi
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17.3 Results and Discussions

The average temperature profile is illustrated in Fig. 17.2. The temperature decreases
along the reactor length with following the same behavior of reactants evolution.
In fact, the temperature has a strength impact on the reaction activation, so that,
the depletion of reactant decreases with the same trend of the temperature. The MF
insertion decreases the temperature compared to the case where theMF is not applied
by 24.58 °C. This due to the more consumed heat by the reaction because the better
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Fig. 17.2 Temperature evolvement over the SMR reactor

heat transfer conductivity of the mixture which is so low in the gas phases. The
temperature decay gives more stability for the process and enlarge the choice of used
materials in manufacturing the SMR reactor. Figure 17.3 shows the improvement
of methane conversion when using the MF as a function of the reactor length. The

Fig. 17.3 Methane average mass concentration profile as a function of reactor length
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Fig. 17.4 Hydrogen average mass concentration profile as a function of reactor length

methane conversion is an important parameter to evaluate the reactor performances.
In the case of using the metal foam, the methane conversion is improved by 5.3%.
The metal foam give more time to the process to react inside the reformer.

The hydrogen generation mass fraction over the reactor is displayed on Fig. 17.4.
The produced hydrogen is enhanced by 6.42% when inserting the MF. On the other
hand, the reactor can be reduced by 9.67% when MF is used with conserving the
same efficiency in the case where the MF is not inserted. So that, the catalyst amount
is reduced and the cost is decreased. The MF can give the mixture more embar-
rassing characteristic. Therefore, it can be expected to be more efficient and has
more performances

17.4 Conclusion

In this study, SMR was investigated by using a two-dimensional numerical model
under steady state conditions. Two catalyst beds take place in opposite position,
based on Ni/Al2O3 for the SMR reaction in a rectangular channel. The results shown
that the performance of the catalytic bed reforming reactor in terms of the methane
conversion can be improved when inserting metal foam, making the reactor more
efficient, and give it a high level of intensification.
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Chapter 18
Photocatalytic Evolution of Hydrogen
on CuFe2O4

H. Lahmar , M. Benamira , L. Messaadia, K. Telmani, A. Bouhala,
and Mohamed Trari

Abstract We investigated the technical feasibility of photochemical hydrogen
release based on CuFe2O4 powder dispersion in an aqueous electrolyte containing
a reducing agent (S2O3

−2). The oxide combines an average resistance to corrosion
and anoptimum inter-referred bandEgof 1.67 eV.The intercalation of a small amount
of oxygen should be accompanied by partial oxidation of Cu+ to Cu2+ involving a
p-type semi-conductivity. The oxidation S2− inhibits the photo-corrosion, and the
evolution of H2 increases in parallel with the formation of polysulfides. Most of H2

is produced when p-CuFe2O4 is connected to n-ZnO formed in situ. The release of
H2 is mainly on CuFe2O4, whereas, the oxidation of S2− takes place on the surface of
ZnO and the hetero-system CuFe2O4/ZnO is optimized with respect to certain phys-
ical parameters. The photoelectrochemical production of H2 is a multi-step process
whose decisive step is the arrival of electrons at the interface due to their lowmobility.
Remarkable performance with a rate of 6.74 (μmol g−1 min−1) cm3 h−1 hydrogen
evolution in 0.1 M S2O3

−2 (pH 13) is recorded.
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18.1 Introduction

Conversion of solar energy through solar cells and electrochemical converters seems
very promising in the future because of the energy crisis observed [1]. The photo-
catalytic process of our research program aims to study the photo-dissociation of
water by the illumination of a suspension of semiconductor oxides (SC). Photocatal-
ysis is booming due to its many applications in the environmental and energy field
[2–6]. The development of stable and active photocatalysts under solar irradiation
is a major challenge. Much work has been done on this topic in depth over the past
two decades because of the considerable interest in the development of low-cost
SCs [7–10]. Hydrogen gas is an important chemical that can replace fossil fuel, its
production from raw materials such as water has been studied [11–13]. In addition,
hydrogen does not cause pollution during combustion; it is renewable and has signif-
icant energy capacities [14]. One strategy is to use heterojunctions to improve the
high gap efficiency of the SC bands and to shift the spectral photo-response to longer
wavelengths. Therefore, the potential level of the H2O/H2 redox couple is −0.35 V
which can be appropriately positioned relative to CB and hydrogen evolves. Thus, the
interest seems to come back to the photo-electrolysis of water, which remains one of
the most promising ways to ensure energy storage under mild operating conditions.
Energetic photon absorption by a p-type semiconductor (SC) generates electrons/hole
(e−/h+), the electronsmigrate to the interface to reduce thewater to gaseous hydrogen
as the holes enter the mass to react with the electron donor [15]. Our study proceeds
on the reduction of water combined with the oxidation of S2O3

−2 as a hole sensor
by increasing the charge separation in the spatial charge region. CuFe2O4 should be
a good sensitizer since its conduction band is positioned at a more negative potential
than most oxides. This prediction found experimental support; the CuFe2O4/ZnO
hetero-system will be very favorable compared to CuFe2O4.

18.2 Experimental

18.2.1 Preparation of the Photocatalyst

Stoichiometric amounts of Cu(NO3)2 hydrate (Merck, 99%) and Fe(NO3)3, 9H2O
(Fluka > 99%) are dissolved in water, excess nitrates are decomposed at 300 °C under
hot plate with magnetic stirring. The amorphous powder is homogenized in an agate
mortar and then calcined at 850 °C. ZnO was prepared as reported in our previous
work [16] by dissolving Zn(NO3)2 · 6H2O (Merck, 99.5%) in water, the solution was
dehydrated and denitrified at 300 °C. The powder was heat-treated at 500 °C, and
the oxide shows a pale yellowish color.
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18.2.2 Characterization Methods

The X-ray powder diffraction (XRD) patterns have been collected at room temper-
ature, with Cu Kα monochromatic radiation (λ = 1.54056 Å) of a D8 Advance
Bruker diffractometer. The electrical conductivity (σ) was measured with the two-
probe technique over the temperature range (300–473 K). The sample (1 cm2) was
prepared using uniaxial pressure of 3 MPa and sintered at 850 °C for 2 h. Then, it
was introduced into resin epoxy and polished with SIC paper (1200), only one side
is in contact with the solution. The electrical contact was achieved by the painted
silver lacquer. The diffuse reflectance spectrum was plotted using a UV-VIS spec-
trophotometer (Specord 200 Plus). Electrochemical measurements were carried out
at room temperature in a standard cell containing (Na2SO4, 0.1 M) solution. The
capacitance measurements plots were realized at 10 kHz.

The experiment tests of H2 production by photocatalysis were carried out at 50 °C
according to our previous works [13]; above, the water loss by vaporization predom-
inates. Briefly, the photocatalyst powder (100 mg) was introduced in a Pyrex reactor
equipped with a cooling system. The powder was dispersed in 200 mL of Na2S2O3

solution and kept under stirring. Before each test, O2 was purged by passing N2 for
30 min. The tungsten lamp (200 W) with a total intensity of 29 mW cm−2 was used
as a light source. Hydrogen gas was identified by gas chromatography using Clarus®

680 GC PerkinElmer Gas Chromatograph and the volume of H2 was quantified in
a water manometer. The photocatalyst was tested at pH = 7 and 13 by the mixture
of CuFe2O4 and ZnO in a mass ratio (1:1); KOH was used to control the pH of the
solution.

18.3 Results and Discussion

18.3.1 Characterization of Material

The XRD diagram of the CuFe2O4 oxide precipitate (Fig. 18.1a) indicates that the
powder is mainly composed of spinel structure (tetragonal, JCPDS card No 34-425).

The Munk-Kubelka equation is used to determinate the optical gap (Eg)
graphically:

F(R∞) = (1 − R∞)2/2R∞ (18.1)

The diffuse reflectance R∞ = (I/Io)dif (Fig. 18.1b) is obtained from the converted
UV-visible absorption spectrum. Eg was determined by extrapolation of the linear
part of the curve, (αhν)2 as a function of energy, for hν = 0 and the transition is
directly permitted (Insert, Fig. 18.1b).

Knowledge of the potential of the flat band (Vfb, Fig. 18.2) is essential for
predicting photocatalytic reactions. It is determined accurately from the capacitance
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Fig. 18.1 a X-ray diffraction on CuFe2O4 powder; b Diffuse reflectance of CuFe2O4 insert direct
optical transition

Fig. 18.2 Mott-Schottky
plots collected for CuFe2O4
using 0.5 M Na2SO4
electrolyte
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measurements. The capacity of the exhaustion width dominates the overall capacity
and obeys the Mott-Schottky relationship:

C−2 = 2/εεoNA{V − Vfb − kT/e} (18.2)

Csc Space charge layer capacity (RCS, F/m2)
ε Dielectric constant of the semiconductor, CuFe2O4 at 293 K
εo Permittivity of the vacuum (8.84 × 10−12 F m−1)
e The charge of the electron.
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Fig. 18.3 a Energy band diagram of the hetero-system CuFe2O4/ ZnO/ electrolyte. b Volume of
H2 evolved as a function of lighting time

18.3.2 Photocatalytic Activity

The optical gap of CuFe2O4 is available in the literature; clearly, the H2 does not
occur in the dark. However, the fact that hydrogen evolves under illumination indi-
cates that the crystallite is biased at the negative potential (Vfb) and the conduction
band is cathodically positioned relative to the H2O/H2 level. This should lead to
a deviation, for example, at least 1.5 eV, which is an acceptable value given the
black color of our oxide. In these working conditions, the diagram of the energy
band can predict thermodynamically if the evolution of the H2 realizable or not. The
PEC characterization allows the establishment of our heterojunction energy band
diagram (Fig. 18.3a). A sensitizer functions as an electron pump and must have its
lowest unoccupied energy level above ZnO–CB and CuFe2O4 fulfills this condition.
This property was exploited at pH 7 and 13. CuFe2O4–CB is under ZnO–CB itself
less cathodic than the H2O/H2 potential (Ered). The CB potential is below the poten-
tial of HER and this should lead to a spontaneous evolution of H2 even in electrolyte
base.When the visible light excites CuFe2O4, this results in the injection of electrons
into ZnO–CB, which subsequently releases hydrogen in the following processes:

CuFe2O4 + hv → CuFe2O4
(
h+
VB + e−

CB

)
(18.3)

2e−(CuFe2O4 − CB) + ZnO → CuFe2O4 + 2e− + (ZnO − CB) (18.4)

2H2O + 2e−(ZnO − CB) → H2 + 2OH− + ZnO (18.5)

S2O
−2
3 + 4h+ + 6OH− → 2SO−2

3 + 3H2O (18.6)
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Table 18.1 Heterojunctions
photocatalysts reported in the
literature for hydrogen
evolution

Type of hetero system Production of hydrogen
(μmol g−1 min−1)

References

CuFe2O4/ZnO 6.74 Our results

Pr2NiO4/SnO2 24.3 [13]

CuFe2O4/TiO2 15.0 [17]

ZnFe2O4/SrTiO3 09.2 [18]

Bi2S3/TiO2 02.9 [19]

CuFeO2/SnO2 02.6 [20]

These semi-electrochemical reactions occur simultaneously on the system
(CuFe2O4/ZnO), which behaves like a micro PEC compartmentalized space-
temperature diode of nanometric dimension. The evolution of H2 proceeds in a non-
homogeneousway; it can affect both the typeof reaction and the rate of charge transfer
on the interface. HER works mainly on ZnO while the oxidation of S2O3

−2 occurs
on CuFe2O4. The photoactivity is improved by close contact between CuFe2O4 and
ZnO, which are coupled in a short-circuit configuration (Fig. 18.3b). The potential
of the inter-grain barrier is collapsed, and electrons are channeled to ZnO sites where
H2 overvoltage is relatively low.

The good performance is attributed to the charge separation (e−/h+) in comparison
with CuFe2O4 alone. The increased activity is also attributed to S2O3

−2, which
enhances the charge separation and protects CuFe2O4 against photocorrosion. The
H2 evolution takes place mainly at the surface of ZnO, while S2O3

−2 oxidation
occurs over CuFe2O4. The n quantum efficiency (η) is calculated from the following
equation:

η(%) = 2 V N 100

10−6�t
(18.7)

where V (μmol) is the volume of hydrogen, N the Avogadro number, � the photon
flux (2.1 × 1019 photons s−1) and t(s) the time; factor 2 is involved because HER
is two electron-process. A quantum efficiency (η) of 0.37% and production rate
of 6.74 μmol g−1 min−1 are obtained under polychromatic light. The following
Table 18.1 gives the hydrogen production values reported in the literature.

18.4 Conclusion

Hydrogen photoproduction was performed on a new hetero-system CuFe2O4/ZnO.
The photocurrent indicates a p-type conductivity of the CuFe2O4 oxide which has
been prepared by nitrate route. In solution, the oxide is photoelectrochemically stabi-
lized by holes captured via the reducing species. The position of the conduction band
predicts a spontaneous evolution ofH2 under visible light. This PECprocess is limited
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by the low mobility of the carriers and an improvement in hydrogen evolution has
been reported by the addition of ZnO to facilitate the electron transfer of the CuFe2O4

sensitizer to ZnO–CB. The decrease in the photoactivity was due to the competitive
reduction of the final product. The release rate of 6.74 (μmol g−1 min−1) obtained
is remarkable compared by other papers.
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Chapter 19
CFD Study of ATR Reaction Over Dual
Pt–Ni Catalytic Bed

Ali Cherif , Rachid Nebbali , and Lyes Nasseri

Abstract In this paper, a numerical study has been conducted for analyzing the
autothermal steammethane reforming reactor activated with a dual-bed catalyst (Pt–
Ni). The fluid passes through two successive beds in which the first one is devoted
for the oxidation reaction and consists of platinum (Pt) catalyst based on the Al2O3

support, while the reforming reaction was activated with the following bed that
consists of nickel (Ni) catalyst based on the Al2O3 support. This configuration was
validated, evaluated and the evolution of the different species are illustrated along
the reactor length. The reactor was considered as a high thermally performed and
well intensified process because the thermal source supplies directly the reforming
reaction compared to the externally heated steammethane reforming.The results have
shown good hydrogen yield with a generated hydrogen molar fraction of 22.16% as
well as the reported conventional autothermal reformer (Wang et al. in Fuel Process
Technol 91:723–728, 2010 [1]). Moreover, this dual-bed configuration shows more
smoothly temperature profile, and less temperature gradient which can enhance the
reactor stability. On the other hand, the temperature peak was about 1438.17 °C
which is nearly the same in the conventional reformer (Wang et al. in Fuel Process
Technol 91:723–728, 2010 [1]).

Keywords Catalytic combustion · Catalyst · Porous media

19.1 Introduction

The hydrogen is expected to have extensive applications as an energetic vector in
future energy strategies. It can be used to supply fuel cells and for ammonia produc-
tion [1].Moreover, the increase of theworld energy demand and the different environ-
mental issues caused by fossil sources accentuate the demand in clean and renewable
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energies. Hydrogen can be obtained commonly from hydrocarbons. However, it can
be produced often via water electrolysis with high purity rate [2]. Since the twenties
of the last century, steam methane reforming (SMR) became the central process for
hydrogen productionwith an efficiency of 65–67%with a simple design. Even though
the high performances of SMR process, it needs an external heat source with a high
temperature due to the high endothermic reaction [3]. The autothermal reforming
(ATR) process in which the heat source and sink are simultaneously occurred in
the reactor can override this issue with a high thermal efficiency and intensified
reformers. However, the methane conversion is low compared to SMR process with
50% and the temperature evolves with sharp variation. Therefore, much research has
been reported aiming to enhance the hydrogen yield of the ATR reactors. Mundhwa
and Thurgood [4] studied numerically the SMR reaction coupled thermally with
catalytic methane combustion separated by a highly conductive wall for hydrogen
production, they found that interspacing the wash-coated catalyst can enhance the
methane conversion and avoid the hot and cold spot with decreasing the highest
temperature by 33%. The involved catalysts deposition method has high effects on
the process. Ismagilov et al. [5] studied experimentally the co-impregnation and the
sequential impregnation on ATR methane reactors. The results showed a more influ-
ence of catalyst preparation than at low temperature than at higher temperatures.
In another study, the authors investigated the addition of a few amount of different
precious metals on the Ni (nickel) catalyst activation, the hydrogen generation was
promoted as the following order: Pt < Sn < Mo < Re < Pd [6]. A numerical study of
conventional ATR and catalytic ATR was conducted by Patcharavorachot et al. [7]
They showed that conventional configuration reach a hot spot with less temperature
and long distance. While, the hot spot disappears when the catalytic ATR config-
uration was applied with higher temperature achievement 1418 °C. However, an
abrupt variation of temperature was observed. Ayabe et al. investigated the activity
sequence of the SMR catalyst over an ATR reactor, the results showed that Rh has the
higher activity compared to other precious metals. Moreover, Ni metal can achieve
better activity than Rh if more than 5 times of additional weight was used [8]. A new
configuration has been designed in our previous paper decreasing the temperature by
45% [9]. In this work, a numerical study was conducted to analyze an adiabatic ATR
reactor. In which, the methane combustion (MC) and SMR reactions occur simul-
taneously in a cylindrical channel aiming to obtain intensified reactor. The reactor’s
activated area split to two parts, the combustion catalyst takes place at the beginning
of the reactor and followed byNi catalyst for SMR reaction abbreviated as successive
dual-bed (SDB).

19.2 Physical Model

The adiabatic ATR reactor configurations studied in this work are illustrated in
Fig. 19.1. The cylindrical channel is 1.2 m long and with a 4 cm diameter. In the both
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Fig. 19.1 Scheme of the
SDB reactor CH4, O2,

H2O

CH4, O2,

H2,
CO,CO

Dual-bed (Pt-Ni/Al2O3)

cases, the catalyst bed is filled with 20% of Pt/Al2O3, while the Ni/Al2O3 catalyst
comprises the 80% of the active zone which covers 1 m of the reactor length.

19.3 Mathematical Model

An integrated adiabatic ATRwas conductedwith a two-dimensional modeling to find
the flow parameters of the gaseous fluids inside the reformer. The flow was assumed
to be laminar, steady and occurring in the same direction. For the porous media the
governing equations derived by the volume-averaging method [10]. The values of
the adopted physical method were locally averaged for a representative elementary
volume [6], Fig. 19.1 shows the geometry of the internal reformer schematically.
The flow field and the heat transfer process inside the porous reformer was described
by continuity, momentum, energy and species transfer equations. Consequently, the
following transport equations of the averaged physical properties for a laminar flow
are applied with considering the Darcy-Brinkman-Forchheimer effects [10]. The
finite volume method was adopted to solve numerically the governing equations of
continuity, momentum, energy and species. The governing equations are as follows:

Continuity:
∂ρeu

∂x
+ ∂ρev

∂y
= 0 (19.1)
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In the above equations, effective thermophysical properties are used for taking into
account of the presence of the solid and gases phases.Where ρe, λe,Cp,e and Di,e are
the effective density, thermal conductivity, heat capacity and diffusivity, respectively.

These equations were used for building a code basing on the FORTRAN
programming language.

Boundary Layer
The non-slip, impermeable wall and the other boundary conditions are illustrated
below:

Inlet:

uz = 1ms−1; T = 600 ◦C (19.6)

ur = nco = nh2 = 0 (19.7)

S/C = 1.4 (Steam to Carbon molar ratio) (19.8)

O/C = 0.6 (Oxygen to Carbon molar ratio) (19.9)

Outlet:

∂uz

∂r
= ∂ur

∂r
= ∂T

∂r
= ∂ni

∂r
= 0 (19.10)

Adiabatic Wall:

u = v = 0,
∂ni
∂z

= ∂T

∂r
= 0 (19.11)

19.4 Results and Discussions

For the evaluation and evolvement of the two conducted configurations along the
reactor, the temperature and concentrations sketches are illustrated and discussed.
Figure 19.2 shows the validation of the SMR reaction used in this study with the
work of Zhang et al. [11].

The average temperature profile for the SDB reactor is illustrated in Fig. 19.3.
The temperature increases sharply at the inlet of the reactor reaching its highest
value about of 1465 °C due to the exponential evolvement of the exothermal and
complete MC reaction when SDB configuration is applied. This temperature is
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Fig. 19.2 Validation of used SMR kinetics over Ni catalyst experimental results of Zhang et al.
[11]; methane conversion as function of temperature a (P = 2 MPa), and pressure b (T = 900 °C)

Fig. 19.3 Average temperature profiles in terms of the reactor length
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reduced beginning from the leading edge of the Ni until the SMR reaction reaches
the equilibrium.

Figure 19.4a, b show the evolvement of methane conversion and hydrogen yield
as a function of the reactor length, respectively. The methane conversion is about
60.50%. On the other hand, hydrogen yield achieves 20.21%.

Fig. 19.4 a Methane conversion and b hydrogen yield
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19.5 Conclusion

In this work, an investigation of dual-bed catalytic reactor consists of Pt–Ni cata-
lysts is conducted. This type of reactors can afford more decentralization and inten-
sification of the process. However, the found highest temperature is higher than
the maximum temperature in traditional SMR reactors. The results showed that the
maximum temperature is 1465 °C. While, the hydrogen yield achieved 20%. a hot
spot takes place at the trailing edge of the Pt catalyst area.
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Chapter 20
Optimization of the Ni/Al2O3
and Pt/Al2O3 Catalysts Load
in Autothermal Steam Methane
Reforming

Ali Cherif , Rachid Nebbali , and Lyes Nasseri

Abstract In this paper we analyzed an autothermal reformer for the hydrogen
production frommethane and vapor. The endothermic reforming reaction was heated
with the exothermic reaction ofmethane combustion inside a rectangular reactor. The
reforming reaction was activated with nickel (Ni) catalyst layer that coated on one
wall of the reactor, while the second wall was coated with platinum (Pt) catalyst
in order to activate the combustion reaction. The quantity of the catalysts used for
each reaction has an important effect on the process. A low quantity of the cata-
lysts can decrease the hydrogen yield, on the other hand, additional quantity can
increase reactor conception costs. So that, the optimization of the process to find
out an adequate quantity of catalysts is required to improve the process [1]. The Ni
catalyst thickness was varied from 1 × 10−4 m to 4 × 10−4 m while the variation of
the Pt catalyst was between 5 × 10−6 m and 4 × 10−5 m. The results showed that
the hydrogen yield achieved an optimum value of 36.295% was obtained when the
catalyst was operated under a catalyst thickness of 2 × 10−4 m for the Ni catalyst,
while, the thickness of the Pt catalyst was of 2× 10−5 m. the maximum temperature.

Keywords Catalytic combustion · Steam methane reforming · CFD

20.1 Introduction

The environmental problems combined with the depletion of fossil fuels accen-
tuate the demand for alternative energies that preserve the environment. Hydrogen is
considered as an interesting solution in more than one way [1] which can gradually
cover the fossil fuels that provide energy demand from the eighteenth century to
the present, providing over 80% of global energy, followed by coal by (29%), while
natural gas by (21%) [2]. Hydrogen is not available in the natural state. So that it must
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be produced by the separation of chemical elements of which the hydrogen atom is
a component and by the mobilization of a source of energy. The 96% of H2 produc-
tion technologies are based on non-renewable sources, the most used process is the
natural gas (48%) and oil (30%) reforming, followed by coal gasification (18%).
Only 4% of the hydrogen produced is obtained by electrolysis of water [3]. A widely
used method for producing hydrogen from natural gas is to use methane and water
vapor. The steam reforming of methane [4] is the reaction that converts water vapor
and methane to hydrogen and carbon monoxide in the form shown by Eq. (20.1).
Associated by a gas-to-water (WGS) conversion reaction shown by Eq. (20.2)

CH4 + H2O�CO + 3H2 (�H0 = 206 kJ/mol) (20.1)

O2 + H2O�CO2 + H2 (�H0 = −41 kJ/mol) (20.2)

Since 1920, the steam methane reforming has proved to be an attractive means
for the production of hydrogen [5, 6]. It covers nearly half of the hydrogen produced
worldwide with an efficiency ranging from 65 to 75% [7]. However, the steam
methane reforming is a highly endothermic reaction process where the standard
formation enthalpy is 206 kJ/mol as indicated in Eq. (20.1). It needs a sustained
supply of heat for activation at a temperature between (700 and 1100 °C). The use
of catalysts reduces the amount of energy required as well as the operating tempera-
ture of between 200 and 900 °C. Different transient metals can be used as catalysts
in the steam methane reforming, the more common used metals are the ruthenium
(Ru), palladium (Pb), rhodium (Rh), radium (Rd), nickel (Ni) and platinum (Pt). In
our previous research, an achievement of 45% of temperature reduction [8] for the
autothermal reformers which can enlarge the used materials and extend the lifetime
of the reactor. In this study, the influence of the variation in catalytic loading by
changing the size of the two catalysts of an autothermal steam methane reformer
was investigated, once the nickel catalyst thickness was determined and changing
the size of the platinum catalyst. On the other way by varying the thickness of the
platinum catalyst and fixing the size of the nickel catalyst.

20.2 Physical Model

The two-dimensional diagram of the studied configuration of autothermal methane
steam reforming is shown in Fig. 20.1. The gaseous mixture passes through an area
where the two parallel walls are coated in one side with a platinum catalyst (Pt)
on alumina support (Al2O3) to activate the reaction of methane combustion. On the
other side, the wall is coated with nickel (Ni) as a catalyst on an alumina support
(Al2O3) to ensure the methane steam reforming reaction.
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Fig. 20.1 Reactor scheme

20.3 Mathematical Model

An integrated adiabatic ATRwas conductedwith a two-dimensional modeling to find
the flow parameters of the gaseous fluids inside the reformer. The flow was assumed
to be laminar, steady and occurring in the same direction. For the porous media the
governing equations derived by the volume-averaging method [9]. The values of
the adopted physical method were locally averaged for a representative elementary
volume, Fig. 20.1 shows the geometry of the internal reformer schematically. The
flow field and the heat transfer process inside the porous reformer was described
by continuity, momentum, energy and species transfer equations. Consequently,
the following transport equations of the averaged physical properties for a laminar
flow are applied with considering the Darcy-Brinkman-Forchheimer effects [9]. The
finite volume method was adopted to solve numerically the governing equations of
continuity, momentum, energy and species.

Boundary Layer
The non-slip, impermeable wall and the other boundary conditions are illustrated
below:
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Inlet:

uz = 1ms−1; T = 600 ◦C (20.3)

ur = nco = nh2 = 0 (20.4)

S/C = 1.4 (Steam to Carbon molar ratio) (20.5)

O/C = 0.6 (Oxygen to Carbon molar ratio) (20.6)

Outlet:

∂uz

∂r
= ∂ur

∂r
= ∂T

∂r
= ∂ni

∂r
= 0 (20.7)

Adiabatic wall:

u = v = 0,
∂ni
∂z

= ∂T

∂r
= 0 (20.8)

20.4 Results and Discussion

Although the effect of the catalyst is positive of a general point of viewbecause of their
influence on the chemical mechanism which leads to a minimal activation energy.
However, a quantity of the additional catalyst does not always imply an increase in
the hydrogen yield of steam methane reforming system. This fact has been reported
by Bravo et al. [10] who compared between the use of the coated catalyst and the
fixed bed catalyst, their results demonstrated that the methane conversion for several
cases studied is more important for the case of the catalyst coated with hydrogen
produced better purity.

In Figs. 20.2 and 20.3, the impact of the variation of the catalytic charge in the
reactor is illustrated for the case of a catalytic parallel arrangement. The effect of
changing the size of the two catalysts on the hydrogen yield is shown in Fig. 20.2.
On the other side, Fig. 20.3 shows the effect on the maximum temperature. It is
noted that the operation of the reactor at low catalytic loads of Ni and Pt leads to a
less efficient reactor regarding the production of hydrogen. This is attributed to an
insufficient amount for the activation of both reactions. It is clear that the increase
in the catalytic load of Pt catalyst increases the temperature because of the favoring
of the reaction of methane combustion. This change in temperature is reversed for



20 Optimization of the Ni/Al2O3 and Pt/Al2O3 Catalysts Load … 149

Fig. 20.2 Hydrogen yield as a function of the reactor length

Fig. 20.3 Maximum temperature as a function of the reactor length
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the cases where the catalytic load of Ni increases where the reaction of the methane
vapor reformer is preferred.

20.5 Conclusion

The catalyst load has a direct impact on the reaction efficiency and the param-
eter evolvement. Although the increase of the Ni catalyst can enhance directly the
hydrogen production, an exceeded amount of the same catalyst can reduce the reac-
tion efficiency. So that, an optimum value of the Ni catalyst load can be determined
for each studied case. On the other hand, the Pt catalyst load increment can increase
the hydrogen yield linearly for the high amount of Pt catalyst except the case of very
low amount of Ni catalyst.
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Chapter 21
Proton Exchange Membrane Fuel Cell
Modules for Ship Applications

S. Tamalouzt , N. Benyahia , and A. Bousbaine

Abstract In this article, we proposed a more reliable architecture composed of five
fuel cell modules (FC), a storage system composed of battery and supercapacitor
was also proposed to support the operation of the fuel cell. The main objective of
this work is to study the feasibility of using the global system for small marine
applications. In this paper, the global system was modeled and then simulated using
Matlab/Simulink. The fuel cell is used as the main power source; each fuel cell is
connected with a DC bus via a DC–DC boost converter. The Energy Storage System
(HESS) is controlled as a fast-bidirectional auxiliary power source, it contains a
battery and supercapacitors and each source is connected to the DC bus via a bidi-
rectional buck-boost DC–DC converter (BBDCC). In order to optimize the HESS,
the supercapacitors and the batteries are designed to allow high-efficiency opera-
tion and minimal weight. The entire system’s energy management algorithm (PMA)
is developed to satisfy the energy demand of the boat. Finally, simulation tests are
presented inMatlab/Simulink and discussed, where the effectiveness of the proposed
system with its control is confirmed.

Keywords Hybrid storage system · Fuel cell system · Ship system

21.1 Introduction

Fuel cells (FCs) are a promising technology, used for electric power generation for
autonomous systems especially, in marine transportations (MTs) [1, 2]. The modular
design of the FCs enables flexibility in the arrangement of the plant components and
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could lead to a more cost-effective and optimized layout of basic ship structures [1].
Also, because of their high efficiency and no emission, their uses for MTs tend to
multiply in recent years [1, 3]. However, some disadvantages considered as being
inherent shortcomings exist in FCs operations; A slow response in their operations
and a low terminal voltage. In addition, no overload capabilities and no acceptance of
reverse current. Furthermore, the effectiveness of the fuel cell decreases as the ripples
in the output current increase [3–5]. In order to remedy these problems and achieve
the normal operating conditions of FC, an ESS with its power conversion systems
must be associated in the process. However, a high-power density is necessary in
order to make face rapid power changes and to ensure the power supply autonomy of
the system. This is why it is necessary to use HESSs [1, 6, 7]. In the present paper, the
Bts and the Scs are used as being a HESS, everyone in it is associated with BBDCC.

Several works in the field of transportation systems in general, especially marine
transport, have been associated with FC [2, 3, 5, 7–14], but all proposed architectures
are based on a single FC module. In these systems, the failure of the FC module in-
duces breakdown of the global system, which implies that such systems are not
reliable for marine applications. In the case of FCs with many modules, we can cite
some works which are proposed, particularly, the FCs modules connected in parallel
[10, 11]. However, in this case, the converter associated with the ESS is used to keep
DC voltage constant. Nevertheless, the ESSmust supply in addition a constant power
to ensure efficient control of DC-bus voltage. This leads to the need for oversizing
of the ESS to provide constant power and peak power necessary for ship propulsion.

In this paper, the proposed topology of FC consists of five modules connected to
theDC-grid eachwith aBDCC. This system is associatedwithHESS based onBt and
Sc, which are connected to the DC-grid through two separate bidirectional BBDCCs.
In order to optimize the HESS and make it work in an optimal way, a combination
of the Scs and Bts are designed to allow operation at high efficiency and at minimal
weight. To keep a constant DC-bus voltage, the voltage regulated converter must
provide in addition a minimal power to ensure DC-bus voltage control. In this case,
the judicious choice is the BDCC associated with the FC, since it must provide the
power needed for propulsion and minimum permanent power to feed its auxiliary.
In the present work, an EC and PMA of the whole system are developed, in order
to maintain the output DC-voltage from DC-grid equal to its reference value and to
ensure power supply in electrical energy of the ship without interruptions. Finally,
simulation tests are presented under Matlab/Simulink and discussed.

21.2 Description and Modeling of the Proposed System

The ship’s main power system is an autonomous system, where most of the power
is used for propulsion and the rest is utilized for auxiliary circuits [5, 15, 16]. The
Illustration of themarine propulsion system (MPS) to be studied is shown inFig. 21.1.
This scheme presents principally the proposed architecture of a power system used
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Fig. 21.1 Illustration of the proposed marine propulsion system (MPS)

in marine applications. It is composed of three basic subsystems: the generation
subsystem, the storage subsystem, and the propulsion subsystem.

To define the FC model, basing on the Nernst voltage and drops voltage, a single
cell output voltage can be defined by Eq. (21.1) [17].

{
ENernst = E0 − (�S0/2F)(T − 298.15) + (RT/2F) ln

(
PH2 .P

1/2
O2

)
Vfc = NsECell

(21.1)

where the Ecell is the Nernst voltage diminished with the drops voltage. The fuel cell
polarization curve is shown in Fig. 21.2.

The considered type of the battery has a lower cost than the other batteries
type. Lead-acid batteries have high reliability with acceptable efficiency and low
maintenance.Theopen-circuit voltageof one cell [1, 3] canbedefined as inEq. (21.2).

The supercapacitor model consists of a capacitance CSC, an equivalent series
resistance ESR representing the charging and discharging resistance, and an equiv-
alent parallel resistance EPR representing the self-discharging losses. This model
is suitable for applications where the energy stored in the capacitor is of primary
importance. A current pulse was applied to the super-capacitor model, and the output
voltage response is shown in Fig. 21.3.
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Fig. 21.2 Power versus current polarization curve of PEM fuel cell

Fig. 21.3 Super capacitor output voltage

The leakage effect, which causes decay in voltage after the initial current pulse,
can be observed. ⎧⎨

⎩
Em = E0 − K (273+ θ)(1− SOC)

SOC = 1− Qe/C(0, θ)

Iavg = Im/(1+ τb p)
(21.2)
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The terminal battery stacks output voltage with the total power Bts are defined as:

{
Vbt = NbsEm

Pbt = NbpNbsEm Ibt
(21.3)

21.3 Power Control Strategy and Management System

TheECandPMAof thewhole systemaredescribed in this part. TheBDCCassociated
with FC is required for transforming the power from the FC to an appropriate form,
i.e. the FC voltage and current [1]. A duty ratio around 50% is used for this converter
at the FCs stack rated operating point. The reference input voltage for BDCC can
be deduced referring to the wave characteristics given in [3]. In steady-state, the
FCs stack system operates at the minimum voltage, which means that the current
and power of the FC system are operating at rated current and maximum power.
The output voltage of the FC is about 26.46 V at a rated current operating point.
Therefore, the number of FC stacks needed to be connected in series (N fs) and in
parallel (N fp). Knowing that the maximal average power of the ship is 50 kW. Then,
five FC modules each interfaced by a boost DC-converter to the DC bus, they all are
connected in parallel.

The use of BBDC has the advantage of a faster and more stable response [1, 7, 8].
It is capable of delivering a DC output voltage as required, i.e. higher or lower than
the DC input voltage. The BBDC control is based on the hysteresis current controller
(HCC), where it has excellent dynamic performances [1, 18]. The current in play by
the storage device (Scs or Bts) can be positive or negative.

For medium and high-power applications, Scs and Bts are used in stacks where
many cells are connected in series and parallel to obtain acceptable power (current
and voltage) [7, 14, 18]. When the load power Pbus is high and exceeds the FC
modules’ average power, the Bts and Scs will operate to ensure the deficiency of this
power. The control strategies and the power management of energy sources of the
ship, consist of the fact that the FC modules are controlled to provide the propulsion
average power, and Scs/Bts based ESS is controlled to provide the peak power.
The primary objective of the energy control and power management to preserve the
DC bus voltage at its reference and to keep the state of charge (SOC) of the Bts
between 40 and 80%, while supplying the required power demand for the ship. If
the battery’s SOC reaches its lower limit or its upper limit, the difference between
the power demand and the average power will be provided by the Scs. Otherwise,
the Bts power is limited to be less than maximum power PbM = 13 kW in discharge
mode and is limited to be less than minimal power Pbm = 3.9 kW in charge mode,
the remainder power is provided by the Scs. The average propulsion power is defined
as given in [10].
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The auxiliary power provided by the Bts and Scs and the total propulsion power
is given by Eq. (21.4), respectively. where ωref is the reference speed, Qref is the
reference torque of the propulsion motor and Pa is the auxiliary power of the ship.

Paux = Pbus − Pav; Pbus = ωrefQref + Pa (21.4)

21.4 Simulation Results and Comment

In order to evaluate the EC and management strategy, a simulation study of the
proposed system, Fig. 21.1, under Matlab/Simulink is presented. The system perfor-
mances under randomvariations in propulsionpower havebeen studied.Themaximal
bus power is 81 kW and the total average power of the FCmodules is 50 kW. The Scs
power needed is 18 kW for 30 s, which represents 540 kJ and the Bts power needed
is 3.9 kW for 107 s, which represents 417 kJ. The discharge voltage ratio is 0.75.

Figure 21.4 illustrates the waveforms of the different voltages; V bus and VFC,. It
is clearly seen that the BDCC ensures good regulation of the V bus, it maintains its
reference value despite disturbances caused by the variations in the demand power.
The voltages at the terminals of the various elements follow the evolution of transit
of the powers put into play by the latter.

The interaction and the synchronization of power flow between the different
elements of the system affirm the utility, the importance and the efficiency of the
HESS proposed in the electric MPS. It is clear that the Scs and Bts are able to

Fig. 21.4 DC bus and FC voltages
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provide the instantaneous power demand required in the acceleration and deceler-
ation phases of the propulsion system. When the DC-bus power is higher than the
FC modules’ total power, the Scs and Bts supply the required power, as illustrated
in Figs. 21.5 and 21.6. The Scs and Bts play an important role; they can provide
the peak power needed during acceleration and absorb the redundant power released
from deceleration. The Scs and Bts current are shown in Fig. 21.6. It can be seen
that the BBDCC has a current regulation and the current in the Scs or in the Bts is
positive in discharge mode and is negative in charge mode. The SOC of the battery
is limited within the range of (40–80%), as presented in Fig. 21.7.

Fig. 21.5 Fuel cell current

Fig. 21.6 Supercapacitor and battery currents
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Fig. 21.7 Battery SOC

21.5 Conclusion

In this paper, a more reliable architecture based on five FC modules for small
ship applications is proposed. The dynamic models of the PEM fuel cell, battery,
and super-capacitor are developed under Matlab/Simulink environment. The double
charging effect of the PEM fuel cell and the leakage effect of the super-capacitor
are taken into account in modeling. Simulation results show that the behavior of
the FC modules voltage, Bts voltage and Scs voltage are within a range of normal
operations. The energy control and management showed good performances with
respect to sharing power between the FC and HESS, and limit the SOC of the Bts
within an optimal range.
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Chapter 22
Analysis of off Grid Fuel Cell
Cogeneration for a Residential
Community

A. Mraoui, B. Abada, and M. Kherrat

Abstract The cogeneration system, studied in this paper, optimize the use of elec-
tricity and heat in a one source production system. The electricity and heat load
profiles were determined for a subdivision of 50 single-family homes. It was noted
that, annually the electricity demand represents 68% of total energy demand and the
rest (32%) is a heat demand. To ensure the supply of energy, a photovoltaic generator
coupled with a set of fuel cells was considered. Fuel cells are powered by hydrogen
supplied by electrolyzers and stored at high pressure in containers. The system can
produce electricity that will be converted for domestic use and heat that will be recov-
ered for use as warm water or homes heating when necessary. The whole system is
completely autonomous and does not require the grid in any way. The main issue is
therefore the intelligent management of the whole through appropriate algorithms
whose main objective is to provide energy without any interruption.

Keywords Fuel cells · Cogeneration · Townhouse

22.1 Introduction

With cogeneration systems, it is possible to reduce primary energy consumption.
The use of cogeneration with fuel cells reduces greenhouse gas emissions and better
integrates renewable energies [1].A fuel cell cogeneration systemcan provide 45%of
the annual heat requirements and 50%of the annual electricity requirements [10]. For
micro CHP systems (use in a single residence), fuel cells are the best option from
an economic and environmental point of view [11]. The relatively low operating
temperature (about 80 °C) limits the use of the heat generated. However, it is a
very positive point if starts and stops are frequent. Also, the heat recovered at this
temperature is sufficient for residential use, both for domestic hot water and space
heating [4].
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A hybrid cogeneration system designed to meet the energy demand of 150 houses
in the residential community of Sharjah, United Arab Emirates, was studied by
Ghenai et al. [3]. The proposed micro-grid system is based on a photovoltaic solar
system and hydrogen fuel cell generators to supply alternating current to a load
composed of the residential community. Hydrogen, required for the operation of
the fuel cell, is produced by an electrolyzer and stored in a high-pressure tank. The
electrolyzer operates on the energy produced by the micro-grid. The conversion of
direct current (DC) into alternating current is carried out by an inverter. The solar
photovoltaic/fuel cell hybrid renewable energy system is directly connected to the
DC bus to transfer energy from generation to the inverter. The inverter converts direct
current to alternating current to meet the alternating current demand of residential
houses.

In a study by Jamshidi and Askarzadeh [5], a hybrid system composed of photo-
voltaic, diesel generator and fuel cell was considered. A multi-objective optimiza-
tion of this off-grid application leads to having a cost-effective and reliable energy
system. Indeed, by considering fuel cell/electrolyzer/hydrogen tank in the hybrid
energy system, the total cost will decrease. The same conclusion was found by Sami
et al. [12] using a Smart Home system, considering fuel cell/electrolyzer/hydrogen,
that improves electricity production without interruption. The system reacts so flex-
iblewith all critical constraints through a precisemulti-agent strategy. Several control
scenarios were studied, the overall cost is reasonable given equipment maintenance
and life cycle. It was found that using both battery and hydrogen for energy storage
is the economically more viable solution than using only one form of energy storage
[13].

The systems studied use energy balance equations to simulate the production
of electricity, heat and hydrogen. These equations do not take into account real
constraints. For example, a photovoltaic system with batteries and regulator has an
efficiency of about 75–80% using these equations. Taking into account the system
performance and the management of the charge/discharge of the batteries, the effi-
ciency is about 50–60%. It is necessary to use detailedmodelling to approachpractical
cases.

In this study, we will consider a hydrogen production system using electrolyzer
powered by photovoltaic generators. Hydrogen is used by fuel cells that provide
electricity and heat to a group of single-family homes. The profile of the energy
demand (electricity and heat) will be modelled for Algerian dwellings load shape.
We will carry out a detailed modelling in order to take into consideration all possible
types of losses.
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22.2 Profile of the Electricity and Heat Demand
of a Residential Building with Air Conditioning
System

To model the electricity and heat load we combined data from Opérateur du Système
Electrique of Algeria [9] and National Energy Balance [8]. To get hourly shapes we
adapted the general data using System Advisor Model [2] and Whole Premise Load
Shapes [14]. From the obtained data, we observe that the overall energy demand is
higher in summer than in winter (Fig. 22.1) due to the demand for air conditioning
during this period. The heat load is greater in winter than in summer for heating
needs during this period. According to Table 22.1, the percentage of electricity is
only 35.4% while heat consumes 64.6% of the total energy produced in January.
While in June, the proportion of electricity is 86.1% and heat is 13.9%. The overall
annual balance is 68.5% electricity and 31.5% heat. A fuel cell produces about 60%
electricity and 40%heat.Globally, a fuel cell could help to provide heat and electricity
to the system. However, the problem is that it is very difficult to store heat from one
season to another.

The design of the production system is based on the highest daily. The greatest
daily load occurs in June (around 71 kWh) and the greatest daily heat load is in
December (around 37 kWh), which represents 34% of the total energy demand. From
a design point of view, a fuel cell is perfectly suitable for this type of application.
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Fig. 22.1 Residential demand of electricity and heat
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Table 22.1 Proportion of
each energy in the overall
balance

Month Electricity (%) Heat (%)

January 35.4 64.6

February 35.4 64.6

March 40.3 59.7

April 55.6 44.4

May 71.8 28.2

June 86.1 13.9

July 85.7 14.3

August 84.5 15.5

September 79.7 20.3

October 68.0 32.0

November 38.8 61.2

December 36.5 63.5

Annual 68.5 31.5

22.3 Simulations

The system considered is presented schematically in Fig. 22.2. The system consists
of a photovoltaic generator to produce renewable electricity. Hydrogen is produced
using an alkaline electrolyzer at moderate temperature and pressure. A 200 bar
hydrogen storage container to store the hydrogen that will be used by the cell. The
fuel cell provides electricity and heat. We have also included additional elements
such as regulators, inverters, heat exchangers etc. to ensure energy transfers.

Fig. 22.2 Cogeneration system schematic
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22.4 System Modeling

Each element of the system was modeled using empirical equation [6, 7]. The output
of the PV generator can be calculated from:

PPV = NPV · fPV · PSTC · GA

GSTC
· (1+ (TC − TSTC) · CT ) (22.1)

where NPV is the number of PV panels, fPV the conversion efficiency, PSTC the PV
array power under standard test conditions (STC), GA the global solar radiation
on the PV array, TC the temperature of the PV cells, and CT the PV temperature
coefficient.

An electrolyzer can produce hydrogen from electricity, and this hydrogen is then
usually stored in tanks. The characteristic of an electrolyzer can be described as:

Vel = Nel · Vrev + (r1 + r2 · T ) · Iel
Ael

+ (
s1 + s2 · T + s3 · T 2

) · log
(
1+

(
t1 + t2

T
+ t3

T 2

)
· Iel
Ael

)
(22.2)

Nel the number of cells, Vrev the reversible cell potential, T the temperature and Iel
Ael

the current density. r1, r2, s1, s2, s3, t1, t2 and t3 are empirical coefficients.
The production rate of hydrogen in a cell is:

ηF = (Iel/Ael)
2

f1 + (Iel/Ael)
2 f2 (22.3)

where f 1 and f 2 are coefficients.
A fuel cell (FC) can produce electricity from hydrogen (H2), which can be drawn

from hydrogen tanks. We use the voltage electrical model:

Vfc =
(
EOC − rfc · ifc − a · ln(ifc) − m · en0·ifc) · Nfc (22.4)

where EOC is the open circuit voltage, ifc is the current density in one cell, Nfc is the
number of cells, rfc, a, m, n0 are empirical coefficients.

As an FC generates electricity and heat at the same time, the produced heat can
be calculated:

Qfc = Nfc ·
(
1.48− Vfc

Nfc

)
· Ifc (22.5)

Then the hydrogen consumed:

ṅH2 = Nfc Ifc
2FU

(22.6)
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where F is the Faraday constant, and U is the utilization efficiency of hydrogen.
The state-of-charge (SOC) represents the state of the battery:

SOC(t) = SOC(t − �t) + ηch · Pch(t) · �t

CB
− Pdis(t) · �t

CB
(22.7)

where ηch is the charging efficiency, Pch is the charging power, Pdis is the discharging
power, �t is the interval time, and CB is the capacity of the battery.

22.5 Results

The produced electricity is more important in summer than in winter season. From
Fig. 22.3, we observe that during the first half-year period the fuel cells produce less
power than in the second half-year. The main objective is to satisfy the electrical and
heat energy loads of the houses. The state of hydrogen tank varies and in some cases
the tank is empty, i.e. the fuel cell demand is important. The objective in this case is
that the state of charge of the tank at the end-year is at least greater than in the start.
The control algorithm should be modified to avoid the state of empty tank to ensure
a proper power energy balance. We will modify the design and algorithm so that the
state of charge must be greater than 10% in all cases (Fig. 22.4).

The profile of the heat produced is shown in Fig. 22.5. Mainly the fuel cell can
satisfy all the demand of hot water. There is a excess during the summer when
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the demand for electricity is high, so the heat produced by the fuel cell is high. In
Fig. 22.6, it can be seen that the fluid temperature is increasing.We imposed 60 °C set
point for both domestic hot water and space heating. When the temperature exceeds
60 °C there is no need to heat supplement. The fuel cells produce enough thermal
energy to the system.
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The system supplies enough electricity to meet the load, we have included a
supplement for thermal energy to compensate for the difference between the electrical
demand for and heat demand. Fuel cells implicitly produce heat when they produce
electricity. This heat is either recovered or lost. It is difficult to design a seasonal heat
storage system unless hydrogen is used in a burner to produce heat. In this case the
system must be modified to meet the load. Hydrogen will be an energy carrier for
electricity and heat.

22.6 Conclusion

The simulations we have carried out are very promising. However, some elements of
system optimization still need to be improved, such as the state of the tank and the
management of the heat produced. An optimal control strategy must be determined
in order to better manage the system. We did not optimize the management of the
system and the sizing was done on the basis of the most unfavorable cases. There
is also a need to optimize transfer flows and take into account all real constraints.
For example, the fuel cell consumes about 10% of its electrical production in the
auxiliary systems necessary for its operation (pumps, compressor, filters, etc.). Heat
losses in the pipes must be taken into account, it is also advisable to add hot water
tanks in each house (the capacity of each is to be optimized).
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Chapter 23
Tri-generation Using Fuel Cells
for Residential Application

A. Mraoui , B. Abada, and M. Kherrat

Abstract In this paper,we present a bibliographical reviewof tri-generation systems
using renewable fuel. These systems are used to produce cold, heat and power from
mainly one fuel source. This mode of operation increases overall efficiency and
allows better use of the input fuel. Most tri-generation systems use a fuel cell for
its reliability and performance. Furthermore, fuel cells produce heat and electricity
at a very high efficiency compared to classical systems. A part of produced heat is
recovered to produce cold by an absorption cycle when necessary. The fuel cell can
be fed by various fuels, including natural gas, hydrogen produced from renewable
or biomass gasification. The overall efficiency depends on the configuration and
management of the entire system. The optimal sizing of tri-generation systems is a
complicated task. It generally requires two optimization algorithms, one to optimize
power flows within the system and the other to optimize the size of the elements. The
optimal sizing of tri-generation systems requires two optimization algorithms, one
to optimize power flows within the system and the other to optimize the size of each
element of the system. Between 75 and 95%, efficiency can be attained depending
on the choice of production system and energy management strategy.

Keywords Tri-generation · Fuel cell · Hydrogen

23.1 Introduction

Typically, a tri-generation system produces electricity, heat and cooling from a single
source (Fig. 23.1). Products are adjusted to meet the energy demand of a group of
residences according to demand. Themajor advantage of tri-generation is an efficient
use of produced energy, lower pollutant emissions and security of supply [11]. Fuel
cell technology is integrated into tri-generation systems as it allows better control of
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Fig. 23.1 Schematic principle of tri-generation system

the energy produced, high reliability and higher efficiency. For the most applications,
solid oxide fuel cells (SOFCs) are the preferred choice for tri-generation systems [15].

Fuel cells produce heat and electricity. Electricity is used via inverters by the end
user, heat can be used to heat the home or to provide domestic hot water. The excess
hot water produced in summer is used to produce cold for air conditioning needs via
absorption systems.

Absorption systems are generally based on the evaporation and condensation of
a solution consisting of a binary to produce cold. These systems can use any type
of waste heat, steam, hot gas or hot liquid. The binary water/lithium bromide is
commonly used for air conditioning or cooling in which the low temperature is
between 5 and 10 °C.

Most research uses simulations to study tri-generation. The data are either synthe-
sized or collected from subsystems. However, there are some experimental studies,
but there appears to be a real lack of data in this area [15].

23.2 Fuel Supplied Systems

23.2.1 Natural Gas

Natural gas is the most environmentally friendly of all fossil fuels. Its combustion
produces water vapour and CO2 in smaller quantities than petroleum-based fuels.
This generates about 30–50% less emissions. Solid oxide fuel cells (SOFCs) gener-
ally have an integrated reformer that converts desulphurized natural gas into hydrogen
that can be used by the high temperature fuel cell system. The operating temperature
of an oxide solid fuel cell is between 600 and 1000 °C [8]. The fuel (NG) enters
a mixer for mixing with the recycled fuel from the outlet. It reacts with heated air
to produce a gas rich in hydrogen and carbon monoxide. This operating mode is
simplified since the reaction takes place at the anode, thus avoiding the use of an
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external reformer. The nikel contained at the anode is the catalyst of the reaction
which is thermodynamically favoured at high temperature.

The same system has been studied by Ramadhani et al. [9], but with the option of
supplying hydrogen by electrolysis to a fuel cell car refuelling station. The polygener-
ation system also allows the sale of excess hydrogen, which reduces operating costs.
The reformer can be an external unit combined with a proton exchange membrane
fuel cell (PEMFC). This system has been studied by Baniasadi et al. [1] and has
demonstrated good reliability and high performance. Elmer et al. [4] used a liquid
desiccant system instead of the water absorber/Li-Br. The desiccator is a viable tech-
nology in the development of these systems. The authors used data froma commercial
fuel cell (BlueGEN SOFC) that operates at a temperature of 750 °C.

Ozcan and Dincer [8] used an organic rankin cycle (ORC) to produce additional
electricity by recovering some of the heat produced by the SOFC. Toluene is the
working liquid, it allows to obtain a high efficiency at a moderate pressure range. The
size of theORC system can bemediumor small, optimizing the cost. The superheated
toluene vapour expands in the expander, releases heat into the regenerator, condenses
at the condenser by supplying heat to the domestic water heating system. The cold
production is ensured by awater/Li-Br absorption system that recovers the secondary
heat produced by the SOFC cell.

23.2.2 Renewable Input

Lototskyy et al. [7] used a reversible solid oxide fuel cell (R-SOFC), powered by
a hydrogen container. Their system uses heat management by metal hydrides. In
electrolyser mode, the R-SOFC uses the electrical energy supplied by a photovoltaic
generator field to produce hydrogen during the sunny period. The produced hydrogen
is stored in a high temperature metal hydride that generates a significant amount of
heat at about 300 °C. The heat produced and the heat released by the R-SOFC is used
to produce steam for the electrolyser. In the absence of sunlight, part of the residual
heat is used to release hydrogen from the metal hydride container and the rest is sent
to the heat management system for heating and cooling purposes.

23.2.3 Input Biomass

Biomass gasification is an essential technology to achieve the objective of sustainable
development. The main product of this reaction is syngas, which can be used in
various processes. Segurado et al. [13] studied a conventional tri-generation system
using syngas to supply SOFCs. The system can thus produce cold, heat and renewable
electricity. This technique is an important tool for the flexibility of the energy system.
Biomass can be composed of different solid waste or by-products from industry or
other sources. Wegener et al. [15] considers that downdraft gasification is the most
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practical choice because of the high quality of the syngas.Most of these systems have
a nominal power rating less than 500 kW. Small gasification systems are generally
more cost-effective than large systems due to lower maintenance costs.

23.2.4 Polysources

Sezer andKoç [14] propose an innovativemulti-generation system using only renew-
able energy sources. They use a heliostat field that concentrates the solar energy to a
set of photovoltaic collectors, increasing their efficiency to 30%. The heat generated
at the photovoltaic cells is recovered by a boiling heat exchanger system that produces
water vapor at 110 °C while maintaining the temperature of the photovoltaic cells at
125 °C. The steam produced is sufficient to supply a seawater desalination system to
produce fresh water. The brine from desalination is used to produce osmotic energy.
Wind turbines have been designed to produce the same amount of electrical energy
as the concentrated photovoltaic system. Using the same principle, Inac et al. [6]
propose a system that uses four main components: a photovoltaic field, an anaer-
obic digester for biogas production, a solid oxide fuel cell, and a proton exchange
membrane electrolyzer in a system that produces cold, heat and electricity.

23.3 Sizing Tri-generation Systems

The sizing of tri-generation systems depends mainly on two factors: the operating
strategy, which determines the distribution of the power flow throughout the system,
and the forecasting error of the induced data (charging profile, photovoltaic produc-
tion, etc.). Conventional approaches to the sizing of hybrid renewable energy systems
are the empirical method, the ampere hour method and the software method that uses
mathematical optimization techniques [12].

The empirical method is based on the experience acquired with existing systems.
It provides guidelines for the sizing and operation of renewable energy sources,
a battery bank, DC bus voltage and electronic power equipment according to the
required charging energy, peak demand and availability requirements. For renewable
sources, a value of 40–60% of the load is suggested. For the sizing of the battery
bank, there are many rules of thumb; it is recommended that a system composed
only of renewable sources should have a storage capacity of three to five days, while
a remote telecommunications station should have five to ten days of storage. The
empirical method does not provide an optimal solution.

For the ampere hour method (Ah), the energy consumption of each load is calcu-
lated [12]. Losses in power converters, batteries etc. are taken into account. The power
requirement of renewable sources is determined from the daily energy requirements
of the load. The method is based on the efficiency of the individual components and
on the average values of energy consumption from renewable energy sources. The
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limitations of the empirical rule and Ah dimensioning methods can be overcome by
the implementation of mathematical optimization algorithms [5].

There are twomain optimizationmethods used to optimize the operation of renew-
able energy systems. The genetic algorithm (GA) is used to calculate the optimal
size of the system. While another method such as particulate swarms (PSO) is used
to optimize the operational strategy. Other methods can be used, but it seems that
GA and PSO are the most promising [5].

23.4 Performance Analysis

According to Ozcan and Dincer [8], the electrical efficiency of a commercial fuel cell
(Siemens-Westinghouse) is 43.3% and its thermal efficiency is 43.7%. The efficiency
for cold production is 52.6% and the efficiency for hot water production is 46.7%.
This gives an overall efficiency between 87.95 and 95.9% depending on how the
system works. Chahartaghi and Kharkeshi [2] achieve an efficiency of 81.55% for
the system they propose. Lototskyy et al. [7] claim that tri-generation leads to a 36%
improvement in energy efficiency.

With their system, Ramadhani et al. [9] achieve primary energy savings, cost
savings and emission reductions of about 73%, 50% and 70% respectively. Ebrahimi
and Derakhshan [3] achieved an overall tri-generation cycle efficiency of around
75% and fuel savings compared to a conventional cycle of around 39%. Their
economic analysis concludes that a hydrogen price of $2/kg will be competitive
with conventional cycles.

Chahartaghi and Kharkeshi [2] with their system attained 55% exergy efficiency.
While Sattari Sadat et al. [10]. reduced it to 54% only. Inac et al. [6] obtained 49%
and Sezer and Koç [14] reduced it to as low as 30% with 74% energetic efficiency.
Lower the exergy, better is the impact of the system.

23.5 Conclusion

A tri-generation system produces cold, heat and power from an energy source. Fuel
cell technology is widely used in this type of system for its reliability, efficiency and
better control of the energy produced. The CAP makes it possible to produce heat
and electricity at very attractive efficiencies. The excess heat is used in absorption
cycles (such as the water/Li-Br cycle) to produce cold for air conditioning.

Solid oxide fuel cells have an integrated reformer. They can be powered by natural
gas and convert it into hydrogen to produce heat and electricity. Other systems using
renewable sources use a photovoltaic field or several renewable electricity sources to
produce electricity that will be used by an electrolyser to produce hydrogen that can
be used by the fuel cell. Biomass gasification seems to be a very promising option
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because it allows waste or by-products to be used to convert them for use by the
tri-generation system.

The optimal sizing of tri-generation systems is a complicated task. It generally
requires two optimization algorithms, one to optimize power flows within the system
and the other to optimize the size of the elements. Efficiencies can vary from 75 to
96% depending on the adopted strategy.
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Chapter 24
Response Surface Methodology Based
Optimization of Transesterification
of Waste Cooking Oil

R. Alloune , M. Y. Abdat, A. Saad, F. Danane , R. Bessah , S. Abada ,
and M. A. Aziza

Abstract According to the directive of the European Union on the incorporation
of biodiesel in fuels by 2020, the aim of this study is to contribute to understanding
the feasibility of using ester methyl of waste cooking oil (EMWC Oil) in diesel
engine. However, biodiesel is a renewable environmental friendly fuel consisting of
esters methyl of vegetable oil, generally produced by transesterification reaction of
oils seeds and animal fats. In this study, biodiesel synthesis by transesterification
of waste cooking oil has been realized. The biodiesel is produced via transesteri-
fication reaction using methanol (6:1 molar ration), 0.5% of sodium hydroxide at
55 °C for 60 min of duration and Stirring speed of 200 rpm. The application of
design experiment methodology for response surface has allowed us to determine
the optimum factors influencing on the transesterification reaction efficiency. The
synthesized biodiesel has been subject to several characterizations in order to eval-
uate its quality by comparing its different physicochemical properties with those
described in international norms.

Keywords Biodiesel · Transesterification · Response surface methodology

24.1 Introduction

Depletion of the fossil fuels and environment degradation mainly caused by vehicles
emissions, lead to search an alternative fuel that is available, renewable, technically
feasible, biodegradable, economically profitable and environmentally friendly [1,
2]. Biodiesel is one of one potential candidate to replace conventional diesel fuel. It
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consists of fatty acid monoalkyles esters, which are produce from oils, fats, recycled
oils and waste greases [3–5].

During the last three decades, biodiesel was produced from edible vegetables oils,
mostly sunflowers, rapeseed, safflower, soybean, palm oils, coconut oil and peanut oil
[6, 7]. Consequently, food prices have experienced their highest levels since the 1970s
and world production of oils seeds are decreased. This may conduct to deficiency
on worldwide demand for food; which is dangerous for food security of poor people
in the world. For these reasons, there is a need to find other sources of oils that can
replace partially or totally edible oils to reduce their prices [8]. Non-edible and waste
cooking are becoming promising sources to generate a biodiesel for diesel engine.

Diesel engines with internal combustion fuel a large part of the equipment in
several sectors, and therefore have a very important market share in the world. These
engines consume a great deal of diesel, a fuel derived from crude oil derivatives.
This fact has several consequences, giving rise to many challenges that should not be
overlooked. In fact, these challenges need to be address decisively in order to ensure
the sustainable and long-term operation of these machines in the future. Biodiesel is
a fuel derived from vegetable oils, making it part of the biomass industry, which is
one of the most exploited sources of renewable energy.

The vegetable oil chosen is the used cooking oil recovered from the canteens and
restaurants, this choice is entirely justified, because it makes it possible, on the one
hand, to valorize a waste by turning it into fuel, on the other hand, of avoid this waste
treatment both complicated and very expensive [9].

The aim of this work is the optimization of the parameters of the transesterification
reaction by mathematical treatment of experimental data, by applying the so-called
surface response method on a previously chosen model.

24.2 Methods and Modelisation

24.2.1 System Presentation

The aim of this work is to establish an experimental plan to optimize the parameters
influencing the process of the transesterification reaction.

The experimental design is a fairly widespread notion in the field of research and
in industry allowing the optimization of experiments by highlighting the relationship
between the quantity of interest and the variables of an experiment.

As with each experiment, there are several factors that can influence the response
(which is the biodiesel yield in this case). It is therefore necessary to choose the
following parameters: the temperature, the molar ratio of alcohol and the percentage
of the catalyst (% byweight) that are considered to be the most influential parameters
according to the literature. As for the fixed parameters, the duration of the transester-
ification reaction is fixed at one hour, the agitation speed at 200 rpm, the oil/alcohol
ratio is 1:6.
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24.2.2 Experimental Procedure

The transesterification reaction is used to produce biodiesel from waste cooking oil.
The biodiesel was prepared using 100 g of waste cooking oil (WCOil), methanol
proportion was 6:1 (molar ratio of WCOil to methanol) with 0.5% of sodium
hydroxide (NaOH) as a catalyst (0.5% of the weight of oil) for 60 min of duration
and Stirring speed of 200 rpm.

Firstly, the WCOil was preheated then charged in the reactor. After that, the
solution methanol/catalyst was added to the batch reactor and the transesterification
reaction started at 55 °C.

Finally, biodiesel produced is heated to 100 °C to remove remaining water parti-
cles. The biodiesel yield is estimate after separation and purification of final product
using the Eq. (24.1) [5]:

Yield of biodiesel = weight of biodiesel produced

weight of oil used in reaction
× 100 (24.1)

24.2.3 Model Development

Presentation of the Box-Behnken plans

The box-Behnken plan for three factors is built on a cube. Experimental points are
placed not at the vertices of the cube or hypercube, but in the middle of the edges or
at the center of the faces (squares) or at the center of the cubes. This arrangement has
the consequence of distributing all the experimental points at equal distance from
the center of the field of study, thus on a sphere or on a hypersphere according to the
number of dimensions. Points are added to the center of the field of study [10].

The Box-Behnken plan for three factors is illustrated in Fig. 24.1. The cube has
12 edges. We usually add experience points to the center of the field of study, usually
three. The 3-factor Box-Behnken plan therefore has 12 + 3 trials, or 15 trials. We
can notice that with four points in the center instead of three, we obtain a plane that
meets the criterion of almost-orthogonality.

The study of the experimental design focuses on highlighting the influence of the
factors chosen on the response, namely the biodiesel yield of the transesterification
reaction. A series of experiments was carried out according to the plan of Box-
Behnken to maximize product performance. The experimental design consists of a
single response (biodiesel yield) and three factors (temperature, catalyst percentage
and alcohol ratio).
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Fig. 24.1 Composite plan for the study of three factors [11]

24.3 Results and Discussions

24.3.1 Field of Study

It should be noted that the choice of the values corresponding to the factors was made
with the consideration of the ranges of values found in the literature. Therefore, the
temperature working range was defined between 40 and 60, a percentage catalyst
between 0.5 and 1.5%.

Finally, the proportions of the alcohol ratio chosen in an arbitrary manner. Each
factor has three levels; a low level (−1), a medium level (0) and a high level (+1).

The analysis of the experimental plan was carried out using the Design-Expert©
v. 11.0.0 software. A quadratic model is developed from the results obtained from
the experiments conducted. This model actually represents a correlation giving the
relation between the response and the factors and which allows the optimization of
the performance by predicting all the answers of the field of study without carrying
out all the required experiments.

The mathematical model corresponding to the adopted plane is a polynomial
model of the second order, which takes into account the main effects β i and the
interactions β ii and β ij.

Equation (24.2) y = f (xi) will be written as follows:

y = β0 +
3∑

i=1

βi xi +
3∑

i=1

βi i x
2
i +

2∑

i=1

3∑

j=i+1

βi j xi x j (24.2)

where:

β0 is the answer in the center of the domain: y0= β0,
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β i, β ii and β ij are the linear, quadratic and interaction coefficients, respectively.

Yield equation

The data processing, the system modeling and the optimization of the reaction
efficiency, were carried out taking into account the parameters identified.

Equation (24.3) gives the quadratic regression model fitted to the experimental
data; it expresses the effects of the variables considered on the efficiency of the
process.

R = 83.83+ 1.81β1 − 5.31β2 − 2.93β3 − 2.91β1β2 − 4.77β1β3

+ 1.12β2β3 + 1.65β2
1β

2
2 − 1.65β2

1 − 2.20β2
2 − 5.26β2

3 (24.3)

where, β1 is Effect of Temperature, β2 is Effect of alcohol ratio; β3 is Effect of
percentage of catalyst.

24.3.2 Optimizing Yield Results

The equations of the model make it possible to construct the response surfaces of the
experimental plane. The optimization of the transesterification reaction is done by
setting one of the factors on an arbitrary value of the working domain and varying
the other two along their intervals. In this context, we will start by first fixing the
percentage of the catalyst at a value of 0.63% while varying the temperature and the
ratio of alcohol. Then set the alcohol ratio to 50% and vary the temperature and the
percentage of the catalyst.

Finally, the % of the catalyst and the alcohol ratio vary while the temperature is
set at a constant value of 40 °C.

Percentage of catalyst constant at 0.65%:
From Figs. 24.2 and 24.3, it can be seen that high values of the yield correspond

to high temperatures and small proportions of alcohol.

24.4 Conclusion

Although transesterification has a proven track record in biodiesel production, further
studies are needed to overcome its limitations, which are mostly a high reaction
temperature, resulting in considerable production cost and energy loss. To this end,
it is imperative to improve the process by performing an optimization study of mini-
mizing the inputs provided while having acceptable yields. The results of the opti-
mization resulted in an optimal solution corresponding to low temperatures with
yields exceeding 80%.
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Fig. 24.2 Contour R = f (B, C) for a percentage of catalyst = 0.65%
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Fig. 24.3 3D response surface R = f (B, C) for a percentage of catalyst = 0.65%
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Chapter 25
Numerical Investigation
on Concentrating Solar Power Plant
Based on the Organic Rankine Cycle
for Hydrogen Production in Ghardaïa

Halima Derbal-Mokrane , Fethia Amrouche , Mohamed Nazim Omari,
Ismael Yahmi, and Ahmed Benzaoui

Abstract Hydrogen is clean energy career that can be produced through renewable
energies. Solar plant with parabolic trough concentrators systems is a one of the
most promising renewable energies sources for producing energy. This technology
is tightly related to the solar insolation levels. Algeria has a potential of Direct
Normal Insolation (DNI) that exceeds 2000 kWh/m2/year with an average daily
sunlight duration that exceeds 10 h. Thus are the key features for the development of
Solar plant. This paper deals with numerical simulations of a small-scale electrolytic
hydrogen production using solar plant with parabolic trough concentrators via an
OrganicRankineCycle. The city ofGhardaïa, located in south ofAlgeriawas selected
as a study site. The results have demonstrated among the three organic working fluids
(Benzene, Toluene, R-123) selected, benzene is the fluid offering the best efficiency.
Moreover, the amounts of hydrogen produced are closely related to the organic fluid
used as well as the intensity of the solar radiation.

Keywords Hydrogen · Water electrolysis · Organic rankine cycle · Parabolic
trough power plant

25.1 Introduction

Hydrogen, associated with other elements, abounds in nature and because it is an
environmental friendly; it is today consideredby the scientific andpolitical authorities
to be the perfect fuel [1]. Hydrogen as fuel is a particularly adapted solution to the
energetic and environmental challenges currently posed. It has unique characteristics
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that make it an ideal energy candidate [1]. Hydrogen produced by solar means is
mainly using thermochemical, electrochemical and electrolytic photo processes [1].
Electrolysis of water is a very common commercial process, used for small scale
production where very high purity of hydrogen is required. Whereas, this is one
of the most energy-consuming methods, electrolysis has the main advantage of not
generating greenhouse gases [2].

Solar plant with parabolic trough concentrators systems is one of the most
promising options among available renewable energies sources for producing elec-
tricity. This technology is tightly related to the solar insolation levels. Within
geographical situation of Algeria, there are a large number of potential sites with
high solar insolation levels. Indeed, Algeria is a huge territory that has an average
daily sunlight duration that exceeds 2000 h a year and can reach 3900 h in the high-
lands and Sahara. The Direct Normal Insolation (DNI) is almost 1700 kWh/m2/year
in the north and 2263 kWh/m2/year in the south of the country, which is not negli-
gible potential. Therefore, this paper will be devoted to the production of hydrogen
by electrolysis of water whose energy needs are provided by a solar plant with
parabolic trough concentrators, implemented in the south of Algeria, within the city
of Ghardaïa.

Organic Rankine Cycles (ORCs) are a technology suitable for the exploitation of
different energy sources and are suitable for medium–low temperature heat sources
and/or for small available thermal power. In order to valorize small-scale parabolic
trough concentrator fields, the harvested thermal energy will be used to feed an ORC
Rankine cycle which, unlike the Rankine steam cycle, it uses a fluid having a lower
boiling point and a higher efficiency at low temperature. The fluids used can be either
refrigerants or hydrocarbons, for this study, three organic working fluids (Benzene,
Toluene, R-123) were selected. To achieve this goal, the study of the Rankine cycle
plants [3] and the technology of the parabolic concentrators [4, 5] models have
been carry out. This was made to do the simulations on the production of heat and
electricity by the power station as well as the production of hydrogen applied to
Ghardaïa sunlight data.

25.2 Modeling of the Solar Power Station

The parabolic trough concentrator (PT) uses reflective surfaces to concentrate solar
radiation onto a linear vacuum absorber tube. A heat transfer fluid (synthetic oil,
water or steam, molten salts, etc.…) that is heated to medium temperature (from 150
to 400 °C) pass through the system. This fluid is then, sent to conventional exchangers
to transform theworkingfluid into superheated steam that is used directly or exploited
in a thermodynamic cycle to produce electricity (Fig. 25.1).

The mathematical model is based on the establishment of an energy balance of
the concentrator that includes direct solar radiation, optical and thermal losses. Thus,
to determine the useful energy delivered by the heat transfer fluid. This energy is
expressed by:
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Fig. 25.1 Simplified block diagram of the considered system

Qu = Qsra − Qlost (25.1)

Qu : Useful energy delivered (W/m2); Qsra: Solar radiation absorbed by the collector
(W/m2); Qlost: Thermal energy lost at the receiver (W/m2)

The equation for the absorbed solar radiation is [6–8]:

Qsra = DNI cos θ IAM ηfield ηHCE Kshadow KEndLoss Koper (25.2)

where:

Qsra solar radiation absorbed by the receiver tubes (W/m2)
DNI direct normal insolation (W/m2)
θ angle of incidence (deg)
IAM incidence angle modifier (–)
ηfield field efficiency that accounts for losses due to mirror optics and imperfec-

tions (–)]
ηHCE HCE efficiency that accounts for losses due to HCE optics and imperfec-

tions (–)
Kshadow performance factor that accounts for mutual shading of parallel collector

rows during early morning and late evening (–)
KEndLoss performance factor that accounts for losses from ends of HCEs (–)
Koper fraction of the solar field that is operable and tracking the sun (–)

Qlost = UL(Tc − Ta)a (25.3)

UL : Overall conductivity of heat losses at the absorber; Tc: Average temperature
of the coolant; Ta : Ambient temperature; a : Surface of the absorber.

For this work, SAM software was used to simulate the energy produced by the
solar power plant situated in Ghardaïa, and the physical cylindro-parabolic power
station model was chosen to model the system. Some important characteristics of
the plant are given in Table 25.1:
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Table 25.1 Characteristics of the solar power plant

Site chosen: Ghardaïa Solar field Factory block Storage system

Longitude 3.8 °E Reflector:
Solargenix SGX-1

Capacity 8.5 kWe Molten salt storage fluid:
Hitec salt

Latitude 32.4 °N Receptor:
Schott PTR70 2008

Rankine Cycle Duration 6 h

DNI 2105.01 kWh/m2/y HTF Therminol VP1 Dry cooling Type 2 tanks

25.3 Modeling of the Electrolyzer

An electrolyzer is a device used to splits a water molecule into hydrogen and oxygen.
It consists of an anode, a cathode, and an electrolyte (ionic conductive medium).
Electrolyzers are distinguished by the electrolyte materials used and the operated
temperature. The low temperature electrolysis includes; alkaline electrolysis, Proton
Exchange Membrane electrolysis (PEM) and Anion Exchange Membrane (AEM)
electrolysis [9]. For this work, the alkaline process was adopted, because the alkaline
electrolyzer are the most widespread industrially. The decomposition of water by
electrolysis is described as:

H2O → H2 + 1/2O2 (25.4)

With an enthalpy of water dissociation: �H = 285 kJ/mol.
The required power (in W) for the electrolysis of a water flow mḢ2O is given by

[5]:

W = Uthermoneutral.96487000mḢ2O/η f (25.5)

25.4 Organic Rankine Cycle Modeling

The most commonly used thermodynamic cycle to produce electricity by solar
concentrating still the traditional steam Rankine cycle. However while using this
system at low or medium temperatures (100–450 °C), as it is the case for a small-
scale solar plant (a few kilowatts to three megawatts) with parabolic trough concen-
trators, the efficiency is greatly degraded. The Organic Rankine Cycle (ORC) using
so-called organic fluids (Fig. 25.2) is therefore a good alternative to the steam cycle,
and it has numerous advantages [10].

The model is given by the simplest configuration of the Rankine cycle. It includes
a single stage turbine without recovery, a condenser, a pump and a boiler (Fig. 25.3).
The working fluid went through four different thermodynamic states. The cycle
operates between two pressure values, that are the evaporation pressure and the
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Fig. 25.2 Saturation curves of different organic fluids and water

Fig. 25.3 Diagram of the organic rankine cycle model

condensing pressure. The performance of the power cycle is defined as the ratio of
net work supplied by the cycle to the amount of heat consumed by the cycle.

ηcycle = ηconcentrator(
·

Ẇturbine −Ẇpump)

Q̇boiler
(25.6)

The EES (Engineering Equation Solver) software was used to simulate the
electricity produced through the Rankine organic cycles.

In order to compare in-between the electricity produced through different fluids
in the Rankine cycle, we have set the circulation flow in the cycle to 0.074 kg/s, the
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monthly thermal powers of heating of the working fluid “Qutile” as well as the same
isentropic efficiencies of the pump and the turbine of 85 and 80% respectively.

For each working fluid, the condenser outlet temperature and the pressure at
the inlet of the turbine have been set. The outlet pressure at the condenser is the
saturation pressure corresponding to the temperature at this point. The solar field has
been dimensioned to make the heating power supplied by the latter included in the
operating power range of the fluids studied and used in this given cycle.

25.5 Results and Discussions

The establishment of the mathematical equations necessary for the modeling of the
solar plant with parabolic trough concentration, the organic Rankine cycle involved
in the production of electricity and the water electrolyzis was the crucial step to the
numerical simulations. Indeed, based on these equations, it was possible to study the
effects of physical, meteorological and geographical parameters on the production
of thermal energy, electricity and hydrogen.

At first, the monthly electricity produced by a traditional parabolic concentrator
plant using an Andasol 1 storage type, with a power of 8.5 kWe, that is implemented
in Ghardaïa site was studied. This was done to size the solar field according to the
estimated thermal energy needed to supply the heat to the Organic Rankine cycle.

Figure 25.4 gives the average monthly thermal energy provided by the solar field
for the Ghardaïa site. This energy is proportional to the Direct Normal Insolation
DNI (Fig. 25.5).

Figure 25.6 shows different efficiencies expressing the production of heat and
electricity by the solar field.

It can be noticed that the maximum values are recorded in the summer period.
Afterwards, the monthly electrical production was calculated for the cycle using

conventional working fluid, which is the water, and the organic ones: Benzene,

Fig. 25.4 The average
monthly thermal energy
provided by the solar field
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Fig. 25.5 Direct normal
insolation DNI monthly in
the Ghardaïa site
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Fig. 25.6 Monthly efficiency of the plant implemented in Ghardaïa

Toluene, R-123. The heat source is a solar field generating a net heating power
of 35 kWth. This step was crucial to define which of the working fluids, is the most
efficient and most suitable for this low power plant provided by the solar field.

According toFig. 25.6, it canbe seen that among the three organicfluids studied for
the production of electricity, the Benzene is the fluid allowing the greatest production
of mechanical power at the turbine followed by Toluene, R123 and then by water.

The fluids studied, including water, present a mechanical power produced at the
turbine proportional to the thermal output power of the solar field with a lower
sensitivity of the refrigerants to the decrease in heating power in winter. Figures 25.7
and 25.8

The pumping power (compression) of the fluid can affect the net electrical power
produced by the power cycle and therefore its total efficiency. Indeed, the greater the
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Fig. 25.7 Net electricity
production for different
working fluids
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Fig. 25.8 Monthly
efficiency of the plant
installed in Ghardaïa
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power necessary for the compression of the working fluid, the smaller the net power
produced by the cycle and therefore the lower the efficiency of the cycle.

The results of the efficiency obtained through this simulation looks like those
of [11] and do not exceed 24%; and thus joins what is described in the literature
[12, 13].

Figure 25.9 shows the amounts of hydrogen produced by the alkaline electrolyzer
for the various organic fluids used in this study. The quantities produced are closely
related to the available electrical energy, which is more important for benzene and
toluene.
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Fig. 25.9 Average daily
hydrogen production
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25.6 Conclusion

This study helped to demonstrate the feasibility of hydrogen production by elec-
trolysis using a solar ORC plant in Algeria. Indeed, with a Direct Normal Insola-
tion (DNI) that exceeds 2000kWh/m2/year, an average daily sunlight duration that
exceeds 10 h this country has key elements for the success of this type of project.
Moreover, according to the results, the Organic Rankine Cycles are more efficient
than the Rankine Steam Cycles while used for low power generation (a few kilo-
watts). It was also shown that, among the three organic fluids considered for the
production of electricity by a small-scale power plant (5–8.5 kWe) through parabolic
trough solar power plant installed in Ghardaïa, benzene is the one offering the best
efficiency and production capacities throughout the year.
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Chapter 26
Optimization Study of the Produced
Electric Power by PCFCs

Youcef Sahli , Abdallah Mohammedi , Monsaf Tamerabet ,
and Hocine Ben-Moussa

Abstract The object of the present work is the thermodynamic study of the proton
ceramic fuel cell; particular attention is given to evaluate andmaximize the generated
power density by a single cell of Protonic Ceramic Fuel Cell (PCFC). In this work,
the real potential is given by the difference between the Nernst potential and the reel
polarizations generated during the PCFC operation. The activation polarization of
the chemical reactions in the anode and the cathode, the losses due to the species
concentration in both electrodes (anode and cathode) and the ohmic losses produced
by the Joule’s effect in the electrolyte and both electrodes (anode and cathode) are
considered as the reel polarizations. The obtained results show that the PCFC power
density is proportional to the variations of the operating temperature and the oxygen
concentration in the oxidizer; conversely, it is inversely proportional to the evolutions
of the fuel humidification and the thicknesses of the electrolyte.

Keywords PCFC · Power density · Optimization

26.1 Introduction

PCFC is one of the fuel cells family that is destined for stationary applications. It
is characterized by a solid electrolyte, an intermediate operating temperature (300–
900 °C) compared to the solid oxide fuel cell and protonic transport in the electrolyte
as PEMFC. Current development research of PCFCs are focused on maximizing
the electrical energy produced by these cells and reduce the operating tempera-
ture that affecting the lifetime of their components in several ways and in various
disciplines [1–3]. In addition, the diminution of the operating temperature can be
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made PCFCs usable in mobile applications (transport). Numerous works in liter-
ature were conducted to model the physical phenomena produced in the PCFC
operating. Kalinci and Dincer [1] have investigated the PCFC performance using
a one-dimensional steady-state electrochemical model. Arpornwichanop et al. [2]
have presented a performance analysis of a planar PCFC using a one-dimensional
steady-state model coupled with a detailed electrochemical model. Zhang et al. [3]
have developed a charge transports model to study produced current leakage impact
on the PCFC performance.

In the present work, a thermodynamic study of the Protonic Ceramic Fuel Cell
(PCFC) is conducted, while paying special attention to the maximizing the power
density produced by this fuel cell type.

26.2 Physical Model

PCFC tension (V ) is defined by the following equation [4–6]:

V = ENernst − Losses (1)

ENernst is the Nernst potential, it represents the PCFC maximum potential, and it
is given by the Nernst equation [1]:

ENernst = E0 + R.T

n.F

[
ln

(
PrH2 .Pr

0.5
O2

Pr.H2O

)]
(2)

R is the perfect gas constant, T is the operating temperature of the PCFC, n is the
number of the transfer electrons, F is the Faraday number, Prj is the partial pressure
of each specie j (oxygen, hydrogen and water stem) and E0 is the ideal potential that
is defined by the following equation [1, 2, 7]:

E0 = 1.253− 2.4516x10−4.T (3)

The losses defined by Eq. (1) include three types of tension losses: activations,
concentrations and ohmic.

26.2.1 Ohmic Losses

These tension losses are due to the resistance encountered by the protons in the
electrolyte and the electrons in the electrodes. Ohmic loss in each PCFC constituent
element is given by the product of the current density (i) and the electrical resistance
of each element of PCFC (R). Equation (4). [2, 8–10].
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ηohm = i.re (4)

where (re) is the ratio of the thickness of each component of the cell heart (e) and its
electrical conductivity (σ ). Equation (5). [2, 8–11].

re = e

σ
(5)

26.2.2 Activation Losses

These tension losses are due to the chemical reaction activation in both electrodes.
Equation (6). [4–6, 12].

ηAct, j = R.T

α.n.F
.sinh−1

(
i

2.i0, j

)
, j = anode, cathode (6)

where (α) is the charge transfer coefficient and (i0) is the exchange current density
of each electrode, it is given by Eq. (7). [4–6, 12].

i0, j = k j . exp

(
− E j

R.T

)
, j = anode, cathode (7)

26.2.3 Concentration Losses

These losses are due to the inability of the system to maintain the initial concentra-
tions. Equation (8). [13].

ηconc, j = − R.T

n.F
. ln

(
1− i

il, j

)
, j = anode, cathode (8)

where (il,j) is the limit current of the anode and the cathode, it is given for these two
electrodes respectively by 2.99 × 104 and 2.16 × 104 [12].

26.3 Results and Discussion

The obtained results are presented according to three parts, in the first; we present
the impact of the operating temperature and current density on the power density. For
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the second part, we show the influence of the oxygen concentration and the moisture
content according to the different current densities on the power density. Finally, the
third part exposes the effect of the electrolyte thickness and the current density on
the power density delivered by PCFC.

Figure 26.1 shows the effect of the operating temperature and current density on
the power density of a supported anode PCFC, the building materials are (Ni-YSZ)
for the anode (LSM) for the cathode and (SCY) for the electrolyte. The thicknesses of
the cell heart elements are identical to 60 µm for the cathode, 400 µm for the anode
and 60 µm for the electrolyte. The fuel is the hydrogen, it is humidified at (XH2O =
0.03), and the oxidizer is the air (XO2 = 0.21). The supply pressure is common for
both gases (1 bar).

Figure 26.1 shows that the total loss is inversely proportional to the operating
temperature; this proves that the PCFC power density is proportional to the operating
temperature.

Figure 26.2 shows the effect of the hydrogenwater content and the oxygen concen-
tration in oxidizer on the power density of the PCFC, the building materials are
(Ni-YSZ) for the anode, (LSM) for the cathode and (SCY) for the electrolyte. The
thicknesses of the cell heart elements are identical to 60µm for the cathode, 400 µm
for the anode and 60 µm for the electrolyte. The supply pressure is common for both
gases (1 bar). The PCFC operating temperature is 850°C.

Figure 26.2a shows that the power density of the PCFC is proportional to the
oxygen concentration in the oxidizer. The PCFC real potential is proportional to the
oxygen concentration rate in the oxidizer.

Figure 26.2b shows that the power density of the supported anode PCFC is
inversely proportional to the fuel humidification rate. Logically, the PCFC real
potential is inversely proportional to the oxygen concentration rate in the oxidizer.

Figure 26.3 shows the effect of the electrolyte thickness and the current density
on the power density of a PCFC, the building materials are (Ni-YSZ) for the anode,

Fig. 26.1 PCFC power
density evolution according
to the operating temperature
and current density
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Fig. 26.2 PCFC power
density evolution according
to the species concentrations
and current density.
a Oxygen concentration in
the oxidizer, bWater stem
concentration in the fuel

(LSM) for the cathode and (SCY) for the electrolyte. The thicknesses of the anode
and cathode are 100 µm. The fuel is humidified hydrogen (XH2O = 0.03), and the
oxidizer is the air (XO2 = 0.21) is the oxidizer. The supply pressure is common for
both gases (1 bar). The PCFC operating temperature is 850 °C.

The results obtained numerically were showed a good concordance with the
experimental results obtained by [1–3].

26.4 Conclusion

The Protonic Ceramic Fuel Cell as all fuel cell types is an electrochemical device
that converts the chemical energy of reactions to the thermal and electrical energies.
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Fig. 26.3 PCFC power
density evolution according
to the electrolyte thickness
and current density

In the present study, an optimization study of the produced electric power by PCFCs
is presented. A program in FORTRAN language that is based on the thermodynamic
model equations has been developed locally. The results obtained showed a concor-
dance with the experimental results of the literature. According to the analysis of the
obtained results, it appears that the realized code can be used as a design tool for the
optimization of the produced electric power by PCFCs. The main obtained results in
this work are:

• The PCFC power density is proportional to the operating temperature and oxygen
concentration in the oxidizer.

• The PCFC power density is inversely proportional to the fuel humidification and
electrolyte thickness.
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Chapter 27
Accurate PEM Fuel Cell Parameters
Identification Using Whale Optimization
Algorithm

Mohammed Bilal Danoune, Ahmed Djafour, and Abdelmoumen Gougui

Abstract Proton Exchange Membrane Fuel cells (PEMFC) are used in many engi-
neering applications as a power source. The device has a mathematical model by
which the output voltage-current (V-I) characteristics can be estimated at various
operating conditions. However, this model comprises several nonlinear coupled
parameters, and that makes the identification problem as challenging task. Owing to
that, some advanced techniques been employed to extract the optimal constants of a
PEMFC including meta-heuristic optimization algorithms. At this point, this paper
deals with a novel swarm-intelligence optimization method namedWhale Optimiza-
tionAlgorithm for the purpose of extracting the exact parameters of the PEMFC. This
investigation is conducted to examine the effectiveness of the method in providing
better results compared to other methods presented in the literature. A commercial
PEMFC from Heliocentris with rated power= 40W is employed to conduct a series
of experiments in the laboratory. Moreover, to confirm the effectuality of the method,
the results are compared with Particle-Swarm-Optimization (PSO) algorithm. The
proposedmethod showed a significant enhancement in terms of accuracy and conver-
gence speed compared to PSO, where, the error between the predicted and real data
was negligibly small (Mean Absolute Error = 0.0726 V).

Keywords PEM fuel cell · Parameters identification ·Whale optimization
algorithm · Hydrogen energy

27.1 Introduction

For the last decades, the world was (and still) experiencing a difficult global chal-
lenges such as limitations in fossil fuels and deterioration in the environment. Due
to these reasons, the integration of renewable-energy (RE) has noticeably increased
to meet the load demands. One of these sources is called fuel cell. The device has
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paid worldwide attention, and been used at various applications. Without rotating
parts, the fuel cells are able to furnish power continuously and efficiently. There
exist many kinds of fuel cells that are invented in last decades such as: alkaline
fuel cell, Direct methanol, Phosphoric acid, Molten carbonate, Solid oxide, and
PEM-fuel cells [1]. Nominated types have the same structure (Anode, Cathode
separated by an electrolyte) but it differs in the used type of the fuel and/or elec-
trolyte. However, due to many advantages i.e. low operating temperature (70–
85 °C), compact design, lightweight, solid electrolyte, and high efficiency PEMFC
is preferred to be used in many applications [2, 7]. Furthermore, the PEMFC has
a mathematical model that developed to replicate the output characteristics of the
device. This model can help designers to design new systems, and new control tech-
niques. Nonetheless, a precise output characteristics prediction is extremely linked
to a precise parameters identification. Unfortunately, the model has a complex and
non-linearly coupled parameters, that makes the identification process as challenging
task. For these purposes, advanced methods depends on swarm intelligence (so-
called Meta-heuristic methods) are extensively employed to extract model param-
eters. Using V/I measurements, meta-heuristic methods can efficiently and effec-
tively extract the optimal coefficients. A survey in literature showed many algo-
rithms were applied including Adaptive differential evolution [3], improved-multi-
strategy-adaptive differential evolution [4], Hybrid-Adaptive-Differential Evolution
algorithm [5], Particle Swarm Optimization [6], Grey Wolf Optimizer [7], Multi-
VerseOptimizer [8] and Salp SwarmOptimizer [9]. Although, swarm-basedmethods
are showing an intensive progress, and they are being developing day after day. Thus,
for further enhancements these new developed methods have to be integrated in this
topic. Thegoal of the current study is to propose anovel effective optimizationmethod
titled Whale Optimization Algorithm [11]. To show the superiority, accuracy, and
reliability of the suggested method, the results are compared with Particle Swarm
Optimization PSO [12]. The rest of paper is written as follows: Section 27.2, gives
illustrations about the used model of the PEMFC. Section 27.3, describes both the
used objective function and optimization method. Section 27.4, analyses and debates
the substantial results that achieved in this study. Finally, Sect. 27.5, summarizes the
important points in a general conclusion.

27.2 Mathematical Model of the PEMFC

PEMFC is an equipment that capable of converting chemical energy (in form of
hydrogen) into electrical energy through an electro-chemical process. The device
is composed of three components: a solid membrane (very often Nafion material)
between two electrodes called Anode and cathode. The overall stack voltage can
mathematically obtained as follows [2–5]:

V f c = Ns × [Enernst − Vact − Vcon − Vohm] (27.1)
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Enernst = 1.229− 0.85× 10−3 × (T− 298.15) + 4.3085× 10−3 × ln
(
PH2 ×

√
PO2

)

(27.2)

where Ns is cells number connected in series. Enernst is the no load voltage calculated
byNernst equation,Vact is the activation voltage,Vcon is the losses due to conductivity
and Vohm is the ohmic voltage of both membrane and electrodes resistances [5–9].

T is the cell temperature, PH2 andPO2 are the anode-cathode pressures respectively.
The activation Vact is given in Eq. (27.3) [2–6]:

Vact = −[ξ1 + ξ2 × T+ ξ3 × T× ln(CO2) + ξ4 × T× ln(I)] (27.3)

Here ξ1, ξ2, ξ3 and ξ4 are a constant unknown parameters. I is the cell current
and CO2 is the concentration of the oxygen at the liquid interface as defined by the
Henrys law [5–9].

CO2 = PO2
5.08× 106exp(−498/T)

(27.4)

Vcon is the activation voltage which is logarithmically related with current density
(J) and maximum current density Jmax. b is an unknown parameter [5–9].

Vcon = −b× ln

(
1− J

Jmax

)
(27.5)

Vohm represents the losses due to both membrane and electrodes resistances Rm

and Rc respectively.

Vohm = (Rm + Rc) × I (27.6)

Rm = l× ρM

A
(27.7)

where ρM is the membrane resistivity (�cm). The symbol of A represents the cell
area (cm2), l is the membrane thickness (cm), and ρM is the resistivity [5–9]:

ρM =
181.6

[
1+ 0.03

(
I
A

) + 0.062
(

T
303

)2( I
A

)2.5]
[
λ − 0.634− 3

(
I
A

)
exp

[
4.18

(
T−303

T

)]] (27.8)
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27.3 Identification Methodology

27.3.1 Objective Function (OF)

In the ideal case, the experimental voltage-currant points should be equal to the
estimated data, therefore, the identification problem can be converted into optimiza-
tion problem, where, the error between the experimental and estimated should be
minimum. The Mean Absolute Error (MAE) between the measured and estimated
stack voltage is chosen to be the OF in our case. Now, the goal is to adapt the eight (8)
unknown parameters (i.e. ξ1, ξ2, ξ3, ξ4, λ, b, RC and Jmax) of the model to achieve
a good fit by minimizing the OF given below (Table 27.1):

f (ξ1, ξ2, ξ3, ξ4, λ, b, RC , Jmax) =
∑N

j=1

∣∣Vexp(j) − Vest(j)
∣∣

N
(27.9)

A commonly used boundaries values are reported in Table 27.2 to limit the search
space [2–5].

Table 27.1 Heliocentris
FC50 PEM fuel cell
specifications [10]

Parameter Value

Number of cells 10

Cell Area (cm2) 25

Rated power (W) 40

Membrane thickness (μm) 27

Current at rated power (A) 8

Voltage at rated power(V) 5

Maximum operating temperature (°C) 50

Relative humidity in Anode and cathode 1

Table 27.2 Parameter boundaries and fitting results

Parameter Lower bound Upper bound Best Worst

ξ1 (-) −1.2000 −0.8500 −1.1772 −1.1588

ξ2 (−) 0.0010 0.0500 0.0010 0.0011

ξ3 (−) −3.6000E-5 −9.8000E-5 −5.7080E-5 −5.7080E-5

ξ4 (−) −2.6000E-4 −9.8000E-4 −2.6000E-4 −2.7380E-4

λ (−) 10 25 22.9 20.5000

b (v) 0.0100 1 0.0411 0.0594

Rc (�) 0 10E-3 4.8314E-4 0.0030

Jmax (A/cm2) 0.5000 2 1.3103 0.8817

MAE (v) – – 0.0726 0.1752
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27.3.2 Optimization Process by Whale Optimization
Algorithm

The suggested method is calledWhale Optimization (WOA) Algorithm. It simulates
the social behavior of humpback-whales (HBW). The latter is a probabilistic and
population-based searchmethod. It has been proposed by Seyedali [11] in 2016. This
method hasmany advantages like ability to track the global optimum accurately, easy
to implement, requires few parameters. The implement of the method is made by
threemain steps (Encircling the prey, Bubble net attacking, andBubble net attacking)
as cited in [11]. A minimization pseudo-code is developed for the proposed method
to determine the 8 unknown parameters of the fuel cell (Fig. 27.1).

Initialize the whales population (1, 2, ..., total number) 
Calculate the fitness of each search agent by Eq.(9) 
x* is the positions corresponds to the  minimum fitness 
 while (t < maximum number of iterations) 
for each search agent 
       Update a, A, C, l, and p  
if1 (p<0.5)           
if2 (|A| < 1)      
            Update the position of the agent by the Eq ; 
else if2 (|A| 1 ) 
            Choose a random agent (  ) 
            Update the position of the agent by the Eq
end if2
else if1 (p  0.5) 
         Update the position of the agent by the Eq     

end if1
      end for
 If any agent goes out-of the search space rectify it 
 Compute the fitness of every agent 
 Update x* if a better solution exists 
 t=t+1 
 end while
Go back to x*

Fig. 27.1 Pseudo code of WOA [13]
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Fig. 27.2 Fuel cell laboratory test bench

27.4 Experimental Characterization

The experimental voltage-current points are obtained from Heliocentris-FC50 test-
bench, installed at LAGE laboratory. The system is composed of a 40 W fuel cell
with the specifications illustrated in Table 27.1, metal-hydride hydrogen bottle, pres-
sure regulator, fan, programmable load and data acquisition system. The load is
programmed as a ramp signal to extract the desired voltage-current points. The
experiment is conducted at room temperature (24 °C) (Fig. 27.2).

27.5 Results and Discussion

In this part, including WOA, the results of PSO [12] are compared in terms of
convergence rate and the exactness in the curves plot. PSO has demonstrated its
effectiveness in many research papers, therefore, the method been chosen to be the
comparison reference to proof how competitive the method is. Moreover, due-to-the
randomness nature of the searchmethod, the results are executed for100 independent
runs with a population of 50 particles in the swarm. The best parameters results
(see Table 27.2) are feedback to the model to estimate V/I polarization curves. As
seen from Fig. 27.3 that the experimental as fitted data are plotted together. Some
differences can be discovered between the exact and the fitted data. From the plotted
V/I curves, we can observe that the proposed method is showing less deviation
compared to other methods, especially, at no-load points. The calculated total Mean
Absolute Error (MAE) of the proposed method is 0.0726 V whereas in PSO =
0.0750 V (see Fig. 27.4). This confirms the effectiveness of the WOA in exploring a
high quality of solutions. The main reason of this improvements can be explained by
the exploration and exploitation phases in the proposed method. The latter strategy
has a good tendency in avoiding the local optimum, and thus extracting high accurate
results. In addition to that the Best and Worst results of 100 execution time are
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stored and listed in Table 27.2. From this table we can notice that the error in this
100 runs is ranging in a very narrow band (0.0726–0.1752 V) where 0.0726 V
represents the best result (minimum error) and 0.1752 V corresponds to the worst
result (maximum error). That means the stochasticity of the method cannot effect on
the desired precision, and at every execution time the solution will not be far from
the best results.

Furthermore, to diminish the total computation cost, the selected method need to
be fast convergence. Therefore, another test is conducted in this second part to exan-
imate the speed of the method relative to the results of PSO. The results are depicted
in Fig. 27.4; we can observe that the suggested method has a rapid convergence, the
desired accuracy was reached after low number of iterations (169th). Unlike WOA,
PSO has reached target in more few iterations (217th). From these results, we can
say that the WOA has a fast convegence rate, and that will positively reflect/effect
on the cost of computation of the problem. At this end, it can be stated that the above
results supports the superiority ofWOA, and the latter can be classified as a powerful
method used in PEMFC parameters identification problems.
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27.6 Conclusion

In this paper, Whale Optimization Algorithm is suggested to extract the optimal
eight (8) parameters of a PEMFC. Interest was paid on tow important factors i.e.
preciseness and rapidity of the method. Based on these factors, the results of WOA
were compared with PSO algorithm to test effectiveness of the proposed method.
Unlike PSO, WOA was revealed the satisfyingly results in terms of the precision
with an accuracy of WOA= 0.0726 V. In terms of convergence speed, the proposed
method was reached the target on less number of iterations (169th), whereas PSO
was slow and converged after some more iterations (217th). Finally, by this study it
was found that the results of WOA were satisfyingly good. And therefore, we can
state that WOA can be efficiently applied to determine the PEMFC parameters.
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Chapter 28
Hydrogen Versus Alternative Fuels
in an HCCI Engine: A Thermodynamic
Study

Mohamed Djermouni and Ahmed Ouadha

Abstract The current study assesses, through a thermodynamic analysis, how well
six alternative fuels, namelymethanol, ethanol, LPG, biodiesel andhydrogenperform
compared to LNG fuel in an HCCI engine. In addition to traditional energetic anal-
ysis, the second law of thermodynamics, through the concept of exergy, is used
to provide detailed information on the thermodynamic processes during an engine
cycle. In particular, the sources and magnitudes of the energy wasted in the system
are evaluated and methods to reduce them can be afforded. Results indicate that
the engine thermodynamic performances with the type of fuel used. The highest
engine performance values are obtained using biodiesel as fuel, followed, in order,
by ethanol, LPG, methanol, LNG and hydrogen. Furthermore, it is observed that the
use of hydrogen in HCCI engine leads to increased exhaust gas temperature which.
Thus, its overall performance can be effectively enhanced by using heat recovery
techniques.

Keywords Thermodynamic analysis · Hydrogen · Alternative fuels · HCCI engine

28.1 Introduction

With its outstanding advantages such as high efficiency and reliability, Diesel engines
are the prime mover of most seagoing vessels. However, Modern marine Diesel
engines are faced a new challenge of achieving higher thermal efficiencies with
lower pollutant emissions under the IMOAnnexVI regulations. During the last years,
several technological solutions, such as water addition, internal engine modification,
post treatment and alternative fuels have been explored.
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In this context, the homogeneous charge compression ignition (HCCI) technology
is considered as a promising solution. HCCI engines combine characteristics of both
spark-ignited engines and diesel engines. Similar to spark-ignited engines, HCCI
uses a pre-mixed fuel-in-air charge, and similar to diesel engines, the mixture is
compression ignited. The diluted premixed charge facilitates a relatively uniform
auto-ignition event rather than a non-premixed flame found in diesel engines, and
thus HCCI engines can achieve fewer emissions of particulate matter. It has been
demonstrated that it can achieve fuel economy levels comparable to those of a Diesel
engine with low NOx particulate matter emissions.

This technology provides also the ability to use different fuels.Avariety of alterna-
tive fuels that includes diesel [1–3], hydrogen [4–7], natural gas [8–11], ethanol [12],
biogas [13], and dimethyl [14] have been used in previous studies of the literature.

Several studies have been carried out on the suitability andmerits ofHCCI engines
fueled with various fuels. However, only few researches have thermodynamically
analyzed HCCI engines are available in the literature [15–20].

The above literature survey shows the satisfactory performance of HCCI engines
compared to conventionalDiesel engines. Thermodynamicmodeling of the operation
of an HCCI engine running on various alternative fuels is a reliable, time and cost
saving approach to assess their performance under different operating conditions. In
this study, a thermodynamic model was developed and used to investigate the effect
of various engine parameters on performance characteristics of an HCCI fueled
with various alternative fuels, namely hydrogen, LNG, LPG, ethanol, methanol and
biodiesel.

28.2 Engine Thermodynamic Modeling

Environmental issues combined to the depletion of conventional fuels have encour-
aged the use of alternative technologies and fuel sources for marine Diesel engines.
The concept of HCCI combustion in which allows smaller amounts of NO, CO,
unburned hydrocarbons, and soot emissions compared to conventional IC engines is
considered as the most promised technique to comply with international regulations
in terms of consumption and pollutant emissions. Alternative fuels such as natural
gas, ethanol, methanol, biogas and hydrogen are also considered as an effective
method to meet global environmental issues and it is expected that these kinds fuel
will find widespread use.

28.2.1 Investigated Engine

The thermodynamic analysis has been performed for an eighteen cylinder,
turbocharged Diesel engine to study the effects of some operating parameters such
as the compression ratio, the ambient temperature, the equivalence ration and the
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Table 28.1 Main engine
specifications

Number of cylinders 18

Bore (B) × Stroke (S), mm 510 × 600

Engine compression ratio (rc) 14

Rotation speed (N), rpm 500

Equivalence ratio (φ) 0.55

Compressor pressure ratio (rp) 4.5

Fig. 28.1 Schematic of the engine system layout

compressor pressure ratio on the performance of the engine. Table 28.1 provides the
engine specifications.

The system layout and components are presented in Fig. 28.1. It consistsmainly of
a turbocharged and intercooled HCCI engine, a catalytic converter and a mixer. The
ambient air, at state 1, is compressed using a turbo-compressor to reach T 2 and p2.
The compressed air is then cooled by means of a cooler to the required temperature
T 3. The fuel is injected near the intake valve of each cylinder (timed port injection)
at a temperature T 4 and pressure p4. The premixed charge is then introduced to the
engine to undergo cyclic processes according to the Otto cycle. The exhaust gases
at state 6 passthrough a catalytic converter to get rid of the remained unburned fuel
as well as carbon monoxide. The clean flux of gases at temperature T 7 and pressure
p5 expands in the turbine and produces the power required to drive the compressor
before being released to the atmosphere at state 8.

28.2.2 Thermodynamic Analysis

The present section deals with the thermodynamic model adopted for the examina-
tion of the performances of the aforementioned system. The working fluid differs
in composition according to the process under consideration. It could be air, fuel,
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mixture of reactant (fuel+ air), or burned gases of the combustion products. The ther-
modynamic properties of the working fluid are calculated using polynomials derived
by regression methods from thermodynamics tables available in the literature.

The thermodynamic analysis is performed by considering several assumptions
which are given as:

• All processes are considered at steady state condition.
• Changes in kinetic and potential energies are neglected.
• Changes in kinetic and potential exergies are neglected.
• Liquid fuels vaporize in the mixer by gaining heat from air delivered by the

intercooler.

Mass, energy and exergy balance equations are applied to each component of the
system described in Fig. 28.1. Neglecting kinetic and potential energy and exergy
changes, these equations are summarized as:

∑
ṁin −

∑
ṁout = 0 (28.1)

Q̇in + Ẇ in +
∑

in

ṁi hi = Q̇out + Ẇ out +
∑

out

ṁi hi (28.2)

∑

in

(
1− T0

Ti

)
Q̇i + Ẇin +

∑

in

ṁi exi

=
∑

out

(
1− T0

Ti

)
Q̇i + Ẇout +

∑

out

ṁoexo + Ė xD (28.3)

where Q̇ is the rate of heat transfer between the control volume and its surroundings,
Ẇ the rate of work, h the specific enthalpy and Ė xD is the rate of exergy loss.

The mass, energy and exergy balances in Eqs. (28.1), (28.2) and (28.3) have been
applied to each component of the system.
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28.3 Results and Discussions

A Fortran code has been developed based on the thermodynamic model described
above. The code varies selected operating parameters such as compression ratio (rc),
fuel-air equivalence ratio (φ), engine speed (N) and turbo-compressor pressure ratio
to calculate the common engine performance parameters: Brake power output (Pb),
brake specific fuel consumption (bsfc), energy efficiency (ηen), volumetric efficiency
(ηv) and exhaust gas temperature (Tex). In addition, individual and overall exergy
loss rates (Ė x) and the exergy efficiency (ηex) have been assessed as second-law
parameters.

As expected, all assessed fuels exhibit similar trend, i.e. their performance are
improved by increasing the engine compression ratio. Furthermore, the amount of
oxygen available in biodiesel, ethanol and methanol also contributes to the enhance-
ment of the combustion process. The highest engine performances (brake power
output and energetic and exergetic efficiencies) are associated with biodiesel fuel
followed by ethanol, LPG and methanol. LNG performance values are slightly lower
than those of the fuels cited above. Although hydrogen has the highest low heating
value (120 MJ/kg), it develops the lowest brake power output, which explains its
poor performance values compared to the others fuels. This can be explained by its
low density (0.0838 kg/m3) which is too low compared to that of the others fuels. For
rc = 14, the average drops in thermal efficiency compared to biodiesel are 11, 14, 16,
54 and 68% for ethanol, LPG, methanol, LNG, and hydrogen, respectively. The same
trend is recorded for the exergetic efficiency since the ratio between the lower heating
value and the exergy of the fuel is constant. Methanol produces the highest brake
specific fuel consumption, followed in order by ethanol, LNG, hydrogen, biodiesel,
and LPG by a reduction of 29.8, 42.2, 57.2, 57.5, and 58.6%, respectively. Hydrogen
exhaust gas temperature is the largest and it by 19.6, 21.5, 22.5, and 32.3% for LPG,
biodiesel, methanol, ethanol, and LNG, respectively. Nevertheless, the volumetric
efficiency is insensitive to the variation of the engine compression ratio and the
fuel nature. This trend can be explained by the fact that the volumetric efficiency is
governed mainly by the temperature and pressure of the reactant mixture induced
to the engine cylinders which have been adjusted according to the requirements of
HCCI engines operation independently of the fuel considered (Fig. 28.2).

In Fig. 28.3, the engine performances are plotted as function of the equivalence
ratio and the compression ratio. The fuel-air equivalence ratio is defined as the actual
fuel-air ratio divided by the stoichiometric fuel-air ratio. Results showed that, for all
fuels, the brake specific fuel consumption is decreased with the increase of brake
power output, energy and exergy efficiencies and volumetric efficiency. This means
that the conversion of the thermal energy released by the fuel at higher equivalence
ratios is more efficient. Overall, biodiesel fuelled HCCI engine performs better in
terms of thermodynamic performance under the operating parameters considered
in the current study. This is mainly due to its higher in-cylinder temperature of
biodiesel combined with its stoichiometric air-fuel ratio and its oxygen content. It
is also observed that the specific fuel consumption decreases with the increase of
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Fig. 28.3 Engine performance variations for alternative fuels at different fuel-air equivalence ratios.
rc= 14,rp= 4.5, tamb= 25 °C, N = 500 rpm)

fuel-air equivalence ratio. For instance, in the case of hydrogen, an increase of 57%
is recorded when shifting from an equivalence ratio of 0.45–0.65. As expected, bsfc
is higher for hydrogen fuel due to its lower density compared to the others fuels.
The engine exhaust gas temperature increases with increasing the equivalence ratio
as illustrated in Fig. 28.3. This is can be attributed to high temperatures at the end of
combustion which increases with increasing the mass of fuel burned. In addition, the
exergetic efficiency increases as consequence of the higher temperatures attained by
the combustion for higher equivalence ratios. This results also in lower combustion
irreversibilities which contribute to the increase of the exergetic efficiency especially
for the oxygenated fuels.

Performance variations with respect to the assessed fuels at various engine speeds
are shown in Fig. 28.2. Overall, the engine brake power output, the energy efficiency
and the exergy efficiency are increase with the increment of engine speed for all
fuels considered. Again, the order of the fuels in respect of their performances is
respected for the same reasons. For a given fuel, the brake specific fuel consump-
tion did not show a meaningful variation as the engine speed rises. For all engine
speed values, bsfc is the highest for methanol, followed, in order by ethanol, LNG,
biodiesel, hydrogen and LPG. Hydrogen produces, by far, the highest the exhaust
gas temperature. Finally, it is observed that the volumetric efficiency is insensitive
to both the engine speed and the fuel nature (Fig. 28.4).
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Performance variations with respect to the assessed fuels at various engine speeds
are shown in Fig. 28.2. Overall, the engine brake power output, the energy efficiency
and the exergy efficiency are increase with the increment of engine speed for all
fuels considered. Again, the order of the fuels in respect of their performances is
respected for the same reasons. For a given fuel, the brake specific fuel consump-
tion did not show a meaningful variation as the engine speed rises. For all engine
speed values, bsfc is the highest for methanol, followed, in order by ethanol, LNG,
biodiesel, hydrogen and LPG. Hydrogen produces, by far, the highest the exhaust
gas temperature. Finally, it is observed that the volumetric efficiency is insensitive
to both the engine speed and the fuel nature.

Figure 28.5 depicts the variation of engine performance parameterswith respect to
turbo-compressor pressure ratios for the six alternative fuels assessed. As expected,
all assessed fuels exhibit similar trend, i.e. their performance are improved by
increasing the compressor pressure ratio. Indeed, an increase in the latter enhances
the homogeneous mixture preparation and the volumetric. An increase of the volu-
metric efficiency of 14, 17, 27, 15, and 14% is observed for increasing pressure ratio
from 2.4 to 5.5 for hydrogen, methanol, ethanol, LNG, LPG, and biodiesel, respec-
tively. In its turn, the brake power increases by 79, 121, 129, 93, 129, and 130% for
the aforementioned fuels.

In order to identify the sources andmagnitudes of the energywasted in the system,
a mapping of exergy losses within the whole system for fixed compression ratio,
turbo-compressor pressure ratio, ambient temperature, fuel-air equivalence ratio and
engine speed (rc = 14, rp= 4.5, tamb = 25 °C, φ = 0.55, N = 500 rpm) is achieved.
It is observed that under the operating parameters selected, exergy losses that occur
in the engine dominate. For all fuels assessed, the highest exergy losses are unreg-
istered in the HCCI engine. They range between 73.7 and 92.7% of the total exergy
losses in the system. The irreversible losses within the HCCI engine are mainly due
to the irreversible nature of the mixing and combustion processes. The remaining
components (turbo-compressor, intercooler, mixer, catalytic converter and turbine)
produce only 7.3–26.3% of the total exergy loss of the system. Figure 28.6 gives
also details about exergy losses within the remaining components of the system. For
liquid fuels (LNG, LPG, ethanol, methanol and biodiesel), the highest exergy losses
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Fig. 28.6 Exergy losses mapping within the system rc=14, rp= 4.5, tamb=25°C, f =0.55, N =500
rpm

originate from the mixer. In this case, heat transfer irreversibilities due to the evapo-
ration of the fuel are also taken into account. However, for hydrogen, a gaseous fuel,
the highest exergy losses are produced in the catalytic converter. As a result, from an
exergy point of view, the system performance could be enhanced by reducing exergy
losses during the combustion process.

28.4 Conclusions

In this study, some alternative fuels, namely LNG, LPG, biodiesel, methanol, ethanol
and hydrogen have been assessed, through a thermodynamic analysis, in an HCCI
engine. Results showed that the assessed fuels exhibit different trends. Globally
biodiesel, ethanol, methanol and LPG perform the best. In addition, the following
conclusions are drawn from the current study:
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• Overall, the variation in the engine operating parameters (rc, rp, N and φ) affects
considerably the engine performance. The latter are significantly improved at
higher values of rc, rp, N and φ. This is mainly due to the improved combustion
process under higher values of these parameters.

• The engine thermodynamic performances are observed to correlate with the type
of fuel used. The highest engine performance values are obtained using biodiesel
as fuel, followed, in order, by ethanol, LPG, methanol, LNG and hydrogen.
Fuels that contain oxygen such as biodiesel, ethanol and methanol allow better
combustion and achieve higher in-cylinder temperature.

• The use of hydrogen in HCCI engine leads to reduced energetic and exergetic
efficiencies and increased exhaust gas temperature. Thus, its overall performance
can be effectively enhanced by using heat recovery techniques.
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Chapter 29
Thermodynamic Study
of a Turbocharged Diesel-Hydrogen Dual
Fuel Marine Engine

Fouad Selmane, Mohamed Djermouni, and Ahmed Ouadha

Abstract In this study, amathematicalmodel is used in order to analyse the influence
of some usual engine parameters such as compression ratio, turbocharger compressor
pressure ratio, equivalence ratio, and engine speed on the performances of a Diesel-
hydrogen dual fuel marine engine. The model takes into account the gas composition
resulting from the combustion process and the specific heat temperature dependency
of the working fluid. The analysis is based on both the first and second laws of
thermodynamics using the concept of exergy analysis. Results showed that, overall,
the variation in the engine operating parameters (rc, rp,N and φ) affects considerably
the engine performance. Furthermore, an exergy lossmapping of the system indicates
that most of exergy losses (88.2%) occur in the engine due to due to the irreversible
nature of the mixing and combustion processes. The remaining components (turbo-
compressor, intercooler, mixer, catalytic converter and turbine) are responsible of
only 11.2% of the total exergy loss of the system.

Keywords Thermodynamic analysis ·Marine engine · Dual fuel · Hydrogen fuel

29.1 Introduction

The strengthen emissions legislation of the International Maritime Organization
(IMO) has emerged as a new issue facing the marine diesel engines due to their
high sulfur oxides (SOx),nitrogen oxides (NOx) and particulate matter (PM) emis-
sions. Furthermore, the 2018 IMO targets for low- and zero-emission shipping aspire
to reduce the total annual greenhouse gases (GHG) emissions by at least 50%by 2050
over 2008 levels and phase them out, as soon as possible in this century.
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Addressing the above concerns, diesel engines manufactures have proposed dual-
fuelling of diesel engines as an attractive solution to mitigate the harmful effects of
marine diesel engines emissions. Dual-fuel engines provide high fuel flexibility as
they can operate in either conventional mode (diesel) or dual-fuel mode (diesel–gas)
depending on the gas fuel availability. This technology is now available and several
studies have been performed on gas dual-fuel marine engines [1–11]. In addition,
engines companies such asMAN andWartsila have alreadymet on themarket a wide
range of gas engines using different kinds of gases such as natural gas, ammonia,
methanol and hydrogen.

While many ship owners have adopted LNG as a marine fuel, a serious debate
on the role of methane in meeting the IMO GHG reduction targets has been arisen
during the last years. It seems that to meet the ambitious IMO targets, shipping
needs to switch to the so-called carbon-neutral fuels such as ammonia and hydrogen
in the short to mid-term. Whereas, the carbon footprints of this kind of fuels should
be considerably lower than those of conventional fuels if they are produced from
renewable energy or biomass sources.

Hydrogen, a renewable, high-efficient and clean fuel, can potentially comply with
the stringent IMO regulation and save the future of diesel-type engines. Hydrogen is
a colorless, odorless and zero (harmful) emission fuel when burned with oxygen. The
combustion of hydrogen leads to energy release and water formation only. Compared
to conventional and alternative fuels, hydrogen has the higher combustion enthalpy
per unit mass (lower heating value). Indeed, 1 kg of hydrogen can provide almost
three times more energy than diesel and gasoline fuels. It has also the highest octane
rating (>130), meaning that the engine can operate at elevated compression ratio
values without experiencing the “knock” phenomenon. Due to its wide flammability
range, hydrogen can be used in engines at extremely low equivalence ratios which
improve the fuel economy.However, the significantly low density of hydrogen results
in reduced energy density of the hydrogen-air mixture inside the cylinder chambers
of an engine and hence may lead to low power output.

Several studies have been carried out on the suitability andmerits of hydrogen as a
fuel for diesel engines [12–26]. A careful examination of the above studies indicates
that thermodynamic analysis studies of hydrogen-based dual fuel engines are scanty
in the literature. For the design of an engine running on various fuels, accurate
thermodynamic models are needed to determine their performances as function of
key operating parameters. The present study focuses on a thermodynamic analysis
of a marine dual-fuel engine, working both in diesel and hydrogen modes. The
developed engine thermodynamic model has been implemented as a computer code
and used to assess the performance of the engine as function of various operating
parameters.
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29.2 Engine Thermodynamic Modeling

Marine Diesel engines operated fuel can be converted to operate with up to 99% per
cycle heat from a gaseous fuel such as natural gas,methanol, hydrogen, propane, LPG
etc. under dual fuel mode. In dual fuel mode, most of the engine power is provided
by the gaseous fuel, while a pilot amount of the liquid Diesel fuel, less than 1% of
the total fuel supplied to the engine at full load operation (energy basis), is injected
at the end of the compression stroke to act as an ignition source of the gaseous fuel–
air mixture. The engine power output is controlled by changing the amount of the
primary gaseous fuel, while the pilot diesel fuel quantity is kept constant [27].

Compared to diesel fuel, hydrogen fuel is neutral-carbon fuel with many desirable
attributes which make it excellent internal combustion engine. These include wide
range of flammability limits, high heating value and stoichiometric air to fuel ratio
and low specific gravity. Furthermore, hydrogen is not a mixture which the properties
can change depending on the source as is the case with LNG. Although that hydrogen
fuel has been used in SI engines, its relatively high auto-ignition temperature makes
it a serious option to operate with diesel fuel in dual fuel mode.

29.2.1 Investigated Engine

The engine considered in the current study is a turbocharged and intercooled dual-fuel
engine. It is an in-line eighteen cylinders which is widely used inmarine applications.
The main engine characteristics are illustrated in Table 29.1.

The proposed system is a basic turbochargedmain propulsion engine as illustrated
in Fig. 29.1. The turbo-compressor compresses air from ambient conditions (state
1) to temperature T 2 and pressure p2. It is then cooled in the cooler to reach the
required temperature T 3. The fuel is injected near the intake valve of each cylinder
(timed port injection) at ambient temperature and pressure p4. The premixed charge
is then introduced in the engine to undergo cyclic processes according the Otto cycle.
Before released to the atmosphere, the exhaust gases at state 6 passthrough a catalytic
converter to get rid of the remained unburned fuel as well as carbon monoxide. The
clean flux of gases at 7 expands in the turbine to produce the power require to drive
the compressor.

Table 29.1 Main engine
specifications

Number of Cylinders 18

Bore (B) × Stroke (S), mm 510 × 600

Engine compression ratio (rc) 14

Rotation speed (N), rpm 500

Equivalence ratio (φ) 0.55

Compressor pressure ratio (rp) 4.5
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Fig. 29.1 Schematic of the engine system layout

29.2.2 Thermodynamic Analysis

In order to carry out the thermodynamic analysis, some parameters of the working
fluid such as enthalpy, internal energy, entropy and exergy are required. In an internal
combustion engine, the working fluid changes in composition according to the
process undergone. It could be air, fuel, a mixture of reactant (fuel + air), or a
mixture of the combustion products. In this study, the thermodynamic properties of
the working fluid are calculated using polynomials derived by regression methods
from thermodynamics tables available in the literature.

The thermodynamic analysis is performed by considering several assumptions
which are given as:

• All processes are considered at steady state condition.
• Changes in kinetic and potential energies are neglected.
• Changes in kinetic and potential exergies are neglected.

Mass, energy and exergy balance equations are applied to each component of the
system described in Fig. 29.1. Neglecting kinetic and potential energy and exergy
changes, these equations are summarized as:

∑
ṁin −

∑
ṁout = 0 (29.1)

Q̇in + Ẇ in +
∑

in

ṁi hi = Q̇out + Ẇ out +
∑

out
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)
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ṁi exi + Ė xD (29.3)
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where Q̇ is the rate of heat transfer between the control volume and its surroundings,
Ẇ the rate of work, h the specific enthalpy and Ė xD is the rate of exergy loss.

The mass, energy and exergy balances in Eqs. (29.1), (29.2) and (29.3) have been
applied to each component of the system.

29.3 Results and Discussions

The thermodynamic analysis has been performed for a turbocharged Diesel engine
to study the effects of some operating parameters such as the engine compression
ratio, the equivalence ratio, the engine speed and the turbo-compressor pressure
ratio on the engine performance. Common engine performance parameters such
as the brake power output, the brake specific fuel consumption, the brake thermal
efficiency and the engine volumetric efficiency have been considered in the present
study. In addition, individual and overall exergy losses and the exergy efficiency have
been assessed as second-law parameters.

Figure 29.2 illustrates the effect of varying the equivalence ratio and the engine
compression ratio on the performance of the system. The compressor pressure ratio,
engine speed and ambient temperature were kept constant (rp = 4.5, N = 500 rpm,
and tamb = 25 °C) while the fuel-air equivalence ratio, defined as the actual fuel-air
ratio divided by the stoichiometric fuel-air ratio, was varied from 0.25 to 0.7 for four
engine compression ratio values: 12, 14, 16 and 18. Obviously, an increase in the
equivalence ratio yields to an improvement of the brake power output, the energy and
exergy efficiencies and the exhaust gas temperature for a fixed engine compression
ratio. This is mainly due to the large amount of fuel being burnt at higher equivalence
ratio values. Nevertheless, it produces a slight drop in the volumetric efficiency due
to the increase of the gaseous fuel that displaces a portion of air mass flow rate.
This stands only for 2.3% by shifting from an equivalence ratio of 0.25–0.7. While
the brake power increases by 406%. The brake specific fuel consumption is also
found decreasing by 51% with the increase of equivalence ratio form 0.25 to 0.7.
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Fig. 29.2 Engine-out performance for different engine compression ratio values and equivalence
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Fig. 29.3 Engine-out performance for different engine speed values and equivalence ratios

This is caused by the increase of heat released by the combustion that is converted
effectively to work during expansion with higher equivalence ratios. Furthermore,
higher compression ratio values improve the engine performance due to the high
temperatures of the reactants achieved at the end of compression which leads to a
higher maximal temperatures and pressures. Taking the example of the bake power
and the thermal efficiency, they increase by 11 and 15%, respectively, by altering the
compression ratio from 12 to 18. The exhaust temperature increases also at higher
compression ratios, this could be explained by the fact that the expansion process
does take full advantage of the total potential of the hot burned gas produced by
the combustion, and portion of the thermal energy is wasted to the exhaust gases.
However, this trend is not respected for fuel-air equivalence ratios lower than 0.3
(very lean mixtures) where the combustion performances does not respond to the
increase in the compression ratio which reduces the engine performance.

Figure 29.3 shows the combined effect of the fuel-air equivalence ratio and the
engine speed on engine performance. Results have been obtained for fixed values
of the compressor pressure ratio, engine compression ratio and ambient tempera-
ture were kept constant (rp = 4.5, rc = 14. and tamb = 25 °C) for four engine
speed values: 350, 500, 650 and 800. The brake power output, the brake efficiency,
the exergy efficiency and the exhaust gas temperature are increased as the equiva-
lence ratio is increased, while the volumetric efficiency and the brake specific fuel
consumption are decreasing. It is interesting to note that the engine speed has slight
effect on the brake thermal efficiency, the exergy efficiency and the brake specific
fuel consumption. It is worthmentioning that the enhanced performances is related to
the reason that with increasing the engine speed, the reduction of heat loss through
cylinder walls along the higher flow rate of air and fuel (higher end-combustion
temperatures and pressures) overcome the increase of work loss due to friction. This
situation is inversed for the thermal and exergetic efficiency with a further increase
of engine speed beyond 500 rpm, where the heat loss through cylinder walls and
friction overwhelms the scene. For example, the brake power output increases by
114% by increasing the engine speed from 350 to 800 rpm. Furthermore, both the
volumetric efficiency and the exhaust gas temperature remain insensitive to the vari-
ation of the engine speed. This is due to the fact that the volumetric airflow is directly
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Fig. 29.4 Engine-out performance for different turbo-compressor pressure ratio values and
equivalence ratios

controlled by the engine speed. The engine speed affects the engine power output
mainly at higher values of the fuel-air equivalence ratio. This can be explained by
the reduction of heat losses and the energy of fuel supplied to the engine.

In Fig. 29.4 are plotted the engine brake power, energy efficiency, energy effi-
ciency, brake specific fuel consumption, volumetric efficiency and exhaust gas
temperature as function of the equivalence ratio and the turbo-compressor pres-
sure ratio. Results have been obtained for fixed engine compression ratio, engine
speed and ambient temperature (rc = 14, N = 500 and tamb = 25 °C). According
to the graph, all performance parameters increase as the fuel-air equivalence ratio is
increased except the volumetric efficiencywhich decreases for the reasonsmentioned
above. In addition, the increase of the turbo-compressor pressure ratio has a signif-
icant effect on the improvement the charge (reactants) mixture preparation and the
volumetric efficiency, a key factor to higher air mass flow rates and therefore higher
fuel mass flow rates, which increases the in-cylinder pressure and temperature. For
instance, the brake power, thermal efficiency, exergetic efficiency, and the volumetric
efficiency increase by 495, 49, 44 and 3% when the pressure is increased from 1.5
to 6. However, it has an insignificant effect on the exhaust gas temperature.

A mapping of exergy losses within the whole system for fixed compression ratio,
turbo-compressor pressure ratio, ambient temperature, fuel-air equivalence ratio and
engine speed (rc= 14, rp= 4.5, tamb= 25°C, φ = 0.55, N = 500 rpm) has been also
performed. It is observed that under the operating parameters selected, exergy losses
that occur in the engine dominate. They account for 88.23% of total exergy losses
in the system. The remaining components (turbo-compressor, intercooler, mixer,
catalytic converter and turbine) are responsible of only 11.77% of the total exergy
loss of the system. Exergy losses within the engine are mainly due to the irreversible
nature of the mixing and combustion processes.
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29.4 Conclusions

Engine brake power output, volumetric efficiency, thermal efficiency, brake specific
fuel consumption, exhaust gas temperature, total exergy loss and exergy efficiency
data have been evaluated as function of some operating parameters such as compres-
sion ratio, equivalence ratio, engine speed and compressor pressure ratio for a
diesel-hydrogen dual fuel engine.

It is observed that, overall, the variation in the engine operating parameters (rc,
rp,N and φ) affects considerably the engine performance. The latter are significantly
improved at higher values of rc, rp, N and φ. This is mainly due to the improved
combustion process under higher values of these parameters. Furthermore, an exergy
loss mapping of the system indicates that most of exergy losses (88.2%) occur in the
engine due to the irreversible nature of the mixing and combustion processes. The
remaining components (turbo-compressor, intercooler, mixer, catalytic converter and
turbine) are responsible of only 11.2% of the total exergy loss of the system.
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Chapter 30
Effect of Bluff-Body Shape on Stability
of Hydrogen-Air Flame in Narrow
Channel

Mounir Alliche , Redha Rebhi, and Fatma Zohra Khelladi

Abstract In this work, we study the effect of bluff body shape on the proprieties
of Hydrogen-air flame propagating in a narrow channel, specially its stabilization.
The study is conducted with a 3D CFD numerical simulation with detailed reactional
mechanism. In this work, the Finite VolumeMethod is applied. In other hand, the k-ε
turbulence model was adopted and no artificial flame anchoring boundary conditions
was used. The results show dependence between flame structure and bluff body
shape. This impact is particularly clear on its thermal properties. Indeed, it appears
that the flame has a stretched appearance. This stretch increases particularly at the
flame front. However, the heat losses determine the flame anchoring location. In
other hand, results analyze shows a dependence between flame location and vortices
dilatation of the turbulent flow in the narrow channel with bluff-bodies. The stability
of the flame is increased when a triangular or semicircular bluff-body is applied.

Keywords CFD · Turbulent flame · Bluff-Body

30.1 Introduction

Recently, the micro-combustion technique has been widely developed due to the
growing demand for portable power devices, the development of micro-electro-
mechanical systems (MEMS) technology and the disadvantages of traditional
batteries (low density consumption, high weight, long charging time and short
charging time). The high energy densities of various fuels used in micro-combustion
chambers could be an excellent opportunity to introduce combustion-based micro-
generation [1, 2]. However, the power required in micro-generation is not compro-
mised if the chemical energy of the fuel is used efficiently. Low efficiency of micro-
combustion systems has been observed by Fernandez-Pello [3] (generating a few
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watts in an extremely low volume). In fact, understanding the combustion char-
acteristics of small-scale combustion chambers play a crucial role in improving the
efficiency of the system, especially in the presence of heat losses through the walls of
themicro-combustion chamber. Therefore, improving the flame stability and thermal
efficiency of micro-combustors has become a new challenge in combustion investi-
gations [4, 5]. Various experimental and numerical investigations have been carried
out [5, 6]. This research made it possible to understand the fundamental principles
of micro-combustion in terms of flammability limits, flame stability and thermal
efficiency.

The application of micro-combustion systems in MEMS has been successfully
tested by Waitz et al. [7]. The stability of the flame in combustion chambers smaller
than one millimeter has become a new challenge [8]. In fact, the stability of the flame
in small-scale combustion chambers is influenced by the absorption and destruc-
tion of the combustion radicals [9]. Consequently, the possibility of using catalyzed
combustion [10] as well as the application of external heat [11] and heat recircula-
tion [12] has been investigated. It has been found that the stability of the flame in
small-scale combustion chambers is strangely dependent on the recirculation of heat
through the walls of the combustion chamber [13].To reduce heat loss to the atmo-
sphere and prevent heat recirculation in the unburned area, a specific material should
be selected. Therefore, the selection ofmaterials in themicro-scale combustion cham-
bers is essential due to the strong thermal coupling between the reactive mixture and
the walls of the combustion micro-system. In general, since the surface/volume ratio
of the micro combustion chamber is higher than that of conventional combustion
chambers, the possibility of thermal cooling in micro combustion chambers is very
high due to the extremely high heat loss of the flame [14]. Maruta et al. [15] pointed
out that the instability of the flame in non-premixed small-scale combustion could be
attributed to the interaction between the structure of the flame and the flow of flame,
heat loss and mass transfer limitations. Sánchez-Sanz et al. [16] studied the source
of flame instabilities during premixed combustion from the combustion of narrow
channels. The effects of channel width, mixture velocity and Lewis number on the
flame propagation were studied to investigate the impact of heat loss on the flame
stability in channels [17]. Numerical studies in the micro-combustor process have
been developed to simulate different parameters in these devices. As a result, in so-
called super adiabatic combustion, the peak temperature of the flame at the reaction
zone is higher than the maximum adiabatic flame temperature of combustion without
excess enthalpy. When the maximum flame temperature is augmented, quenching
cannot occur due to heat loss from walls, so the flame becomes stronger [14, 17].
Although the effects of micro-combustor dimensions and operating conditions on the
flame stability and combustion characteristics of micro-combustion have been noted,
the impacts of different shapes of bluff body on the flame stability, wall temperature
and exhaust temperature have not been properly developed.

In this numerical study, the effects of the different shapes of bluff body applied
at the micro-combustor entrance and different inlet velocity magnitude with respect
to the fixed equivalence ratio of premixed hydrogen-air on the flame stability and
efficiency of the small-combustor is investigated.
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30.2 Numerical Modeling

The geometry of themicro-combustor has been selected based on experimentalworks
proposed by [8]. The length of the micro-combustor is 50 mm and its diameter
is 5 mm. The cross-sectional view of the studied bluff bodies are located at the
entrance of micro-combustor (10 mm from the entrance). Indeed, viscous forces,
pressure work and gas radiation were not taken into consideration. In this simula-
tion, the hydrogen was assumed as the fuel due to extremely high burning velocity of
hydrogen in comparison with hydrocarbon fuels. In order to protect the inlet geom-
etry, bluff bodies and combustor walls against high temperatures, lean premixed
mixture with equivalence ratios of 0.5 is applied to control the maximal temperature.
In all of the studied cases, the combustion characteristics were investigated based on
hydrogen-air mixture velocity inlet V = 40 m/s. All the governing equations for the
micro-combustor have been considered to ensure the convergence of CFD simulated
models. In this simulation, we adopt k-ε model. At the internal surface of micro-
combustor, non-slip and no species flux normal to the surfaces were considered.
Moreover, heat loss from walls to the surroundings is calculated with considering
both thermal radiation and natural convection heat transfer. The inlet temperature
of the hydrogen-air mixture and the pressure outlet of the emissions were set at
500 K and 1 atm respectively. The Partial Premixed Model was chosen to solve the
interaction between turbulence flow and combustion. The summary of the boundary
conditions is illustrated in Table 30.1.

The wall material was steel and the surface reaction effects were neglected. In
computational domain, the atmosphere inside the combustor is considered as a fluid
and the bluff body shapes are subtracted from the mentioned domain. It means in
the solution process the bluff body is assumed as a shape which fluid cannot flow
through it. Based on this assumption, the material of bluff body and heat conduction
model in this section is not considered and the main discussion is about the whole of
micro-combustor. Ansys CFX 12 [18] was used to solve the momentum equations,
energy, species, mass and heat transfer in different states. The first-order upwind
scheme was applied for discretization and for the pressure-velocity coupling, the

Table 30.1 Boundary
conditions of the simulation

Inlet Velocity
Temperature
Pressure reference
Hydraulic diameter
Mole fraction

Uniform = 40 m/s
Uniform = 500 K
1 atm
1 mm
Regard to the equivalence
ratio(0.5)

Outlet Hydraulic diameter
Pressure gage

5 mm
0 Pa

Wall Wall slip
Material
Thermal condition
Heat transfer coefficient

Non-slip
Steel
Mixed
40 W/m2 K
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Fig. 30.1 Example of mesh

SIMPLEAlgorithmwas used. Indeed, gradient is set least squares cell based, pressure
is standard, momentum and energy are second order upwind and turbulent kinetic
energy and turbulent dissipation rate are set first order upwind. The unstructured
square grid system, refined at the walls, with around 20,000 cells and 40,000 nodes
for all cases was set in the final simulation (Fig. 30.1).

30.3 Results and Discussion

30.3.1 Flame Structure

The concepts of chemical kinetics indicate that the chemical reaction time decreases
when the reaction speed increases. In the micro-combustion process, increasing
the reaction time can be achieved by increasing the reaction temperature. Thus,
increasing the flame temperature and reducing the heat loss in a micro-combustion
chamber can have a significant effect on the stabilization of the flame.

Figure 30.2 shows the structure of the flame in all micro-combustion chambers
having different forms of bluff body when the equivalence ratio is 0.5 and an entry
speed of the hydrogen-air mixture is 40 m/s.

The maximum temperature (T= 1603.52 K) occurs in the case of a square section
bluff body. A higher value (1682.36 K) is obtained for a lower speed (V = 10 m/s).
In general, observations confirm that when the inlet velocity increases from V =
10 m/s to 50 m/s, the flame temperature of the micro-combustion intensifies in all
domain except near the bluff body. When the inlet speed of the mixture increases
from 20 m/s to 40 m/s, the maximal flame temperature decreases in all the cases
studied. Consequently, it can be concluded that for the specific input flow rate of
the hydrogen-air mixture, the flame of the micro-combustion chamber with a semi-
circular bluff body is more stable than in the other cases. The flame is more attached,
presenting a recirculation zone behind the bluff body.
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Fig. 30.2 Flame structure in the micro-combustors for different bluff bodies

30.3.2 Flame Stabilization

In order to analyze the various aspects of flame stability in micro-combustors with
different bluff bodies, we present the flow fields contours in Fig. 30.3. This figure
shows that a small recirculation zone is constituted behind the bluff body. In partial
premixed combustion, the recirculation zone retains a significant supply of hot
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Fig. 30.3 Velocity contours in the micro-combustors for different bluff bodies

combustion products to ignite the fresh reactants continuously. Blow off occurs when
the time allowed by the flow is not sufficient for the chemical reactions to proceed to
ignition. We note that the blow off limit for micro-combustors without bluff body is
very low and it has been found that bluff body extends the stable flame of hydrogen-
air mixture gradually. In fact, it has been stipulated that blow-off limit is a function
of bluff body shape, fuel type, flow velocity, stoichiometry, pressure, temperature,
blockage ratio, and dilution [10]. In all of the studied cases, when the inlet velocity
is intensified, the recirculation zone is prolonged. Although the recirculation zone is
enlarged with a further inlet velocity augmentation, the middle of the reaction zone
tends to be split into two parts. In very large velocities, the flame is no longer able to
be sustained due to the very small reaction zone behind the bluff body and blow-off
occurs.
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Table 30.2 Variation of micro-combustion characteristics with bluff body shape (Vin = 40 m/s
and � = 0.5)

BB shape Tmax (K) Twall (K) Toutlet (K) Voutlet (m/s)

Without bb 1447.24 1064.48 1439.79 113.60

Circular 1469.75 1135.97 1468.78 104.79

Triangular 1487.60 1079.19 1466.81 109.07

Diamond 1468.50 1142.76 1468.38 109.68

Semi circular 1547.25 1142.55 1495.25 111.65

Square 1603.52 1148.27 1475.86 109.85

30.3.3 Thermal Efficiency of Micro-Combustion

Thermal radiation from the micro-combustor wall is applied for power generation in
some cases, thus the micro-combustor is considered as an emitter and the radiation
heat loss from the combustor wall plays an important role [15]. The ratio of the total
radiation through the combustor wall to the total energy input is defined as emitter
efficiency. From Table 30.2, it can be seen that the mean wall temperature in most of
the cases is similar; however, the mean wall temperature in bluff body wall is very
high. Moreover, the mean temperature of the wall decreases when the inlet mixture
velocity increases. On the other hand, in some applications (for instance micro-
gas turbines), the temperature of exhaust gases is important. Maximum exhaust gas
temperature increases when inlet velocity of mixture rises. Table 30.2 illustrates the
exhaust gas temperature in different states. Compared to the experimental work done
by Ref. [12], it can be seen that in triangle bluff body case, the experimental and
numerical results have the same trend. Experimental results show that at � = 0.5,
when the inlet velocity of the fuel is high (about 40m/s) the blowoff occurs. Table30.2
depicts also the mean outlet velocity of the exhaust gases. When inlet velocity is set
40 m/s, maximum outlet velocity was recorded at 111.65 m/s and minimum outlet
velocity, which is related to bluff body wall, is about 42 m/s (Fig. 30.3).

30.4 Conclusion

Flame stability should be ensured in micro-combustors by taking some appropriate
strategies. In this work, the combustion characteristics of a micro-combustor with
different shapes of bluff bodies under various velocities were investigated numeri-
cally to obtain the desirable conditions. In a lean hydrogen air mixture, the maximum
temperature (T = 1682.32 K) was recorded in the micro-combustor with semicir-
cular bluff body in lower velocity (V = 10 m/s). If the inlet velocity rises from V =
10 m/s to 50 m/s, the flame temperature of the micro-combustion intensifies in all
cases. When inlet velocity of mixture increases, the flame temperature reduces in all
studied cases. Therefore, the flame of the micro-combustor with semicircular bluff
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body is more stable and lifted. Emitter efficiency is very high in a micro-combustor
with this shape of bluff body, the temperature of exhaust gases is the lowest in this
case and this bluff body shape is not suitable for micro-turbine systems. Due to
the very small size of micro-combustors, residence time reduces dramatically and
flame stability encounters problems in these devices. Most investigations became
necessaries.
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Chapter 31
Experimental Validation of Fuel Cell,
Battery and Supercapacitor Energy
Conversion System for Electric Vehicle
Applications

R. Moualek , N. Benyahia , A. Bousbaine , and N. Benamrouche

Abstract Due to the increasing air pollution and growing demand for green energy,
the most of research is focused on renewable and sustainable energy. In this work, the
PEMfuel cell is proposed as a solution to reduce the impact of the internal combustion
engines on air pollution. In this paper a PEM fuel cell, battery and supercapacitor
energy conversion system is proposed to ensure the energy demand for an electric
vehicle is achived. The storage system consisting of a battery and supercapacitor
offers good performance in terms of autonomy and power availability. In this paper,
an energy management of the PEM fuel cell electric vehicle has been first simulated
in Matlab/Simulink environment and the results are discussed. Second, a Realtime
experimental set up is used to test the performance of the proposed PEM fuel cell
electric vehicle system. Experimental results have shown that the proposed system
is able to satisfy the energy demand of the electric vehicle.

Keywords Fuel cell · Supercapacitor · Batteries · Electric vehicle

31.1 Introduction

The combustion engine using fossil fuels is increasingly subject to controversies,
due to its undesirable and negative impact on ecology. Moreover, it is not the only
source of pollution but it is considered as the last link in a long chain of massive and
irreversible destruction of the environment. Feeling an imminent danger, the modern
society has introduced the concept of eco-responsibility in all industrial processes to
reduce its carbon impact. The electric vehicle (EV) and the hybrid electric vehicle
(HEV) constitute some of the solutions to this new eco-friendly philosophy.
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However, the HEV still uses a combustion engine although in a reduced or excep-
tional way it does however contribute quite significantly to the carbon impact foot-
print. The key solution is probably to use a pure electric vehicle (PEV). For this
kind of vehicles, we can find two very different concepts. The first is powered
by batteries, which are, themselves, charged by an external source using fixed and
known recharging terminals spread through a given territory. Thismethod is primarily
disputed because often the energy available on these charging stations emanate from
fossil fuels and non-renewable energies. The second type is relatively less harmful
with a reduced carbon impact and offering more autonomy to vehicles by the virtue
of using a fuel cell as a primary source [1, 2].

It is this type of the system that this paper focuses on. In this paper, a PEM
fuel cell electric vehicle power conversion system has been proposed. The proposed
electric vehicle system prototype consists of fuel cell, battery and supercapacitor. The
PEM fuel cell electric vehicle is simulated first under Matlab/Simulink and energy
management strategy is validated. Real-time setup is used to test the performance of
the proposed PEM fuel cell electric vehicle system using Real Time Interface using
dspace 1103.

Thiswork is organized as follows: In Sect. 31.2, the system’s configuration and the
modelling of the PEM fuel cell has been presented. In Sect. 31.3, a numerical simu-
lation of the PEM fuel cell and supercapacitor conversion system has been presented
under Matlab/Simulink environment. To validate the proposed system, experimental
tests have been obtained and discussed in Sect. 31.4. Finally, the conclusions of this
work have been provided in Sect. 31.5.

31.2 System Description

The proposed topology of the PEM fuel cell electric vehicle is shown in Fig. 31.1. It
includes a PEM fuel cell controlled throughout a boost dc-dc converter, battery that

Fig. 31.1 PEM fuel cell based EV topology



31 Experimental Validation of Fuel Cell, Battery … 241

is connected to the dc bus and a supercapacitor (Uc) controlled by a buck-boost dc-dc
converter. The hybrid storage system offers good performance in terms of autonomy
and power availability. In this topology, an energy management of the PEM fuel cell
electric vehicle has been considered.

31.3 PEM Fuel Cell Modelling

The nature of the fuel cell and the inherent laws that govern it are such that its net
voltage is lower than the voltage generated inside. Voltage drops characterize the
operation of the PEM fuel cell. These drops are due to the chemical reactions that
take place in the PEM fuel cell [3]. The PEM fuel cell model is given by Eqs. (31.1)
and (31.2):

V f c = n f cVcell = n f c(Enernst − Vact − Vohm − Vconc) (31.1)

ENernst = 1.229−8.5 e−4(Tfc−298.5)+ 4.308 e−5(Ln(PH2)+ (1/2)Ln(PO2))
(31.2)

where, Vact is due to delayed activation of Hydrogen molecules; Vohm, which in
turn is due to the nature of the materials making up the fuel cell, Vconc due to the
concentration of the hydrogen during crucial current requirements, nfc and Vcell are
the number of cells and the cell voltage respectively. ENernst is the thermodynamic
potential of the cell. The POi, PH2 and Tfc are oxygen and hydrogen partial pressures
and cell temperature. The PEM fuel cell characteristic shown in Fig. 31.2 depends on
the gaseous flow at the level of these electrodes and hence depends on the duration
of their depletion in gas. In the case of a sudden change in the load current, the
electrical transient that manifests itself in a more or less significant voltage drop that
will depend not only on the availability of gas and air at the electrodes, but also the
speed of the chemical reaction at the origin of electron production, as well as the
nature of the materials from which the cell is made up. This transient will end as
soon as the throttle pressure is readjusted [4, 5].

The PEM fuel cell V-I and P-I polarization curves are shown in Fig. 31.2; the
fuel cell is supplied with oxidant (oxygen present in the air) at a pressure of 1 bar.
In a practical case, a forced ventilation duct is sufficient. For fuel systems without
hydrogen regulation, the pressure is mechanically set at 1.5 bars. Elimination of the
water and heat produced is carried out through an air flow via the cathode [6, 7].
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Fig. 31.2 PEM fuel cell V-I and P-I polarization curves

31.4 Simulation Tests

The proposed PEM fuel cell electric vehicle is tested under Matlab/Simulink. The
Simulink bloc diagram developed in this work is shown in Fig. 31.3. The PEM
fuel cell, battery and supercapcitor models are realized under Powersyst Toolbox
of Matlab. The PEM fuel cell is controlled as a main power source and the
battery/Supercapacitor as a backup power source. The tests are performed in a vari-
able electric vehicle power load. In addition, the energy management of the whole
system is designed to share the PEM fuel cell electric vehicle power demand. The

Fig. 31.3 Simulink bloc of the proposed system
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Fig. 31.4 PEM fuel cell model simulation results

load bloc represents the electric vehicle and the storage batter model. The simulation
results shown in Fig. 31.4, illustrate that the proposed conversion system is able to
satisfy the electric vehicle power load.

31.5 Experimentation and Validation

Real-time experimental part is based on the emulation of the PEM fuel cell. This
emulation is realized by a buck dc-dc converter; this converter is controlled to produce
the behaviour of the PEM fuel cell. The benefit of this emulation is the possibility to
perform the experimental tests without need the real fuel cell, in addition, the input
gases pressures and temperature can be changed in this emulator. This PEM fuel cell
emulator is associated with a Boost dc-dc converter (see Fig. 31.5). Figure 31.6 show
the electronic circuit of the PEM fuel cell emulator. The fuel cell emulator system
consists of mains power supply of 80 V associated with a dc-dc buck converter
controlled by a simple PI regulator and mathematical model of the fuel cell (see
Fig. 31.5). The results given in Fig. 31.7 are obtained under a purely resistive variable

Fig. 31.5 Schematic diagram of the PEM fuel cell emulator
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Fig. 31.6 Electronic circuit of PEMFC emulator

Fig. 31.7 PEM fuel cell emulator results

load. Figure 31.7a shown the output voltage of the battery in cyan, the buck dc-dc
converter input current in pink, the load current in red and the control signal of the
transistor Q1. The operation of the PEM fuel cell emulator under sudden variation
of the load current is illustrated by Fig. 31.7b. This variation is typical and is in
conformance with the PEM fuel cell model. The output voltage of the PEM fuel
cell emulator is used to supply a boost dc-dc converter used to controller the power
from PEM fuel cell emulator. The resulting voltage is used to power the battery rack
directly.

The energy management algorithm fixes three phases of operations: When Vbus<
84 V. The PEM fuel cell must supply the battery and the load power. When 84 < V bus

< 88 V, the batteries are kept in the slow charging mode and the PEM fuel cell must
charge the battery and supply load. When V bus > 88 V: The Fuel cell switches off
and the batteries ensure the supply of the load alone. The developed real-time setup
is illustrated in Fig. 31.8.
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Fig. 31.8 Complete operational system

31.6 Conclusion

The topology and the energymanagement proposed in thiswork can satisfy the power
demand of the electric vehicle and ensure the respect of the constraints imposed on
the energy sources (dynamics of the PEM fuel cell and provide or absorb the power
peaks by the hybrid storage system). The simulation and experimental results show
that this topology remains efficient, safe and simple although the presence of an
additional converter. In addition, it offers good performance in terms of autonomy
and power availability.
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Chapter 32
Compromise Between Power Density
and Durability of a PEM Fuel Cell
Operating Under Flood Conditions

H. Abdi , N. Ait Messaoudene, and M. W. Naceur

Abstract It is well known that an adequate choice of operating parameters can result
in a high power density and an extension life of a proton exchange membrane fuel
cell PEMFC. The aim of this study is to optimize the operating parameters at the
inlet of a PEMFC. At first, objective functions are defined to study the problem,
according to the desired objective. We have proposed three case studies of single-
objective problems.These latter havebeen solvedby theParticleSwarmOptimization
algorithm PSO. In a second step, the objective is to simultaneously obtain the highest
possible power density and tominimize the dispersion of the current density along the
flow channel from its average value. The Non-dominated Sorting Genetic Algorithm
NSGA-II is adopted for solving the multi-objective problem. The multi-objective
approach allows finding several compromise solutions that allow the user to make
the appropriate choice depending on the intended application. These solutions are
presented by the Pareto front, containing the set of optimal solutions.

Keywords PEMFC · Optimization · PSO · NSGA-II

32.1 Introduction

Proton exchange membrane fuel cells PEMFC are promising technological solutions
in many areas of applications, because of their multiple advantages such as high
power density, fast start-up and ease of operation [1, 2]. However, there are still many
challenges that need to be considered, such as improving the durability and power
output of PEMFC system. These are related to the appropriate operating conditions.

The problem considered in this work is to determine optimum operating parame-
ters at the inlet of the PEMFC. Two optimization approaches are applied to a PEMFC
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operating under partial flooding conditions at the cathode. Particle SwarmOptimiza-
tion algorithm (PSO) and Non-dominated Sorting Genetic Algorithm (NSGA-II) are
used. PSO algorithm is used for solving the single-objective problems. On the other
side, NSGA-II is used to find compromise solutions that optimize the dual objective
of maximum power density and system durability.

This paper is arranged as follows: Section 32.2 is devoted to the description of the
mathematical model of PEMFC; Sect. 32.3 is concerned by the optimization of oper-
ating parameters; the simulation results are presented in Sect. 32.4; the conclusion
is stated in Sect. 32.5.

32.2 Steady-State Model of PEM Fuel Cell

The mathematical model used in this work has been widely used in the literature [3,
4]. Figure 32.1 shows the elements of a PEM unit cell and the modeled regions.

Under quasi-stationary conditions, the molar flow rates of reactants are [3, 4]:

dNi (x)

dx
= ξi

w I (x)

4 F
, ξH2 = −2, ξO2 = −1 (32.1)

The variation of the molar flow rate of the liquid water in each flow channel is
influenced by the rate of condensation/evaporation.

dNl
w,k(x)

dx
=

(
kc h w

R(Tk(x) + 273)

)
× (

Pv
w,k(x) − Psat

w,k(x)
)
, k = a, c (32.2)

Fig. 32.1 Elements and modeled regions of PEMFC
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where kc is the homogeneous rate constant for the condensation and evaporation of
water reaction. h and w are respectively the height and the width of the channel.

The variations of the molar flow rate of water vapor in the flow channel of the
anode and the cathode are respectively given by [4]:

dN v
w,a(x)

dx
= −

(
dNl

w,a(x)

dx

)
− w α I (x)

F
(32.3)

dN v
w,c(x)

dx
= −

(
dNl

w,c(x)

dx

)
+ w I (x)

2F
+ w I (x) α

F
(32.4)

α is the net flux of water molecules carried by protons across the membrane.
The energy balance at the flow channels takes into account the latent heat due

to the condensation/evaporation of the water and the heat transfer between the solid
surface and gases [4].

∑
j

(N j (x)Cp, j
dTk(x)

dx
= (H v

w,k − Hl
w,k)

dNl
w,k(x)

dx
+U a (Ts − Tk(x)) (32.5)

U is the overall heat exchange coefficient; (a) is the exchange area per unit length.
The cell potential can be calculated from the open circuit voltage, activation

overpotential and ohmic drop voltage as follows [3]:

Ecell = Eoc − R (273 + Ts)

0.5 F
ln

(
I (x)

I ◦P cat
O2

(x)

)
− I (x)tm

σm(x)
(32.6)

where F, R, I 0, σm(x) and P cat
O2

(x) are respectively, the Faraday’s constant, gas
constant, exchange current density for the oxygen reaction, membrane conductivity
and oxygen partial pressure at the catalyst interface of the GDL.

The average current density is given by:

Iavg = 1

L

L∫
0

I (x) dx (32.7)

The standard deviation of the local current density can be calculated as:

Sd =
√∑n

i=1 (I (xi ) − Iavg)2

n + 1
(32.8)
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The method used to solve the model is detailed in [3, 4]. The input parameters
and properties used in computations are taken from [4].

The main parameters that affect the performance of the PEMFC are the operating
parameters at the inlet of the PEMFC. Determining the optimal values of these latter
requires a combination of the mathematical model and optimization algorithms.

32.3 Objective Functions and Optimization Algorithms

In this work, four optimization cases are considered, depending on the desired output
target of the system. Figure 32.2 shows these cases with their objective functions. It
is obvious that the average current density is one of the parameters characterizing
the electrical power delivered by the PEMFC, while the standard deviation of the
local current density is also a key indicator of the durability of the PEMFC system. In
addition, nine operating parameters of the PEMFC are selected as decision variables,
their upper and lower limit values are given in Table 32.1. The selected algorithms
parameters considered in this work are listed in Table 32.2.

Fig. 32.2 Case studies of optimization parameters of PFMFC

Table 32.1 Upper and lower limits values of decision parameters

Parameter Lower value Upper value

Cell temperature, Ts, (°C) 60 80

Inlet temperature of anode and cathode gas, Tin
a , T

in
c , (°C) 60 80

Inlet pressure of anode and cathode, Pin
a , P

in
c , (atm) 1.5 3

Inlet anode and cathode humidity, RHin
a , RH

in
c , (%) 50 100

Anode stoichiometry, Sa, (–) 1.2 1.8

Cathode stoichiometry, Sc, (–) 1.8 2.5
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Table 32.2 Parameter setting
for PSO and NSGA-II

Parameter PSO algorithm NSGA-II algorithm

Population size 400 400

Maximum number of
iterations

200 1000

Crossover probability – 80%

Mutation probability – 10%

32.4 Optimization Result and Discussion

The optimal solutions obtained by PSO algorithm for single-objective optimization
problem of the three cases are summarized in Table 32.3. Figures 32.3a, b show,
respectively, the variation of liquidwater saturation at the cathode and the distribution
of local current density along the flow channel. It is found that the greater the liquid
water saturation, the non uniform the distribution of the locale current. This explains
the increase in the dispersion of the current density along the channel from its mean
value. By Comparing the compromise solution of the case 3 and the case 1; we
shows that the average current density of the cell for case 3 decreases by 12.7% and
the standard deviation decreases by 53.55%. A slight decrease in delivered power
density is obtained, but a considerable improvement in the durability of the PEMFC.

The result of the optimal Pareto front is shown in Fig. 32.4. The point (A1) is
an optimal result corresponding to the case where the average current density is
supposed to be the only objective function. Similarly, the point (A2) is an optimal
result where the standard deviation of the current density is considered as the only

Table 32.3 Optimal values
of decision variables and
objectives functions

Case 1 Case 2 Case 3

Parameters

Ts (°C) 80 80 80

Tin
a (°C) 80 64.45 80

Tin
c (°C) 60 80 67.89

Pin
a (atm) 1.5 1.5 1.5

Pin
c (atm) 3 1.5 3

RHin
a (%) 100 50 68.87

RHin
c (%) 62.16 100 100

Sa 1.8 1.2 1.8

Sc 2.5 2.5 2.5

Fobj.

Iavg (A/cm2) 1.2983 0.7468 1.1333

Sd (A/cm2) 0.4476 0.0197 0.2079

Power (W/cm2) 778.98 ×
10−3

448.08 ×
10−3

679.98 ×
10−3
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Fig. 32.3 Variation along the flow channel of: a liquid water saturation; b current density

Fig. 32.4 Distribution of
Pareto-optimal solutions
using NSGA-II

objective function.While the point (A3), is an optimal result of compromise between
current density and standard deviation. These solutions correspond exactly to those
found by the PSO algorithm. Also, we note that for the multi-objective optimization,
the final result is not represented by a single solution, but by a set of compromise
solutions that allow the user to make the appropriate choice for its use.

32.5 Conclusion

Simulation results suggest that the two approaches proposed for the optimization of
operating parameters of the PEMFC are useful to solve the single andmulti-objective
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problems. A good distribution of solutions on the Pareto front can be observed. They
indeed make it possible to maximize the power by increasing the average values
of current density while at the same time making it possible to improve the life of
the cell by minimizing the variations of this same current density along the cell.
Several compromises solutions are proposed in order to allow the user to make the
appropriate choice to its application.
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Chapter 33
Optimal Design of Energy Storage
System Using Different Battery
Technologies for FCEV Applications

B. Bendjedia, N. Rizoug, and M. Boukhnifer

Abstract The aim of this paper focuses on optimal sizing of Energy Storage System
(ESS) based on Fuel cell using different battery technologies for Fuel Cell Electric
Vehicles (FCEV) applications. The main objective consists to optimize ESS sizes,
cost with a longer lifecycle for a Fuel Cell Electric Vehicle with 650 km driving
cycle range. In this way, we study the influence of battery technologies which is
considered as a secondary source on the storage system characteristics. The obtained
results show that considerable gains have been achieved in terms of weight, volume
and cost using Ultra High Power (UHP) technology comparatively with high power
and high energy technologies. Otherwise, an experimental validation is carried out to
complement the simulation results via a 1 kW test bench with Hardware In the Loop
approach. As expected, UHP technology confirms its capabilities of decreasing the
applied stress on the fuel cell and consequently reduces the hydrogen consumption.

Keywords Batteries · Fuel cell · FCEV · Sizing

33.1 Introduction

A recommended structure composed of batteries and fuel cell is used in electric
vehicles. Batteries ensure the power peaks and the energetic component (fuel cell) is
used as an energy reservoir to insure the vehicle autonomy [1, 2]. Actually, the opti-
mization of the ESS sizes remains a real challenge for electric vehicle applications.
It is needed to increase as possible the storage system lifetime with minimal sizes.
An optimal sizing of ESS deals with a multi-objective optimization considering the
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cost, weight and volume with taking into account the fuel consumption. Subsequent
paragraphs, however, are indented.

In this paper, we interest to the sizing of fuel cell system and batteries pack for
a Fuel Cell Electric Vehicle with 650 km driving cycle range. The main contribu-
tion is studying the influence of the battery technologies on ESS sizes, costs and
hydrogen economy by considering four different technologies. Moreover, an exper-
imental validation under 1 kW test bench is carried out. An evaluation of the impact
of the used technology on the fuel consumption and life cycle of the whole system
is investigated to show the obtained gains using Ultra High Power technology.

33.2 Hybrid Fuel Cell/Battery Description

The hybrid power sources fuel cell/battery combine high energy density of fuel cells
with the high power density of batteries. The considered structure in this study is
shown in Fig. 33.1. Fuel cell is primary source and batteries pack is the secondary
one.

33.2.1 Technical Specifications

Driving Cycle (mission)
The ARTEMIS cycle is a profile selected to size the ESS. Two cycles (urban and
road) as shown in Fig. 33.2, were established to describe the course and reproduce

Fig. 33.1 Hybrid source scheme
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Fig. 33.2 Artemis cycle profile

Table 33.1 FCEV
characteristics [4]

Parameters Values

Vehicle mass (M) 860 kg

Frontal area (S) 2.75 m2

FC cell power 300 W

Volumetric, wight power density 3.1 kW/L, 2 kW/kg

the real conditions of use of the vehicle. The combination of urban and road cycles
can simulate a rolling distance of 22 km over a period of about 34 min [3]. Then, in
our case, the Artemis cycle with an average slope of 2.5% is used. In the objective
to achieve a distance of 650 km, the Artemis driving cycle is repeated 30 times.

Vehicle and Fuel cell characteristics
To estimate the power and energy needed for the proposed profile, a dynamic model
of the vehicle is used underMatlab-Simulink software. The parameters of the vehicle
and fuel cell system are shown in the Table 33.1.

33.2.2 Energy Management Strategy

It is needed to split the power between two or more sources, for this reason an energy
management strategy can provides the proper power reference of each source. One
of the simple and efficient strategies is the filtering management strategy based on a
filter to separate high-frequency components to be sent to the storage system and the
residuals are dedicated to the main source. This strategy is widely used to manage
the hybrid sources [2, 5], for sizing [6], and other strategies performances evaluation.
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33.3 Sizing Results of the Hybrid Source

In this section, we present sizing results already published in [7]. They are obtained
using different battery technologies (see Table 33.2).

From the obtained results shown in Fig. 33.3, it is confirmed that UHP technology
brings best performances in terms of cost, weight and hydrogen consumption.

Otherwise, another interesting part concerns the study of the hybrid source life
time. It is needed to evaluate the used technologies in terms of applied stress on the
hybrid source components. The next section is dedicated to test the applied stress on
the two sources via an experimental validation.

Table 33.2 Characteristics of used battery technologies [8, 9]

Parameters MHI 7.2HP 13HP UHP

Nominal capacity Ccel_bat (Ah) 20 7.2 13 0.45

Voltage U_cel_bat (V) 3.7 3.7 3.7 3.7

Max charge/discharge current I_cel_Disc (A) 100/100 14.4/21.6 39/104 22.5/22.5

Weight Wcel_bat (kg) 0.85 0.22 0.325 0.014

Volume Vcel_bat (L) 0.42 0.12 0.174 0.0073

Cost (Euros) / / 30.36 4.6

Fig. 33.3 Sizing results a weight; b volume; c H2 consumption; d cost [10]
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Load emulator FC emulator 

Battery

Dspace
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Fig. 33.4 1 kW experimental test bench

33.4 Experimental Validation

An experimental test bench (Fig. 33.4) is used to evaluate the performance of the
hybrid source using different battery technologies and to confirm the simulation
results.

Themaximumoutput power of the FC emulator is adjusted to 500W. For technical
and commercial reasons related to the purchase of the used battery cells, a hardware
in the loop approach as close to the real operating condition is used to emulate the
technology behaviour.

33.5 Experimental Results

The evaluation of the used technologies is to show their impact on the fuel consump-
tion and lifespan of the whole system. It was concluded that the current (or power)
dynamics have themajor influence. Then theRootMeanSquare (RMS) power (image
of dynamic current) and absolute energy are used in this work to know how often
battery pack and fuel cell are solicited [11].

Figure 33.5 shows the different needed evaluation parameters as RMS powers,
absolute energy and the fuel consumption respectively.

It is shown in Fig. 33.5a, b that UHP technology possesses the lowest applied
stress on the batteries which is expected, regarding its high charging/discharging
power rates.

From these two figures, it is noted that a considerable gains are obtained in term
of lifetime improvement compared to other technologies. From the Fig. 33.5c, it is
observed that MHI and 13 HP provide also the same applied stress on the fuel cell
and practically the same fuel consumption (see Fig. 33.5d). However, the 7.2 HP
has a higher fuel cell RMS power which leads to the highest fuel consumption. As
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Fig. 33.5 Experimental results with different battery cell’s technologies a RMS battery power;
b absolute battery energy; c RMS fuel cell power; d H2 consumption of fuel cell

Fig. 33.6 Synthesis of the
performances and the applied
stresses of the hybrid source
using the four technologies

Ba _RMS

MH2

FC_RMS

EWeight

volume

cost

7,2HP MHI 13HP UHP

expected, the UHP technology offers the lowest applied stress on the fuel cell which
leads to the lowest fuel consumption. The obtained gain can be evaluated to 10% in
terms of fuel consumption. As shown in Fig. 33.6, UHP offer the best performances
and characteristics compared with other technologies.

33.6 Conclusion

This paper focuses on optimal sizing of an Energy Storage System composed by
fuel cell system and batteries. The main objective is to improve the weight, cost,
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lifespan, and fuel consumption of the hybrid source. From the simulation results,
UHP technology guarantees the best performances compared to other technologies.

A complementary experimental part is presented to complete the evaluation of the
different ESS performances in term of applied stress on the hybrid source compo-
nents. As expected, the UHP technology cells contribute to decreasing the applied
stress on the fuel cell system and consequently reduce the hydrogen consumption.
The obtained results confirm that this technology is the most suitable to use for such
ap-plication regarding the improved lifetime and ESS characteristics.
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Chapter 34
RETRACTED CHAPTER:
Simultaneous Removal of Organic Load
and Hydrogen Gas Production Using
Electrodeposits Cathodes in MEC

Amit Kumar Chaurasia and Prasenjit Mondal

Abstract In this study, Microbial electrolysis cells (MECs) are used for the treat-
ment of actual paper and pulp industry wastewater and production of biohydrogen,
for the evaluation of economical and low-cost cathodes. Nickel, Nickel-Cobalt and
Nickel-Cobalt-Phosphate electroplating on SS and Cu rod are explored as-fabricated
cathode catalysts inMECs for the estimation of their electrocatalytic activity in terms
of energy recovery and treatment efficiency using paper-pulp industry real wastew-
ater. Developed cathodes are explore in MECs in a controlled temperature of 30 ±
2 °C, under applied voltage of 0.6Vat neutral pHwith paper-pulp industrywastewater
and activated sludge as inoculum. Simultaneously treatment of paper pulp industry
wastewater with hydrogen production rates (1.1–3.82 m3/m3-d) and 54–65% of
initial COD removal. Obtained results suggest that fabricated cathodes have poten-
tial to become alternative to Pt. for the treatment of real industrial wastewater using
MECs. It also indicates that the hydrogen production andMECs performance greatly
depends on the composition of wastewater and inoculum. MECs performances ware
evaluated in terms of hydrogen production rate, columbic efficiencies, overall energy
efficiency, and volumetric current density.

Keywords Electrodeposited cathode · Cathodic catalysts · Paper-pulp industry
wastewater · Electrocatalytic activity ·MECs energy recovery
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34.1 Introduction

Microbial electrolysis cells (MECs) are extendedversions ofmicrobial fuel cells tech-
nologies that recover the energy from organics present in waste material using elec-
trochemically active bacteria. MFCs use the action of exoelectrogenic microbes to
oxidize organic compounds present in the actual wastewater and generate electricity
over the transfer of electrons to the anode, while in MECs the electrons produced by
exoelectrogens are diffuse at cathode for the production of H2 from H+ [1]. MECs
is getting much attention in last decade due to it is a promising approach for the
generation of renewable energy and valuable products from almost all types of waste
materials. MECs combined the removal of organic material with higher hydrogen
production (>60% energy recovery) at ambient atmospheric conditions but recovery
of hydrogen/energy needs to be improved [2]. In MECs, cathode catalysts for proton
reduction to hydrogen at cathode has a significant role in decreasing energy input
and increasing hydrogen production or energy recovery [3]. Most of the literature
reported that Pt. as standard cathode material utilized in MECs due to low hydrogen-
over potential but noble metal platinum cannot be used for extensive practical appli-
cation ofMECsdue poisoning by sulphides and high cost [4]. Economical application
of MECs required development of alternative cathodes materials, which have low
hydrogen-over potential, low cost, more active surface area, good electrocatalytic
activity, and reuse capability. Many research group reported that first-row transition
metals, stainless steel, nickel alloys, Fe, Zr, Mo, TiO2 nanocrystals, titanium–nickel
and electrodeposits of graphite felt-nickel, Ni–Ti, Ni–Fe–Co, Ni–Fe–Co–P, Ni–Mo,
Ni–Fe and Ni–W are promising cathodes catalyst due to their low overpotential and
improved electro-catalytic activity [5]. Recent literature reported that the electrode-
plating/addition or grouping of two or more transitions metal improved the cathode
catalyzed reaction in MECs, it reduce the overpotential losses of electrode, mechan-
ical stability with high catalytic activity by combined influence of their catalytic
properties.

Most of the literature using these cathodes are investigate in synthetic wastewater
using a single substrate. There are very few literature reported that the effectiveness
of these alternative cathode catalyst using actual or real industrial wastewater. Among
these studies, some tests were done using industrial and domestic wastewaters such
as winery, potato, dairy wastewater. The most probable reason for these fabricated
cathodes has not been employed in actual wastewater is due to the complex nature
of actual wastewater, inorganic constituents of actual wastewater can greatly affects
the cathodes electrocatalytic activity but also leads to the catalyst poisoning due to
irreversible absorbance of cofactor/co-enzyme or metals ions at catalyst active site.

In this study, electrodeposits of Ni, Ni–Co, and Ni–Co–P on SS and Cu were
selected to evaluate hydrogen production and energy recovery of the paper-pulp
industry actual wastewater in MECs. The aim of current study was to evaluate the
developed cathodes in actual wastewater and viability of practical MECs operation.
The paper-pulp industry wastewater was chosen because it generates large quantity
of wastewaters during processing of agricultural raw materials and its contained
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Table 34.1 Physicochemical
characteristics of paper and
pulp industry actual
wastewater

Parameters Values (actual wastewater)

COD (g/L) 5.88

Soluble COD (g/L) 5.18

BOD5 (g/L) 1.8

pH 6.72

TS (g/L) 1.44

TDS 15.84

TSS 0.08

high COD (100 g/L), BOD (35–40 g/L) and dyes (color) with biodegrability index
<0.4. The fabricated cathodes have been explored as a cathode in MEC with anode
(graphite rod) under controlled temperature of 30 ± 2 °C at input voltage of 0.6 V.

34.2 Materials and Methods

Paper and pulp industry wastewater samples were collected from Star paper Mills
Saharanpur, India and wastewater characteristics are shown in Table 34.1. Samples
were collected at on-site from the primary clarifier of the industry and placed in ice
after that stores at 4 °C overnight at processing laboratory. Bacterial source used
in this study as mixed culture were taken from Municipal sewerage treatment plant
Haridwar, India. The eight different electrodeposited cathodes used in this study are
the same cathodes, which are described, in our previous published study as Chaurasia
et al. [5]. Fabricated cathodes represented in this manuscript as SS2 (Ni deposit),
SS3 (Ni–Co deposit) and SS4 (Ni–Co–P deposit) and similarly Cu2, Cu3 and Cu4.
The hydrogen gas produced in MECs was measured on a daily basis using water
displacement techniques, and collected in Tedlar gas sampling bags via silicon tube.
It qualitatively analysed by Gas chromatography (GC NEWCHROME 6800) and
more than 96% hydrogen gas fraction was detects in GC. Each MECs batch cycles
consist of 7 days and all the calculation with analysis were done as described in our
previous study [5].

34.3 Reactor Configuration and Operation

Eight double chamber MEC (10 cm× 10 cm× 10 cm) with 800 ml working volume
were made by using Plexiglas material consisting of graphite rod as an anode and
electrodeposited electrode as the cathode at optimum electrode spacing (4 cm). All
the experimentation in this study were carried out as in similar pattern with same
working procedure of our previous study [5]. All the MECs experimental setup fed
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with 700ml actualwastewaterwith 100ml concentrated activated sludge as incolumn
in controlled temperature 30 ± 2 °C at the applied voltage of 0.6 V. To inhibits the
methanogens and maximize the hydrogen production by adding 10 ml of 100 μM of
BES (2-Bromo ethane sulfonate) in each MECs reactor. Two times, in a day sample
was analyse for COD and further chemical analysis and volume of produced gas was
quantify by water displacement techniques on daily basis.

34.4 Results and Discussion

34.4.1 Current Generation

The current generation from different electrodeposited cathodes across the MEC
reactors are shown in Fig. 34.1. Current density behaviour indicate that the elec-
trodeposited cathodes give higher current rates than without electrodeposited cath-
odes such as SS1 and Cu1 and it’s primarily due to the effects of electrodeposits
and activity of exoelectrogens. The SS4 cathode achieve highest current density of
2.45 A/m2 and Cu4 has 2.39 A/m2 in comparison of bare cathodes using actual
wastewater. The rate of hydrogen production predominantly depends on the avail-
ability of electrons in the cathode (current density) and the current flows in the circuit
trigger by microbial activity. As the growth of microorganism, increase simultane-
ously increases the current density. The current density profile on actual wastewater
has slight variation to our previous study [5] on synthetic wastewater (single substrate
acetate). The development of the current density profile also suggest that fast oxida-
tion of simple organics then complex organic compound present in actual wastew-
ater. This clearly revel that MECs performance has less impacts of substrate/nutrient
medium. No hydrogen gas production has were detected when the current tends to
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Fig. 34.1 Current density profile of developed cathode of paper and pulp industry actualwastewater
in MECs a electrodeposits on SS and b electrodeposits on copper
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zero, which demonstrates that, the current and gas produced in the MEC reactor is
due to the microbial activity and their metabolism.

34.4.2 COD Removal

The percentage COD removals for different cathodes are ranging from 54 to 65%
as shown in Fig. 34.2b with respect to initial COD of wastewater (5.88 g/L) and it
indicates COD removal performances depends on cathode catalyst as well as nature
of the industrial wastewater. The SS3 cathodes containing MECs shows 64 ± 2%
COD removal, other hand SS4 has 60 ± 2% and (61 ± 2%) in case of Cu2. Lowest
COD removal detected in the case ofCu4 (54± 2%) cathode containingMEC reactor.
The high COD removals achieved with SS3 and Cu2 cathodes indicated the paper
and pulp industry real wastewater are highly biodegradable.
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Fig. 34.2 Cathodic Hydrogen recovery of different cathodes on actual wastewater (a), Percentage
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Table 34.2 Comparisons of MECs performance on actual wastewater

Developed
electrode/cathode

Q (m3 H2 m−3d−1) VH2 (ml) CE (%) ηE(%) YH2 (nH2/ns)

SS1 1.4 ± 0.1 96 ± 2 77.5 ± 2 77.3 ± 4 1.12 ± 0.1

SS2 2.1 ± 0.4 126 ± 2 88.3 ± 2 92.5 ± 4 1.42 ± 0.1

SS3 2.8 ± 0.5 164 ± 2 93.1 ± 2 97.6 ± 4 1.82 ± 2

SS4 3.8 ± 1 212 ± 2 94.9 ± 2 81.21 ± 4 2.88 ± 2

Cu1 1.1 ± 0.1 84 ± 2 53.2 ± 2 52.36 ± 4 1.06 ± 0.1

Cu2 1.98 ± 0.4 121 ± 2 69.6 ± 2 61.45 ± 4 1.32 ± 0.1

Cu3 2.6 ± 0.4 153 ± 2 72.2 ± 2 71.25 ± 4 1.47 ± 0.1

Cu4 3.87 ± 1 257 ± 2 76.7 ± 2 74.52 ± 4 2.43 ± 0.2

34.4.3 Energy Analysis

The columbic efficiency is used to express the energy yield comparedwith the energy
input of theMECreactor.Columbic efficiencyof the electrodeposited cathode reflects
the trends observed in hydrogen production are shown in Fig. 34.2a, and estimated
columbic efficiency is given in Table 34.2. The electrodeposited on SS cathodes
improved the cathodic efficiency but it is insignificant in the case of Cu electrode-
posited cathode. It is occur due to the fixed value of the applied voltage of 0.6 V for
all the cathodes.

Obtained results show that COD removal and energy recoveries highly depend on
cathodes catalyst as well as the nature of constituents present in actual wastewater;
it also indicates that the electrodeposition has positive effects on COD removal and
energy recoveries. The energy efficiency is the ratio of hydrogen produced to elec-
trical energy input. The energy efficiency (ηE) of the MEC with different fabricated
cathodes are summarized in Table 34.2. Estimated results suggest that a significant
amount of energy was harvested from the substrate, not from electricity in the case
of electrodeposited cathodes.

All the calculations are done in this study as described in our previous study
[5] and represented in Table 34.2. Obtained results suggest that electrodeposited
cathodes show stable and enhanced performance on actual wastewater. Among all
the developed cathodes SS4 cathodes show the maximum hydrogen production and
energy recovery as compared to bare cathodes (SS1 and Cu4).

34.5 Conclusion

MECs parameter determined from the experimental results are suggested that the
produced electrodeposited cathodes have increased the hydrogen production perfor-
mances from two to four-fold than palladium and Pt. catalyst using actual paper-pulp
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industry wastewater. It is also observed that the electrodeposited cathodes enhanced
the cathode performance towards HER on actual wastewater. It reveals that a combi-
nation of two or three non-noble metal cathode catalyst have potential to replace the
Pt. for the commercial application of MEC as well as in real wastewater.
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Chapter 35
An Improved Model for Fault Tolerant
Control of a Flooding and Drying
Phenomena in the Proton Exchange
Membrane Fuel Cell

A. A. Smadi , F. Khoucha , A. Benrabah , and M. Benbouzid

Abstract The proton exchange membrane fuel cell (PEMFC), an electrochemical
device for converting the chemical energy into electrical energy and heat, is currently
considered one of the most promising systems for development of renewable and
non-polluting energies. Water management in the PEMFC remains one of the major
obstacles to be solved for the commercialization of this technique on a large scale.
Flooding and drying are the twomain degradationmechanisms that occurwhenwater
management is inadequate, and have a direct impact on the resistance and the fuel
cell (FC) active area. Therefore, since the impact of these faults is known, the output
fuel cell voltage is also predictable. This paper presents an improved fuel cell model
that reproduce the output fuel cell voltage behavior in event of water management
fault. A future solution is also proposed for fault tolerant system by using a new DC-
DC converter with a high gain. Finally, model results are verified using MATLAB
Simulink.

Keywords Water management · FT control · PEMFC model · Flooding and drying

35.1 Introduction

For many years, fossil fuels such as coal, oil and natural gas have been used as the
main energy sources. Due to the growth of the world’s population, energy demand is
increasing every year. On the other hand, the use of fossil fuels has a strong impact
on the environment due to their production and CO2 emissions. These findings lead
us to seek new energy resources that are renewable, non-polluting and can replace
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fossil fuels. Fuel cell technologies therefore appear to be among the best solutions
and have received a lot of attention in recent years. However, many problems are
facing development and commercialization of this technology on a large scale.

Degradations due to poor water management are important. Mismanagement of
water leads to FC premature aging by physical degradation. Flooding and drying
are the two main degradation mechanisms that occur when water management is
inadequate [1, 2].

Flooding is a serious problem for PEMFC operation. It is defined as an accu-
mulation of liquid water that can occur at the anode and/or the cathode of the FC.
However, flooding occurs preferentially at the cathode because it is the place where
water is produced [3]. Anode flooding is less common but can occur at low hydrogen
flow rates, low current densities, and low temperatures [4, 5]. At both electrodes,
flooding can be accelerated by saturated or over-humidified reactive gases [3]. This
phenomenon can amount to a complete blockage of the gases passage. The transition
from a “healthy” FC to a “flooded” FC can be done in minutes [6]. Flooding can be
effectively avoided by adjusting gas flow or cell temperature [7].

Membrane drying is not instantaneous. The drying cell voltage takes about 15min
to go from 0.65 to 0.55 V [8], but the return to higher humidity levels is much
faster with about 4 min. As with flooding, drying does not necessarily affect all
cells in the stack. When drying, the cells in the stack center are the most affected
because of a non-uniform and higher stack temperature in the center [9, 10]. This
defect can be corrected by adjustments to the operating parameters. For example,
by reducing cathodic stoichiometry to reduce water evacuation, or by increasing the
current density to produce more water, or by lowering the temperature of the cell
[11].

The damage described above is inevitable. They are part of the PEMFCaging. This
aging can be accelerated and damage accentuated due to poor operating conditions.
To optimize the life of PEMFC, these faults must be avoided. When faults appear,
they must be detected and corrected before failure appear [12]. Fault tolerant control
is considered a step in the implementation of recovery strategy, error management.

The main objective of this paper is to provide fuel cell model to reproduce the
PEMFC behavior in event of fault. This model will allow us to apply fault tolerant
control strategies in the future.

35.2 Fuel Cell System Model

Many works are proposed on the FC modeling. These models are classified in
different categories: theoretical, empirical and semi-physical. Among the different
existing modeling approaches, we are interested in a semi-physical model, generally
used for electric vehicle applications, that provides advantages for analysis, control
and predict the system behavior. It can also be easily linked to DC/DC converter
models in order to develop control laws.
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Fig. 35.1 Fuel cell stack synoptic diagram

The FC system model is based on thermodynamic and mechanical relationships.
Generally, the fuel cell stack model is made up of four subsystems Fig. 35.1: stack
voltage model, the anode flow model, the cathode flow model, and the membrane
hydration model. In this work, only cell voltage model will be presented, in order
to capture the effect of the faults on the output fuel cell voltage. While the other
subsystems models can be reviewed in many references in the literature [13, 15, 16].

35.2.1 Stack Voltage Model

The stack voltage is calculated as a function of stack current, cathode pressure,
reactant partial pressures, stack temperature and membrane humidity. The output
voltage of a single cell can be given by [13–15]

v f c = E − vact − vohm − vconc (35.1)

where E is the open circuit voltage, vact is the activation overpotential, caused by the
activation of the anode and the cathode, vohm is the ohmic overpotential resulted from
the resistance of the polymer membrane to the protons transfer and the resistance of
the electrode and the collector plate to the electrons transfer, vconc is the concentration
overpotential resulted from the drop in concentration of the reactants as they are
consumed in the reaction. v f c represents the voltage of a single fuel cell, the total
voltage of the stack vst is calculated by multiplying the v f c and the total number of
cells n, and the current density i is defined as cell current Ist per cell active area A f c{

vst = n × v f c

i = Ist
A f c

(35.2)
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E is the function of stack temperature T f c, pressure of hydrogen pH2 and pressure
of oxygen pO2 [13, 14]

E = 1.229 − 0.85 × 10−3
(
T f c−298.15

)
+ 4.3085 × 10−5T f c

[
ln

( pH2

1.01325

)
+ 1

2
ln

( pO2

1.01325

)]
(35.3)

Activation voltage loss vact is calculated as follows

vact = v0 + va
(
1 − e−c1i

)
(35.4)

where v0 is the voltage drop at zero current density, va and c1 are constants

v0 = 0.279 − 0.85 × 10−3
(
T f c−298.15

)
+ 4.3085 × 10−5T f c

[
ln

(
pca − psat
1.01325

)

+1

2
ln

(
0.1173(pca − psat )

1.01325

)]
(35.5)

va = (−1.618 × 10−5T f c + 1.618 × 10−2
)( pO2

0.1173
+ psat

)2

+ (
1.8 × 10−4T f c − 0.166

)( pO2

0.1173
+ psat

)
+ (−5.8 × 10−4T f c + 0.5736

)
(35.6)

Ohmic voltage loss vohm is calculated as follows

vohm = i · Rohm (35.7)

The ohmic resistance is a function of membrane conduction σm in the following
form

Rohm = tm
σm

(35.8)

where tm is the thickness of membrane, σm is the membrane conductivity and
calculated as follows

σm = b1 exp

(
b2

(
1

303
− 1

T f c

))
(35.9)

in which b2 is constant [14], b1 is function of water content of membrane λm

b1 = (b11λm − b12) (35.10)
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The empirical values of b11 and b12 for the Nafion 117 membrane are given in
[14]

Concentration voltage loss vconc is calculated as follows

vconc = i

(
c2

i

imax

)c3

(35.11)

where c2, c3 and imax are constant [14].
The calculation of parameters in this Equations requires the knowledge of cathode

pressure pca , oxygen partial pressure pO2 , and fuel cell temperature T f c. The pres-
sures are calculated from the cathode model. The temperature can be determined
based on the stack heat transfer model. The membrane conductivity that is calcu-
lated in the membrane hydration model. Therefore, these models can be consulted
in the reference [13].

The above equations represent the Stack voltage model for a healthy fuel cell.
Concerning the model that includes the water management problems, the accumu-
lation of water in the cell blocks gas access at the catalytic sites, thus reducing the
active zone available [15]. A flooding is simulated by the reduction of the cell active
zone with:

i = Ist
A f c ∗ K

(35.12)

with K = 0.8 the flood coefficient.

In case of insufficient humidification, the membrane starts to dry. This is indicated
by a continuous increase in cell resistance [10]. Drying is simulated by increasing
the membrane resistance Rohm (35.8) to 1.5 compared to the rated value.

35.3 Simulation Results and Discussion

Several operating conditions influence the level of the FC hydration, such as Relative
humidity of gas, gas flow rates, fuel cell temperature, outlet gas pressures, fuel cell
geometry. And the current density. Figure 35.2 illustrates the effect of different
pressures and temperatures on the fuel cell voltage. The ideal voltage is defined as
the maximum voltage that each cell can produce at a given temperature and pressure.
In general, to ensure proper operation of the FC, the operating parameters must
remain within a relatively narrow operating range.

Flooding or drying can still occur due to uneven local conditions inside the cell.
In this study, the conditions of flooding and drying are generated by applying the
following assumptions: Toomuchwater causes flooding, i.e. a blockage of the porous
passages which in turn reduces the rate of transport of reagents to the catalyst site.
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          (a) Variable cathodic pressure.                                (b) Variable temperature. 

Fig. 35.2 Cell characteristics at different operating conditions

This phenomenon results in a lower active zone [15]. Too little water causes the
membrane to dry, which in turn leads to an increase in resistance [10].

Figure 35.3 shows the different water content effects on PEMFC and associated
degradation types. Graph (A) shows the cell polarization curve in healthy state. (B)
illustrates the cell voltage of the same cell in the flooding state, this process causes
a voltage drop, this voltage drop is interpreted as the result of an accumulation of
liquid water in the gas diffusion layer (GDL), thus reducing the active zone available
[15]. (C) displays the cell voltage in the drying condition, this process creates a net
loss of water from the fuel cell. As a result, the cell membrane begins to dry over
time. Finally, a voltage drop is observed over time.

During flooding or drying, fuel cell performance can be recovered by adjusting
the operating parameters that affect the FC system conditions or by using a Fault-
Tolerant Control (FTC) applied to the associated DC/DC converter, Fig. 35.4 shows
the global diagram of this process. After evaluating the fuel cell performance and
once the failure is detected, The FTCmechanism consists of reconfiguring the control
signal applied to the converter in order to bring the fuel cell into optimal operation,

Fig. 35.3 Cell voltage
according to the state of
health
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Fig. 35.4 Fault tolerant
system global scheme

and adapt the output voltage to the load used. This solution makes it possible to avoid
stopping the FC system.

35.4 Conclusion

Water management is one of the most complex and critical aspects of the successful
operation of the PEMFC. In this paper, a model of a PEMFC to implement fault
tolerant control strategies was introduced and its Simulation is implemented in the
MATLAB/Simulink environment. the Simulation is done by varying the resistance
and active area in the fuel cell model to obtain different cell voltage profiles, results
showed themodel ability to reproduce thePEMFCbehavior in event ofwatermanage-
ment fault (flooding and drying). Thismodel can therefore be used to implement fault
tolerant control strategies by acting on the FC associated DC-DC power converter.
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Chapter 36
Design of a Microbial Fuel Cell Used
as a Biosensor of Pollution Emitted
by Oxidized Organic Matter

Amina Benayyad , Mostefa Kameche , Hakima Kebaili ,
and Christophe Innocent

Abstract Microbial Fuel Cell (MFC) is an electrochemical device that converts
polluted organic matter into electricity by using microorganisms as biocatalyst.
Indeed, MFC can produce low renewable electric energy but preserve the environ-
ment. The aim of this study was to design a MFC-based biosensor using house-
hold wastes, in which anaerobes contained in the anolyte, are separated from the
catholyte with a cation exchange membrane. This biosensor has been used to analyze
biodegradable waste organic matter, where anaerobes act as biocatalyst for their
oxidation and the transfer of electrons to the anode. Sodium acetate solutionwas used
as substrate to obtain maximum energy. The MFC-based biosensor system was opti-
mized by discharging it into an external circuit and phosphate solution buffer mixed
with sodium chloride solution used as catholyte in the aerobic compartment. The
anaerobic compartment was kept at room temperature to promote bacterial growth.
It turned out that the MFC’s tension increased with the concentration of sodium
acetate. It varied linearly with the substrate concentration, on a semi-logarithmic
scale, thusmaking it possible to determine theminimumandmaximumconcentration
thresholds. In addition, the electrochemical characterization by cyclic voltammetry
of the bio-anode, revealed the oxidation current due to the degradation of the organic
matter, which varied linearly with the scanning speed, highlighting the adsorption
phenomenon on the surface of the porous electrode carbon felt. The MFC with a
renewable aerobic bacterial source could therefore be used as a biosensor for on-line
detection of pollution, in this case oxidized organic matter.
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36.1 Introduction

For several decades now, the Microbial Fuel Cells (MFCs) have been a key solution
for degrading and oxidizing organic matter and thus reducing the pollution of house-
hold waste and industrial waste discharged into the environment [1]. This oxidation
makes it possible both to purify the wastewater and to produce exploitable electrical
energy [2]. The present work will focus on improving the biofuel to make it more
cost-effective and environmentally friendly to cope with the growing industrial and
household waste that keeps pace with the speed of economic development and popu-
lation growth. The use of the biological fuel cell is currently used to the depollution
of wastewater because the development of this device remains conditioned by the
policy of the scientific community which aims to guide all research towards sustain-
able development to the extent not to solve a problem to create another [3]. It can be
used for public lighting in isolated and offshore areas.

36.2 Materials and Methods

In the present research, we have conceived a two compartmentMFC: anode compart-
ment containing the householdwaste leachate (anolyte) and the cathode compartment
containing a 50mmol/l NaCl buffered solution (catholyte), separated by aNafion 115
cation exchangemembrane. Carbon Felt was used as a basematerial for bioanode and
abiotic cathode. Leachate was prepared from liquid household waste recovered from
landfill trucks. The two compartments were connected by a 10 k� electric resistance
to deliver the electrical energy thus produced. For this purpose, a multimeter was
placed in parallel tomeasure the voltage. The ratio of the voltage to the resistance gave
the current density by considering the effective area of bioanode brought into contact
with the lixiviat. The fuel (sodium acetate) was added on a regular basis (1 ml per
day) at different concentrations successively and decreasingly. The biopile worked
for 3 months; the generation of electric current proved the oxidation of the fuel and
the transfer of electrons between the electro active biofilm and the bioanode. The
anolyte was isolated anaerobically (absence of oxygen) to avoid oxidation, however.
As for the catholyte, it was stirred continuously to reinforce the contact with oxygen
(aerobic) and consequently reduce the protons resulting from oxidation. The reduc-
tion of the oxidant (oxygen) being as important, we used as biodegradable electrolyte
a solution of NaCl (25 mmol) in 50 mmol of phosphate buffer solution. The voltage
between the two electrodes has been raised regularly to reach stable values. The fuel
was administered when required to maintain a stable voltage over time.
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Fig. 36.1 Curves of bacterial growth in the presence of different concentrations of fuel (sodium
acetate)

36.3 Results and Discussions

36.3.1 Bacterial Growth

The fuel concentration allowing optimal bacterial growth was 2.5 g/l of sodium
acetate, since it made it possible to visualize a growth in two or three successive
growth cycles (Fig. 36.1). It was followed by 0.025 g/l, which gavemaximum growth
compared to the others, after 9 h (a single peak).

36.3.2 Electrochemical Characterization

Cyclic voltammetry Cyclic Voltammetry (CV) was used to test the efficiency of
the electroactive biofilm (biocatalyst) electroactivity on the bioanode as well as the
oxidation of sodium acetate [4]. This technique is generally used because of its
simplicity of implementation and its speed for the initial characterization of an active
redox system. It provides an estimate of the redox potential of electro-active systems
capable of exchanging electrons with the electrode. It also provides information on
the electron transfermechanisms between the electrode and the biofilm, as well as the
stability of the analyte in the oxidation states within the chosen range of potentials.
As shown in Table 36.1, this technique reveals that the electrical current delivered
by the PCM decreases as the concentration increases, reaching the maximum current
at 0.25 g/l (25.39 mA/cm2). Moreover, in order to demonstrate the phenomenon
involved in the oxidation of the organic material by the MFC, the oxidation current
as a function of the scanning speed has been represented.A straight linewas obtained,
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Table 36.1 Values of the oxidation peaks obtained with the fuel concentrations using the scanning
speed 50 mV/s

Concentration (g/l) Current density (mA/cm2)

0.0025 10.81

0.025 18.17

0.25 25.39

2.5 5.99

25 4.95

35 3.40

highlighting the adsorption phenomenon, which is quite normal in our case, because
of the use of Carbon Felt as an electrode (Fig. 36.2).

Electrochemical Impedance Spectroscopy (EIS) This technique has been used to
explain the charge transfer between the electro-biofilm and the electrode. As shown
in Fig. 36.3, the Nyquist diagrams consist of semicircles and straight lines at the
high and low frequencies respectively. The semicircle and linear portions respec-
tively represent the electron transfer and limited diffusion processes. As described
byKumar et al. [5], the inter-facial charge transfer resistance is defined from the diam-
eter of the semicircle, representing the resistance of the electrochemical reactions
on the electrode and determines the transfer kinetics of charge transfer (electrons of
the redox couple at the interface of the electrode). Obviously, the best semicircle is
obtained with the lowest concentration of substrate (0.0025 g/l), showing a high load
transfer resistance. The low electrical conductivity is responsible for this increase in

Fig. 36.2 Oxidation current versus speed (in the case of adsorption phenomenon)
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Fig. 36.3 Nyquist diagrams of the CF electrode using different fuel concentrations

electrical resistance. However, this resistancewas reduced by significantly increasing
the concentration of the substrate (2.5 g/l), which is 1000 times higher.

36.3.3 Power and Polarization Curves of MFC-CF

The power curves generally have the same parabolic appearance. Indeed, when the
current density increases, the power density also increases and reaches a maximum
and finally decreases. In our case, it reaches the maximum value at the concentra-
tion 35 g/l, followed by the other two concentrations 0.25 and 0.025 g/l. As shown
in Fig. 36.4, these results corroborate those of Electrochemical Impedance Spec-
troscopy (EIS). The preliminary results of this electrochemical technique highlight
a progressive lowering of the resistance to charge transfer (Rct) of the interface, due
directly to the production of catalytic current since it involves the oxidation current.

36.4 Conclusion

As a result of this investigation, we have demonstrated the possibility of treating
liquid household wastewater by using the electrochemical device of a Microbial
Fuel Cell (MFC) with inexpensive materials and non-toxic substances. We followed
the MFC device for more than three months and then characterized the bio-anode by
chemical (bacterial growth) and electrochemical methods (cyclic voltammetry and
Electrochemical Impedance Spectroscopy). The preliminary results of the SIE prove
a progressive lowering of the resistance to charge transfer (Rct) of the interface, due
directly to the production of catalytic current since it is it that brings the oxidation
current. The bio-anode of carbon felt was the subject of all the study carried out.
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Fig. 36.4 Comparison between the power curves obtained with the different concentrations of
sodium acetate

The microbial biofilm formed on the surface of the anode significantly improves the
electrical conductivity of the material (carbon felt) and reduces the resistance of the
electrolyte thanks to its catalytic properties that effectively oxidize organic matter.
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Chapter 37
Bioelectricity Production from Arundo
Donax-MFC and Chlorophytum
Comosum-MFC

L. Benhabylès , Y. M. Azri, I. Tou, and M. Sadi

Abstract The increase of both energy demand and pollution makes essential the
use of renewable energy. Green electricity production is one of numerous chal-
lenges of researches and the target is to obtain an economic clean energy with high
performance and no emission of pollutants. Hydrogen fuel cell is an electrochemical
process in which chemical energy is transformed into electrical energy. This reaction
occurs by using hydrogen. A biological fuel cell is one of numerous types of fuel
cell using living organisms to generate electricity. In a microbial fuel cell (MFC)
the catalyst is the microorganisms and the most often bacteria. In plant microbial
fuel cell (P-MFC), the rhizospheric microorganisms are the catalyst. Plants produce
carbohydrates through photosynthesis and feed with rhizodeposits the rhizospheric
microorganisms which generate electricity. This paper is a presentation of 2 P-MFC
using two different plant species Arundo donax L. and Chlorophytum comosum L
in the same experimental conditions. During 43 days we measured the electrical
potential produced in Arundo donax-MFC and Chlorophytum comosum-MFC and
we compare the 2 P-MFC system to evaluate plant species performances. Results
show a different electrical potential for the two plants. The maximum tension regis-
tered for Arundo donax L. is +145.2 mV and for Chlorophytum comosum L. is +
155.3 mV.

Keywords P-MFC · Arundo donax L · Chlorophytum comosum L · Electricity ·
Fuel cell · Hydrogen

37.1 Introduction

Fuel cell is an old technology that produces energy by an electrochemically process.
Unlike an ordinary battery that stocks energy, it produces electricity by converting
fuels without interruption as long as these latter are provided [1, 2].
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Type of fuels employed in a fuel cell depend on its requirements and its application
[3, 4]. In aHydrogenFuelCells, dihydrogene is combusted producing simultaneously
electricity, water and heat. It consists of two electrodes covered by a thin layer of
catalyst generally platinum, where the reaction producing electricity occurs. The
electrodes are separated by an electrolyte that permit the passage of ions and blocks
the electrons that pass by an external electrical circuit. Hydrogen protons migrate
through the electrolyte to react with oxygen and electrons at the cathode. Even if
the operating principal remains the same, different fuel cells exist. Their differences
depend on influencing parameters such as: temperature, electrolyte and electrodes
[3].

The use of pure hydrogen in a fuel cell produces a high output of electricity and
release onlywater and heat, whichmakes amajor asset in the environment protection.
Otherwise, hydrogenuse present disadvantages because of its unavailability in nature,
high costs, high inflammability, and its difficult storage [5].

In a Microbial fuel cell (MFC), microbes use biochemicals from organics degra-
dation to generate electricity. The MFC combined with a plant, Plant-Microbial Fuel
Cell (P-MFC) is a biological fuel cell that produces bioelectricity by transforming
solar energy into electric energy. Green plants produce organic matter by converting
solar energy into biochemical energy through photosynthesis. Plant exudates are a
part of these biochemicals mainly composed of carbohydrates. They are excreted
into rhizosphere through plants roots.

Like for fuel cell, the anode is the negative electrode put at the rhizosphere under
anaerobic conditions Eq. (37.37.1):

C6H12O6 + 6H2O → 6CO2 + 24 H+ + 24e− (37.1)

The cathode is the positive electrode put at the soil surface in contact with oxygen
Eq. (37.37.2):

6O2 + 24H+ + 24e− → 12H2O (37.2)

The catalyst, in this case, is microorganisms and are called electrochemically
active microorganisms (EAM). The EAM break down organics and give electrons
that are captured by the anode. The passage of electrons from the anode to the cathode
generate bioelectricity.

The P-MFC presents many benefits like the low coast of the material used, contin-
uous energy generation, creating green spaces in urban environments and no emission
of greenhouse gases. Bacterial strain can also be isolated for hydrogen production
under anaerobic conditions.

In this paper, we present our study in which we measured the electric potential
produced inArundo donax-MFC andChlorophytum comosum-MFC andwe compare
the two P-MFC system to evaluate plant species performances.



37 Bioelectricity Production from Arundo Donax-MFC … 287

37.2 Materials and Methods

37.2.1 Plant Material

Chlorophytum comosum L. var. Variegatum spider plants is an ornamental and indoor
plant from family of asparagaceae or Liliaceae according to authors. Herbaceous,
evergreen plant with tuberous roots and tuft appearance, very extensive.

Arundo donax L. Giant reed is a large perennial grass in theMediterranean region.
It is an invasive plant from family of Poaceae, it expands mainly via rhizomes.

Both species are easy to grow because of their high plasticity to environmental
factors.

37.2.2 Experimental Set up

The potting of young chlorophytum comosum L. and Arundo donax L. were carried
out at the end of March and the experiment lasted 43 days. In pots of 30 cm, spider
plant and giant reed were placed in a loamy sandy soil without any additives, exposed
to soft sunlight for 3 h a day at the morning. Light intensity varied, depending on the
presence of clouds or not, from 520 to 15,000 lx and moderate temperatures ranging
from 17 to 28 °C. They were watering according to their needs in order to provide
them the right conditions for a good growth.

Two Graphite electrodes were placed, one at the root level “the anode” and a
second one at soil surface “the cathode”, for each pot.

Measurements have been done with a multimeter, every day at the morning.

37.3 Results and Discussion

Electricity production in a P-MFC is directly related to plant species because of the
rhizosphezric consortium that is different from a plant species to another.

Results of measurements of Arundo donax-MFC and Chlorophytum comosum-
MFC electrical potential are reported in Figs. 37.1 and 37.2.

As shown in Figs. 37.1 and 37.2, the electrical energy production in Arundo
donax-MFC and Chlorophytum comosum-MFC is different.

In the present study, Arundo donax L. measurements show very large fluctuations
and a lot of negative values. The 4th first days, the electrical tensions are negative,
this is relative to the time adaptation of the plant. From the 5th to the 19th day,
fluctuating values are registered with very low voltage. From 20th to 26th day, the
voltage fluctuate between 0 and negative values to rise at the 27th day and fluctuate
with positive values. The maximum tension registered is+145.2 mV at the 36 day of
the experiment and it suddenly drop again to negative values during 4 days and rise



288 L. Benhabylès et al.

-200
-150
-100

-50
0

50
100
150
200

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

E 
(m

V
)

Days

Fig. 37.1 Electrical potential of Arundo donax L. during 43 days of experiments
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Fig. 37.2 Electrical potential of Chlorophyum comosum L. during 43 days of experiments

again. Arundo donax L. has a fast growth rate with a high biomass production [6].
It’s also known for its C3 photosynthetic pathway that compete with other C3 plants
and C4 grasses supposed to be more productive [7, 8]. In addition, Arundo donax
L. forms a dense and deep root system [9]. All these characteristics might allow us
to suppose that this species generate a high electrical energy. In [7], Arundo donax
L. showed an instable electricity production but in a different experimental set up.
The fluctuating tensions recorded in our work is probably due to the big size of the
rhizome and the fast growth rate of the plant. It has been reported by [10], that plants
react differently depending on experimental conditions.

For Chlorophytum comosum L. measurements show many positive values fluctu-
ating between 0 and a maximum of+155.3 mV. During the 4th first days, the voltage
was very low with positive values which corresponds to the plant adaptation time. It
suddenly rise from 0 to 110mv at the 6th day and fluctuate with positive values till the
15th day. The voltage suddenly decrease at the 16th to very low values and fluctuate
positively till the 39th day and drop to negative values. Chlorophytum comosum L.
is a C3 plant [11] with a high biomass production [12]. It forms a dense root system
of fleshy roots of about 10 to 15 cm long and fine roots [13]. The best tensions
recorded, during the present experimentation, are for Chlorophytum comosum L.
while in previous work, with same conditions, tensions reached +636 mV [14].
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It is already known that Photosynthesis pathway influence the bioprocess of
converting solar energy into electrical energy [10]. Despite of being C3 plants,
Arundo donax L. and Chlorophytum comosum L. are particular by having a high
photosynthetic potential comparable to C4 species [4]. Several aspects have to be
explored in order to determine the reasons of low tensions; themain ones are rhizode-
position and microorganism. The structure and activity of the rhizospheric microor-
ganisms depend on the plant species, root morphology and rhizodeposits composi-
tion. It is also reported that structure and activity of microbiome vary through plant
life cycle [15]. The challenge for an efficient P-MFC system is to produce a contin-
uous electrical tensions, in this perspective, the rhizospheric microorganisms must
be electrochemically active.

37.4 Conclusion

Both of Hydrogen fuel cell and P-MFC are technologies in performing and devel-
oping. In our work, we have presented a simple experimental device of P-MFC to
show the differences with a hydrogen fuel cell. Through this experience, we have
tested the production of electrical energy by Chlorophytum comosum L. and Arundo
donax L. The two plant species seem to have the appropriate criteria for efficient
operating of a P-MFC. However, they present different electrical potentials. The
experiments are in progress investigating different parameters to perform the P-MFC
system. Plant eco-physiology, the operating conditions and P-MFC system design
must be coordinate to provide the optimum conditions to different plant species for
producing high levels of electrical energy.
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Chapter 38
Implementation of Fuel Cell
and Photovoltaic Panels Based DC Micro
Grid Prototype for Electric Vehicles
Charging Station

N. Benyahia , S. Tamalouzt , H. Denoun , A. Badji , A. Bousbaine ,
R. Moualek , and N. Benamrouche

Abstract Today, electric vehicle (EV) appears as an evident solution for the future
automotive market. The introduction of EV will lead to the reduction of greenhouse
gas emissions and decrease the travelling cost. However, electric vehicle is truly
an ecological solution only if the production of electricity necessary for its opera-
tion is produced from sustainable energy sources. In this paper, an Electric Vehicle
Charging Station (EVCS) through sustainable energy sources via a DC micro-grid
system has been proposed. The proposed system includes a fuel cell (FC), photo-
voltaic (PV) panels, storage battery and possibility of a connection to the grid. In this
work a low power prototype of a micro-grid based EVCS has been first validated
using a numerical simulation under Matlab/Simulink using variable irradiance and
number of recharging vehicles. In the second part of this paper, an EVCS prototype
has been realized in the laboratory. The tests are realized using an emulator of the
PEM fuel cell with the concept of the hardware-in-the-loop (HIL). The objective of
this emulation is to evaluate the performances of the whole system without the need
for a real fuel cell. The whole system is implemented on the dSPACE 1103 platform
and the results of the tests are discussed.

Keywords Fuel cell · Photovoltaic · Electric vehicle · Charging station
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38.1 Introduction

Today, electric vehicles appear as a real solution for the future automotive sector
[1]. This solution reduces greenhouse gas emissions and decreases the travel cost.
However, electric vehicle is truly an ecological solution only if the production of
electricity necessary for its operation is produced from sustainable energy sources.
The demand of electrical energy in an EVCS is not constant and depends particularly
on the number of the vehicles connected to the charging system [2]. Two solutions
are proposed in the literature: EVCS’s based on photovoltaic and battery storage
and EVCS’s that are connected to the grid. The lack of the first solution is energy
efficiency, especiallywhen the batteries are discharged. In these systems, the batteries
are oversized to compensate for the photovoltaic power during low irradiance periods
and to avoid the deep discharge of batteries. Therefore, the cost and the space needed
by this storage system are relatively large. On the other hand, those connected to
the grid, peak units must be used during periods of high demand [3] and therefore
pollution can be increased.

The EVCS based Micro-Grid (MG) proposed in this paper includes a fuel cell
(FC), photovoltaic (PV) panels, storage battery and possibility of an integration to
the grid. The advantage of combining the FC with PV panels is that the FC has a
high efficiency at full load and this efficiency is retained as the load decrease [4]. The
benefit of the proposed EVCS-MG is threefold: the recharge of the EV’s is generated
locally using renewable energy sources, the energy efficiency is improved by adding
the fuel cell and the extended parking time of the EV’s offers the possibility to use
the concept of vehicle to grid technology which the EV acts as a controllable thank
for MG.

In this paper a low power prototype of a micro-grid based EVCS has been real-
ized in the laboratory. The proposed MG prototype consists of fuel cell, photovoltaic
panels and battery. The implementation of the MG system has been carried out using
dSPACE 1103. A serial multi-cellular converter is used as a recharger converter. This
structure of DC-DC converter is developed to improve some shortcomings of buck,
boost and buck-boost DC-DC converters. It can also be used instead of the classical
ones, allowing for an improved vehicle battery recharge performances compared to
classical converters. This topology presents many advantages including: less voltage
constraints on the switching components, low switching frequency, low current and
voltage ripples, and the capacitor voltages balancing can be made naturally [5]. In
addition, the serial multi-cellular converter offers the possibility to obtain very high
energy efficiency over awide range of power. This constitutes an important advantage
for EVCS applications. The main contributions of this research work are summa-
rized below: (1) Implementation of the proposed MG-EVCS using Matlab/Simulink
SimPowerSystems Toolbox. In this implementation, the MPPT technique is used
to extract the maximum power from photovoltaic panels. (2) Development of an
experimental setup prototype based on MG-EVCS conversion system.

This work is organized as follows: In Sect. 38.2 and 38.3, the system’s config-
uration and modelling of the PEM fuel cell and PV panel have been presented.
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In Sect. 38.4, the simulation of the MG-EVCS conversion system has been real-
ized using Matlab/Simulink based on SimPowerSystems Toolbox (SPS). To validate
the proposed system, a real-time experimental prototype platform has been devel-
oped and the experimental results have been presented in Sect. 38.5. Finally, the
conclusions and perspectives of this work have been provided in Sect. 38.6.

38.2 System Description

Figure 38.1 shows the proposed topology of the MG-EVCS system. It includes a
photovoltaic array generator, a PEM fuel cell and a battery storage system. The PV
panels are connected to the DC bus through a boost DC-DC converter controlled
using P&Omaximum point power tracking, MPPT, algorithm and the PEM fuel cell
is controlled as a current source through another boost DC-DC converter. A multi-
cellular DC-DC converter is used as vehicle battery recharge converter. This topology
presents many advantages: less voltage constraints on the switching components,
low switching frequency, low current and voltage ripples, and the capacitor voltages
balancing can be made naturally [1, 2]. The electrical circuit of the boost DC-DC
converter and serial multicellular converter used in this section have been modeled
as shown in Fig. 38.1. The PV model used in this work is based on a single diode
model [4].

Fig. 38.1 The structure of the proposed system
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38.3 System Modeling

38.3.1 PV Panel Model

In this model, the equivalent circuit of the PV cell is represented by a current source
in parallel with a diode and series/parallel resistances. The PV panel model is given
by Eq. (38.1):

I = Iph − I0[exp((V + Rs I )/Vt · a) − 1] − (V + Rs I )/Rsh (38.1)

Where the V t is the thermal voltage of the cell, Iph is the photocurrent which
depend on solar irradiation and is influenced by the temperature of cell, I0 is the
diode saturation current which varies with the temperature, a is the diode ideality
factor. The Parameters of the PV panel used in this simulation are given in [4].

38.3.2 PEM Fuel Cell Model

PEM fuel cells are a promising technology for electric vehicle recharging station
applications thanks to their higher efficiency, low emissions and direct production of
electricity [6]. The output voltage of a single cell can be defined as follows [7].

Ecell = ENernest − EAct − ECon − EOhm (38.2)

In Eq. (38.2), ENernst is the thermodynamic potential of the cell representing its
reversible voltage, EAct is the activation voltage drop, ECon is the concentration
voltage drop, EOhm is the Ohmic voltage drop.

38.4 Simulation Tests

The components shown in Fig. 38.1 are tested using SimPowerSystems components.
Three PV panels of 240 W and PEM fuel cell of 500 W have been connected to the
DC bus through two separated boosts DC-DC converters. The PV boost DC-DC
converter is controlled by a classical P&O MPP technique and it is used to increase
the PV output voltage from Vmpp = 48.5 VDC to 100.8–10.4 (Fig. 38.2).

The FC boost DC-DC converter is controlled using current controlled mode and it
is used to increase PEMFCoutputV fc = 37.5–34VDCvoltage to 100.8–110.4 VDC.

The storage system consists of 8 acid lead batteries (12 V, 7 Ah). To test the
operation of the EVCS-MG, the PV panel is subjected to variable step irradiance
(Fig. 38.3).
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Fig. 38.2 Matlab/simulink block scheme of the proposed system

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-50

0

50

100

150

200

250

300

Time (s)

Po
w

er
s (

W
)

PLOAD

PBATT

PPV

PFC

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

35

40

45

50

55

Time (s)

V
ol

ta
ge

s (
s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
98

100

102

104

106

Time (s)

B
us

 v
ol

ta
ge

 (V
)

PLOAD

PBATT

PPV

VPV

PFC

VFC

Fig. 38.3 Simulation results of the EVCS-MG

The irradiance varies according to these time settings: t < 0.1 s and t > 0.3 s E =
600 W•m−2, 0.1 s < t < 0.3 s E = 400 W•m−2. During the interval [0.1–0.3 s], the
number of electric vehicle recharging is increased and the PEM fuel cell compensate
for the deficiency of power from the photovoltaic panels. Under these conditions,
the recharging station is fed jointly from the solar panels and the fuel cell. However,
during the interval [0.4–0.6 s], the number of electric vehicle recharging is decreased,
the photovoltaic powerPPV is sufficient, in this case, and theDCbus voltage increases
slightly. It also shows that the photovoltaic voltage is fixed by theMPPT algorithm at
its Vmpp � 48 V under these conditions and the power delivered by the photovoltaic
panel which depends on the level of the irradiation.
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38.5 Experimental Validation

The experimental set up of the EVCS system is shown in Fig. 38.4. It is composed
of a fuel cell emulator (1), a serial multicellular converter (2) and two boost dc-dc
converters. To reproduce the behavior of the PEM fuel cell when the fuel cell current
I fc change, the fuel cell voltage V fc must be regulated with respect to to its reference
valueV fc_ref [8]. The reference value of PEM fuel cell current I fc_ref is calculated from
Ibus and Ipv and compared with the measured fuel cell current I fc. The experimental
set up consists of three PV panels of 240 W and a fuel cell emulator of 500 W
connected to the dc bus through a boost DC-DC converters. The PV boost DC-DC
converter is controlled using a classical P&O-MPPT technique and the FC boost
DC-DC converter is controlled using the current control mode. The electric vehicle
is replaced by a resistive load.

The power supply output current is measured and sent to the dSPACE card (1), and
taken as the input of the fuel cell model. The P&O-MPPT technique is developed
using the boost DC-DC converter realized in the laboratory (2). The currents are
measured with LEM LA25-NP. The stabilized powers (3) are used to supply the
LEM LV25-P and LEM LA25-NP sensors.

Figure 38.5 shows the evolution of the photovoltaic panel voltage, this voltage
is about 52 V and it varies with the external temperature. It also shows that the
photovoltaic voltage is fixed by the MPPT algorithm at its Vmpp value with a ripple
of 10 V under these conditions. This ripple of PV voltage is due to the search for the
maximum power point by the P&O-MPPT algorithm. Moreover, the drawback of
this method is the oscillations of the PV output voltage around the maximum point.
Figure 38.5 shows also that the DC bus voltage is not perfectly constant but depends

1
2

3

Fig. 38.4 Experimental test bench setup
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Fig. 38.5 PV and bus voltages

Fig. 38.6 Voltages V c1 and V c2 across capacitor in multicellular converter

on the state of the battery storage. The storage system consists of 8 lead acid batteries
(12 V, 7A h) connected in series on the DC bus. In Fig. 38.6 the floating voltages
V c1 and V c2 across the capacitors were shown.

38.6 Conclusion

The present paper is focused on the simulation and experimental validation of a low
power prototype of a micro-grid based EVCS. The proposed MG prototype consists
of fuel cell, photovoltaic panels and battery. In this system, a serial multi-cellular
converter is used asa charger converter. From the simulation results, it can be seen that
PV and fuel cell hybrid system present a better performance compared to the classical
stand-alone PV system. The implementation of the EVCS system has been carried
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out using dSPACE 1103. The management of the EVCS is evaluated under sudden
solar irradiation changes and load variation, the obtained simulation an experimental
results indicate better performances.

In conclusion from this work, the proposed recharging electric vehicle system can
bring improvements in terms of recharging power because the serial multicellular
converter ensures stress free distribution in voltage on the various semiconductor
components, therefore a significant recharge power.
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Chapter 39
Application of Hydrotalcite for the Dry
Reforming Reaction of Methane
and Reduction of Greenhouse Gases

Nadia Aider , Fouzia Touahra , Baya Djebarri , Ferroudja Bali ,
Zoulikha Abdelsadek, and Djamila Halliche

Abstract The Double layered hydroxides (LDH) called anionic clays are the
most studied laminated materials. The CoAl-LDH and CoFe-LDH hydrotalcite-
like compounds were successfully synthesized by co-precipitation method with
Co2+/Al3+ = 2 and pH = 12. After calcination under air at 800 °C. The solids
were characterized by means of XRD, BET area, N2 adsorption and desorption,
TPR-H2, chemical analysis by ICPs. Reforming of methane with carbon dioxide to
synthesis gas, which is also referred to as dry reforming of methane represents an
industrially relevant process that meets the criteria of green chemistry and of envi-
ronmental protection: In this respect, CO2 and CH4, both considered as one of the
main greenhouse gases responsible for out planet’s global warming phenomenon,
are converted to furnish a more useful mixture of gas containing H2 and CO, syngas.
After reduction, the catalysts were evaluated in the reforming of methane reaction
under continuous flow with CH4/CO2 ratio equal to 1, at atmospheric pressure and
a temperature range [500–700 °C]. The catalytic activity was tested in a fixed bed
reactor.
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39.1 Introduction

Carbon deposition during the production of syngas, a mixture containing good ratios
of hydrogen to carbon monoxide gas which is widely implicated in the Fischer
Tropsch synthesis, still remains one of the most challenging aspects in the reaction
of CO2 reforming of methane. This reaction has been established and already widely
commercialized. The target several recent studies on natural gas reforming is shifted
to the catalyst development for carbon dioxide reforming also named dry reforming
of methane(DRM; Eq. 39.1). So far there is no established commercially industrial
process due to problem associated with this reaction comes in the form of sintering
of the active phase and carbon formation [1].

This latter could be formed by direct decomposition ofmethaneEq. (39.2); inverse
Boudouard reaction Eq. (39.3) or following the direct reduction of CO with H2

Eq. (39.4) [2].

CH4 + CO2 ↔ 2CO + 2H2 (39.1)

CH4 ↔ C + 2H2 (39.2)

2CO ↔ C + CO2 (39.3)

H2 + CO ↔ C + H2O (39.4)

Nickel or cobalt catalysts are best suited for this reaction because they allow high
activity, satisfactory stability over time and have the advantage of being inexpensive.
However, the problem of catalysts based on Ni is essentially the carbon deposition
originatingmainly from the dissociation reaction of carbonmonoxide and/or from the
methane decomposition reaction [3]. Carbon formation negatively affects catalytic
performance by blocking active sites [4, 5]. For this reason, the primary concern of
research is to achieve efficient materials during several catalytic cycles [6, 7]. This
work has notably shown that a good dispersion of the reactive species can contribute
to the reduction of carbon deposition [8]. Double lamellar hydroxides (HDLs) called
anionic clays, are the most studied laminate materials [9]. HDLs are quite rare in
nature but relatively inexpensive and simple to synthesize in the laboratory [10, 11].
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39.2 Experimental

39.2.1 Catalyst Synthesis

CoAl-LDH and CoFe-LDH solids were synthesized easily, according to the co-
precipitationmethod described elsewhere [12]. Themixture ofmetals nitrate solution
were added drop wise to a vigorously stirring solution of NaOH (2 M) and Na2CO3
(0.4 M) at room temperature while the pH was maintained constant at 12.

39.2.2 Material Characterization

Inductively coupled plasma emission spectrometer (ICP-ES) was employed to the
determination of elemental chemical analysis of each solids, usingThermo Jarrel Ash
ICAP 957. The specific surface areas (BET)were determined by nitrogen adsorption-
desorption isotherms using Micromeritics Tristar 3000 at 196 °C. XRD patterns of
all samples were performed with BRUKER D8 Advance diffractometer equipped
with Cu-Ka radiation. Hydrogen temperature programmed reduction H2-TPR.

39.3 Results and Discussion

39.3.1 Catalyst Characterization

Hydrotalcite-type clay can be expressed by the following formula:

M2+
n M3+

m (OH)m+
2(n+m);Ax−

m/x .yH2O (39.5)

where: M2 + and M3 +are di- and trivalent cations respectively, Axis the interlayer
anion, x = charge of the anion, n > m, and y = number of water molecules of the
interlayer layer [13]. The results obtained for the chemical composition and the
structural formula of the samples are summarized in Table 39.1.

The results of the elemental analysis by ICP show the presence ofminor anomalies
ismainly associatedwith deficiencies in the total incorporation of the Fe cationwithin
the brucite-like layer.

The reduction behavior of CoAlcal and CoFecal catalysts was studied by H2-
TPR Fig. 39.1 depicts the temperature-programmed reduction (H2-TPR) analysis of
CoAlcal-R andCoFecal-R. TheH2-TPRprofile of theCoAlcal-R samples shows two
reduction peaks. The first peak observed at 380 °C can be assigned to the reduction of
Co3O4 spinel in CoO, while the second observed at 710 °C is attributed to reduction
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Table 39.1 Chemical composition and specific surface

Samples Proposed formula Molar ratio
(M2+/M3+)

SBET (m2/g)

Precursor Calcined Reduced

CoAl-HDL [Co0,68.Al0,32(OH)2]
[(NO3)0.014(CO3)0,187.,0,40
H2O]

2,19 87 116 87

CoFe-HDL [Co0,69.Fe0,31(OH)2]
[(NO3)0.01(CO3)0,182.,0,85
H2O]

2,22 43 82 50
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Fig. 39.1 Reduction temperature profiles of the solids CoAlcal-R and CoFecal-R

of CoO species to Co0, and/or reduction of Co2 in CoAl2O4 spinel or Co2AlO4,
according to some studies [14].

The H2-XRD patterns of the two catalysts following H2 reduction at 750 °C over
the course of 1 h are represented in Fig. 39.2. In case of CoAlcal-R catalyst, the
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spectra showed the presence of species Co0 and CoO. The presence of Co0, Fe0 and
γ -CoFe alloy were observed in case of CoFecal-R catalyst.

39.3.2 Catalytic Activity Tests

The catalysts are tested in a dry reforming reaction of CH4, at atmospheric pressure
in the range [400–700 °C]. Under the reaction mixture, the catalysts are heated from
ambient to 700 °C with a speed of 5 °C/min.

The results of the catalytic activity of the CoAlcal-R and CoFecal-R catalysts, as
a function of the RSM temperature are illustrated in Fig. 39.3.

In the case of two catalysts, in the temperature range [400–500 °C], the CO2

conversion rate is generally higher than that of CH4, while H2/CO ratio was lower to
1 (Fig. 39.3c). This suggests the participation of the reverse water gas shift reaction
(RWGS), which tends to increase CO2 conversion and the production of CO, which
becomes higher than that of H2. At high temperatures [500–700 °C], the H2/CO ratio
is greater than the theoretical value 1 in the presence of CoAlcal-R. In addition, the
CO2 conversion is higher than the CH4 conversion and the carbon balance obtained
was lower than 100%. This suggests that the carbon deposition occurs via the inverse
Boudouard reaction. At the same temperatures [500–700 °C], in the case of CoFecal-
R catalyst, CO2 conversionwas always higher than that of CH4 while the ratio H2/CO
is close to 1, indicates the occurrence of the reverse water gas shift reaction (RWGS)
favored by the presence of iron [15]. The stability of our catalyst was also studied
over a prolonged period.

39.4 Conclusion

CoAlcal-R andCoFecal-R catalystwere synthesizedusing co-precipitationmethod at
pH= 11 followed by calcination and subsequent reduction. Various characterization
techniques such as ICP, XRD, N2 adsorption and desorption, H2-TPR, were utilized
to successfully identify the structure and physico-chemical properties of the solid.
The catalyst was successfully applied to the synthesis of syngas from methane and
carbon dioxide.

TheCoAlcal-R catalyst exhibited rather high catalytic activity and stability during
the reaction of CO2 reforming of methane compared to CoFecal-R catalyst. The low
reactivity of the iron-based catalysts is correlated with the re-oxidation of the active
phase by the water formed via the reverse water-gas shift reaction (RWGS) favored
by the presence of iron.
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Chapter 40
Processing of COx Molecules in CO2/O2
Gas Mixture by Dielectric Barrier
Discharge: Understanding the Effect
of Internal Parameters of the Discharge

L. Saidia , A. Belasri , and S. Baadj

Abstract Environmental pollution has become amajor issue due to the rapid growth
of industrial and technological developments that requires a high consumption of
fossil energy. A new route of treatment of pollutant molecules bases on the use of
non-equilibrium thermodynamic reactive plasmas generated by electrical discharges
at atmospheric pressure to neutralize or transform toxic oxides as CO2 [1–6]. This
type of non-equilibrium reactive plasma can be used for the decontamination of
gaseous effluents and is generally generated by a pulsed discharge which constitutes
a chemically very active medium of low energy consumption. Our work will be
based on a zero-dimensional model, to study the reduction of COx in the CO2/O2

gas mixture by dielectric barrier discharge of non-equilibrium plasma under typical
operating conditions of the discharge. A model allows to calculate the temporal
evolutions of chemical characteristics. The influence of certain discharge parameters
such as the applied electric voltage, the gas pressure, the capacity of the dielectric,
the discharge frequency and the concentration of oxygen in the gaseous mixture on
the density variations of CO and CO2 compared to the initial density of CO2 in the
gas mixture of the discharge have been analyzed.

Keywords CO2/O2 gas mixture · COx · Pulsed DBD discharge

40.1 Introduction

Mitigating greenhouse gas emissions represents an important problem in today’s
world. While still being the main propellant for the industrial progress, burning
fossil fuels gives an ever-increasing rate of COx emission in the atmosphere. As a
result, finding technological solutions for COx reduction became a rapidly growing
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research topic in many scientific fields. Plasmas are increasingly being used for gas
conversion in both research and industrial applications [7–11], such as the destruction
of large hydrocarbons, volatile organic compounds (VOCs). The constantly reducing
usability of fossil fuels, in combination with the need to decrease greenhouse gas
emissions, has given rise to the necessity of developing sustainable energy sources
through greenhouse gas as raw materials [12–17].

40.2 Description of the Discharge Model

The electrical circuit used to deposit energy in the plasma is shown in Fig. 40.1, the
dielectric layers are represented by two capacitances connected in series and Cd is
their equivalent capacitance.

The applied voltage through the discharge is given by the following formula:

Vapp(t) = Vg(t) + Vd(t) (40.1)

where Vg(t) and Vd(t) are the plasma and the dielectric voltages, respectively.
The voltage across the dielectrics is given by the relation:

Vd(t) = 1

Cd
∫ I(t)dt (40.2)

where Cd is the dielectric capacitance.
The relation between the current I and voltage Vg across the gap is:

Fig. 40.1 Discharge model scheme used in the present calculations
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I(t) = Vg(t)

Rg(t)
(40.3)

The time dependence of the gap resistor Rg(t) of plasma is obtained by the
following relation:

Rg(t) = d

A.e.ne(t) · μe(t)
(40.4)

where e, ne(t)andμe(t) are the electron charge, the time dependent electron density
and mobility, respectively. A represents the discharge cross section in the plane of
the electrodes and d is the separation between the discharge electrodes.

The system of equations describing the electrical circuit and the plasma kinetic is
solved as follows: for a given time t, the plasma kinetic equations coupled with the
electric circuit equations are solved with the classical GEAR method [18], between
the instants t and t + dt.

In order to describe the electrical and chemical properties of the CO2/O2 plasma
mixture,wehave established a full set of processes involving twenty-one (21) species:
e, O, O2, O3, C, CO, CO2, C2O, O+, O+

2 , CO
+, CO+

2 , O
−, O−

2 , O
−
3 , CO

−
3 , CO

−
4 ,

O(1D), O2(a), O2(b), CO∗
2 regrouped in 113 chemical reactions. The rate coefficients

of electron–molecule collisions, depending on the reduced electric field (E/N), are
tabulated by solving the homogenous electron Boltzmann equation, and it can be
obtained by the equation:

Ki =
√
2e

m

∞∫
0

σiεf(ε)dε (40.5)

where the parameters e, m, ε, and σi are the electron charge, the electron mass,
electron energy and electron impact cross section of the process i, respectively, and
f (ε) is the electron energy distribution function (EEDF).

40.3 The Effect of Internal Parameters

In this subsection, we examine the effect of some discharge parameters, which are
indicated below, on the CO concentration in the discharge and on the CO2 conversion
factor. The CO2 conversion is defined as follows:

CCO2(% ) = [CO2]0 − [CO2](t)

[CO2]0
× 100 (40.6)

where [CO2]0 is the initial concentration of CO2 in the gas mixture (without plasma)
and [CO2](t) is the concentration of CO2 with plasma and at the instant t.
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Fig. 40.2 Variations of carbon monoxide ratio and carbon dioxide conversion versus the energy
deposed in the plasma

The ratio of carbon monoxide which was created during the discharge is defined
by the following formulas:

RCO(%) = [CO](t)

[CO2]0
× 100 (40.7)

where [CO](t) is the concentration of carbon monoxide at the instant t and NT is the
total density of the gas mixture.

40.3.1 Effect of the Applied Voltage

In Fig. 40.2, we have calculated the carbon dioxide conversion and carbon monoxide
ratio under different values of applied voltage, for CO2/O2 (4%) gas mixture,
frequency 50 kHz, gas pressure 500 Torr, dielectric capacitance 230 pF, and gas
temperature 300 K. The obtained results indicate that the variations of these rates
are slightly increased with the rising in the applied voltage. For voltage amplitude
of 8 kV, the CO2 conversion reaches a typical value of about 0.036%.

40.3.2 Effect of the Frequency

In order to see the influence of discharge frequencyon the time evolutions of discharge
behavior, we performed calculations in this subsection for the following parameters:
Vapp = 6 kV, Cd = 230 pF, gas pressure 500 Torr and gas temperature 300 K, and
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Fig. 40.3 Variations of carbon monoxide ratio and carbon dioxide conversion versus the frequency

4% of O2 in CO2. We have varied the frequency from 20 to 200 kHz. This range
of frequency is appropriate in this study. The results reported in Fig. 40.3 represent
the variation of CO2 conversion and the CO ratio versus the discharge frequency. In
addition, the ratio of CO is almost remains constant during the variation of frequency
value. Moreover, the conversion of CO2 is directly proportional to the frequency and
its growth is quick at the discharge beginning (until 100 kHz). This conversion takes
the greater value at highest frequency (200 kHz).

40.3.3 Effect of the Dielectric Capacitance

The calculations presented in this subsection are carried for the room temperature,
frequency 50 kHz, gas pressure 500 Torr, Vapp= 4 kV, and 4% of O2 in gas mixture.

In Fig. 40.4, we plotted the conversion of CO2, CO ratio versus the dielectric
capacitance. The evolutions of these rates are directly proportional to the increasing
in the dielectric capacitance value. The CO2 conversion takes the most value of
around 0.145% at 2000 pF.

40.3.4 Effect of the Gas Pressure

The effect of the gas pressure under the following conditions: frequency 100 kHz,
Vapp = 7 kV, Cd = 230 pF, gas temperature 300 K, and 4% of O2 in CO2, on CO2

conversion and CO ratio is presented in Fig. 40.5. We clearly see that the conversion
of CO2 and CO ratio decrease with the increasing of the gas pressure value. The
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Fig. 40.4 Variations of carbon monoxide ratio and carbon dioxide conversion as a function of the
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Fig. 40.5 Variations of the carbon monoxide ratio and carbon dioxide conversion as a function of
the total gas pressure

most conversion of CO2 was gained at lower pressure (400 Torr). For this pressure,
the conversion of CO2 is about 0.063%.

40.4 Conclusion

This work presents an electric and kinetic approach to study a homogeneous pulsed
discharge in CO2/O2 gas mixture with typical operating conditions. It is based on a
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spatially homogeneousmodel (zero-dimensionalmodel). Also, it is shown the effects
of different plasma processing parameters such as applied voltage, gas pressure,
dielectric capacitance, concentration of molecular oxygen in carbon dioxide, and
frequency, on the discharge behavior. As well we have analyzed the effect of these
parameters on the CO2 conversion and the CO ratio. According to the calculated
results and presented in this paper, on may conclude the following:

1. Higher conversion of CO2, and CO ration can be obtained by increasing in the
values of applied voltage, dielectric capacitance, and/or decreasing gas pressure.

2. CO2 conversion is directly proportional to the rise of discharge frequency.
3. The discharge frequency indicates a weak influence on the ratio of carbon

monoxide. In addition, CO2 conversion is strongly affected by the dielectric
capacitance.
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Chapter 41
Performance Comparison of a Wankel SI
Engine Fuelled with Gasoline
and Ethanol Blended Hydrogen

Fethia Amrouche , P. A. Erickson, J. W. Park, and S. Varnhagen

Abstract The main interest of the Wankel rotary engine is its higher power density
as compared to similar conventional engine. However, the unusual geometry of the
Wankel engine affects negatively the engine economy and the exhaust emissions.
The knowledge of the rotary Wankel engine drawbacks and fuel characteristics can
help to choose which fuel can achieve the best performance with that kind of engine.
The aim of this paper is to compare the experimental results of the performance of
a monorotor Wankel engine fuelled with gasoline, ethanol and then after hydrogen
addition to each fuel used, at lean operating condition and full load regime. Testing
were carried out under constant engine speed of 3000 rpm, fixed spark timing of 15°
BTDC, at lean to ultra lean and full load conditions. The test results have shown
that pure ethanol burns more efficiently than gasoline. Moreover, the addition of
hydrogen helps to achieve better brake mean effective pressure, thermal efficiency
and reduce the fuel consumption for both fuel, however, this improvement is more
significant for gasoline engine.

Keywords Lean burn · Ultra lean ·Wankel rotary engine · Hydrogen enrichment ·
Gasoline · Ethanol

41.1 Introduction

The rotary Wankel engine is an alternative of the reciprocating engine [1]. The
Wankel engine can be used in conventional vehicle as well as in Hybrid Electric
Vehicles (HEV) for range extended hybrid, designed for much lighter vehicles [2].
However, the uncommongeometry of theWankel engine affects negatively the engine
economy and the exhaust emissions [3]. Indeed, the large surface to volume ratio
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of the combustion chamber slowdown the spread of the flame front [1, 4], which
expands the quenching area and causes high heat transfer rates [5]. This slower the
combustion rate and reduce the efficiency of the rotary Wankel engine as compared
to in the reciprocating engine. The characteristics of the fuel used to run an engine,
define the performance and emissions of the engine [6, 7]. Indeed, the high adiabatic
flame speed, heat of vaporization and octane number help to improve the anti-knock
characteristics, which allows a larger compression ratio to be used. These character-
istics also helps to enhance the thermal efficiency and potentially increase the power
output. Hydroxyl group of alcohol fuels benefits a complete combustion that enhance
the engine efficiency and reduce the CO and HC emissions [8]. Using ethanol instead
of gasoline in aWankel rotary engine could be a way to overcome theWankel engine
drawbacks, which are reduced thermal efficiency and high levels of hydrocarbons
emissions [9].

In addition, lean burn is a strategy commonly used to improve the engine economy
and reduce exhausted pollution of the reciprocating engine [10]. Hydrogen’s combus-
tion proprieties are helpful to improve the engine’s lean burn ability. Consequently,
the use of the lean burn strategy through hydrogen enrichment could potentially
helpful to improve and even extend the engine lean burn capability [6, 7].

In the literature, many researches have been conducted on the engines oper-
ating with hydrogen-blended fuels at lean and ultra-lean burn conditions [1, 6, 7].
Amrouche et al. [3, 9] have already investigated the effect of hydrogen enrichment
on performance, combustion characteristics and emissions of gasoline and ethanol
Wankel engine respectively, at lean and ultra-lean burn and full load. However, a
small number of papers have compared some of these fuels together within the same
Wankel engine. And none of them compared gasoline and ethanol enriched hydrogen
fulledWankel engine. Therefore, the aim of this paper is to compare the experimental
results of the performance and emissions of a monorotor Wankel engine at lean to
ultra lean burn and full load regime, while fuelled separately with gasoline and
ethanol, and then after hydrogen addition to each fuel used.

41.2 Experimental Procedure

The engine used in this test bench was manufactured by Outboard Marine Corpora-
tion, USA. It is a 0.530L single rotor, air cooled Wankel engine, using a single spark
plug. The spark timings, injection timings and durations of gasoline, ethanol and
hydrogen were controlled via a hybrid electronic control unit (HECU) developed in
the laboratory. Various concentrations of hydrogen blends 0–18% for ethanol and
0–10% for gasoline by energy were analyzed. To achieve real time control over the
engine air/fuel mixture preparation as well as hydrogen addition, two fuel injection
systemswere added, one for gasoline/ethanol and the other for pure hydrogen. A cali-
brated Micromotion CMF010M Coriolis flow meter with an RFT9739 transmitter
with an accuracy of 0.10% of rate for flow rates of 0–23 g/s was used to meter the
gasoline/ethanol fuel flow. The hydrogen used in this study was Bottled industrial
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Table 41.1 Tests operating
conditions

Parameters Value

Ignition timing (degree crank
angle BTDC)

15°

Engine speed (rpm) 3000

Throttle position Wide open

Hydrogen energy fraction Gasoline: 0%, %2, 4%,5%,
7%,10%
Ethanol: 0%, 3%, 5%, 6%,
8%, 9%, 12%, 15%, 18%

Equivalence ratio Gasoline: 0.77
Ethanol: 0.47

hydrogen (99.95% purity) that is regulated and metered via a calibrated Aalborg
differential pressure mass flow controller, model GFC 47, with an accuracy of±3%
(0–20% full scale),±1.5% (20–100% full scale). The air mass flow was metered via
a designed orifice plat.

The energy fraction of hydrogen in the total intake gas is defined as energy fraction,
calculated as follow [3]:

%H2 =
[ (

ṁH2 × LHVH2

)
(
ṁf × LHV f

) + (
ṁH2 × LHVH2

)
]
× 100 (41.1)

where ṁH2 , ṁf are respectively the mass flow rate of Hydrogen and Fuel (gaso-
line/ethanol) (g/s). LHVH2 , LHV f are the lower heating value respectively of
Hydrogen and fuel (gasoline/ethanol) (MJ/Kg), such as LHVH2 = 120.1, LHVg =
43.5;LHVE = 26.9.

A Telma CC100 eddy current dynamometer was coupled to the engine to control
and measure the engine speed and torque output.

The operating condition used are listed in Table 41.1.

41.3 Results and Discussion

The brake mean effective pressure is one of the important aspects that determine the
performance of an engine. Indeed, this parameter reflected the power output Fig. 41.1
shows the effect of fuel used andhydrogen enrichment on engine brakemean effective
pressure “BMEP”. The BMEP are higher for ethanol than for gasoline. However,
with hydrogen enrichment, the increased BMEP is more evident for gasoline than
for ethanol (see Fig. 41.2).

The increase of the BMEP for ethanol is due to ethanol’s heat of evaporation that
is higher compared to that of gasoline, thus providing air-fuel charge cooling and
increasing the density of the charge. Therefore, a higher power output is obtained.
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Fig. 41.1 BMEP of gasoline and ethanol enriched hydrogen

Fig. 41.2 Increased BMEP for gasoline and ethanol enriched hydrogen

This can be verified through the volumetric efficiency graph. Indeed, according to
Fig. 41.3, that presents the volumetric efficiency of Gasoline and Ethanol blended
hydrogen, Ethanol shows higher volumetric efficiency compared to that of gasoline.

Also according to Fig. 41.3, the addition of hydrogen decrease slightly the volu-
metric efficiency for both fuels. This is because hydrogen displaces part of the intake
air. Thus, reduce the present air in the combustion chamber. However, at these oper-
ating condition, this does not affects the BMEP, this is because the engine run at lean
condition. Lean mixture ignite hardly and the addition of hydrogen help to improve
the ignition and burning rate of the lean mixture.

Engine economy is reflected through thermal efficiency. Figure 41.4 shows the
changes of the increased brake thermal efficiency for gasoline, ethanol and with
hydrogen enrichment. It can be observed that the increase of brake thermal efficiency
is more significant with hydrogen addition to gasoline than to ethanol. However, it is
important to indicated that the thermal efficiency of pure ethanol is higher by more
than 26% than that of pure gasoline. This can be explained by better combustion
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Fig. 41.3 Volumetric efficiency for gasoline and ethanol enriched hydrogen

Fig. 41.4 Increased thermal efficiency for gasoline and ethanol enriched hydrogen

efficiency of oxygenated fuels and the improvement of the heat transfer within the
Wankel engine elongated chamber.

Figure 41.5 shows the variations of the BSFC for ethanol, gasoline and with
hydrogen enrichment. As shown in this figure, the BSFC increased for pure ethanol,
and it decrease with hydrogen addition for both fuel. However, the specific fuel
consumption of ethanol was highest compared to that of gasoline for all hydrogen
enrichment. Moreover, hydrogen has greater effect on the reduction of gasoline
consumption than for ethanol. This is described with heating value, and stoichio-
metric air-fuel ratio that is the smallest for ethanol, which means that for specific
air-fuel equivalence ratio, more fuel is needed. Quetz de Almeida et al. [11] have
observed that the addition of small amount of hydrogen gives no significant change
on fuel consumption for operation at a specific mixture strength from stoichiometric
to lean conditions.
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Fig. 41.5 BSFC for gasoline and ethanol enriched hydrogen

41.4 Conclusion

The purpose of the present paper is to demonstrate the influence of the fuel used
(ethanol, gasoline) blended hydrogen onWankel spark-ignition engine performance.
The experimental data collected through this work, have shown that the use of pure
ethanol can improve the engine performance compared to gasoline. However, ethanol
is a high fuel consumer. The addition of hydrogen at lean condition improve the
combustion characteristics, and thus the BMEP and the engine economy that is
reflected over the thermal efficiency and BSFC. However, through this work, it can
be noticed that hydrogen affect more significantly gasoline as fuel than ethanol.
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Chapter 42
Parametric Study of SO3 Conversion
to SO2 in Tubular Reactor for Hydrogen
Production via Sulfuric Cycle

F. Lassouane

Abstract Hybrid sulfur (HyS) cycle orWestinghouse cycle is among themain candi-
dates for full-scale solar hydrogen production. This cycle is one of the most attractive
and simplest thermochemical processes, because it comprises only two global reac-
tion steps and has only fluid reactants. The decomposition of sulfuric acid is a vital
step in the sulfuric hybrid cycle process for the production of hydrogen from water.
For this, the temperature needed for SO3 to be converted into SO2 and O2 is very
high. It requires operating temperatures above 800 °C.Thus, SO2 compound resulting
from the decomposition reactor is the key compound used to feed the electrolyser
where it is oxidized to regenerate H2SO4 and produce H2. This work focused on the
sulfuric acid decomposition step in suggested tubular plug flow reactor with possible
use of solar energy. A parametric study on the effects of temperature and pressure
on the thermodynamics conversion of SO3 to SO2 was investigated. The theoretical
sulfur trioxide conversion calculation was applied where a plug flow reactor model
was assumed.

Keywords Hydrogen · Hybrid sulfuric cycle · Plug flow reactor · Solar energy

42.1 Introduction

Hydrogen production process by splitting water cycles is the viable alternative for
substitution of fossil fuels in large-scale. This process is efficient and cost-effective,
non-pollutant and safe.

The sulfuric cycles is well-known processes proposed in the first half of the
twentieth century such as the hybrid sulfur cycle (Westinghouse cycle), the sulfur-
iodine cycle and the sulfur bromine hybrid cycle [1]. In fact, these cycles have
in common the decomposition of sulfuric acid session, which is the crucial step
in the process. The hybrid sulfuric cycle investigated in this study requires a high
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temperature heat source to decompose the sulfuric acid in the sulfur dioxide SO2.
The latter compound will supply the electrolyser unit to produce hydrogen [2].

The use of solar energy is one of the most promising energy technologies that
can considerably contribute to a sustainable energy supply in the future. Several
research groups have focused on reactor concepts for sulfuric acid decomposition
by solar route such as the General Atomics groups, Sandia National Laboratories in
USA and JRC-Ispra in Italy [3, 4]. Likewise, the German Aerospace center (DLR)
developed a solar receiver-reacor within the European project HYTHEC (HYdrogen
THErmochemical Cycles) [5].

In this paper, the hybrid sulfuric thermochemical cycle concept are described
by focusing on the decomposition of sulfur acid with the solar energy in the
tubular reactor. A study of thermal decomposition of sulfuric acid, the influence
of temperature and pressure on the SO3 conversion to SO2 was carried out.

42.2 Description of the Hybrid Sulfuric Cycle Acid
Decomposition Section

The decomposition of sulfuric acid is the most endothermic reaction that takes place
at high temperatures (800–900 °C). Indeed, the decomposition reaction occurs in
two steps: the non-catalytic thermal decomposition of sulfuric acid to sulfur trioxide
and water vapor and Thermo-catalytic reduction of sulfur trioxide to sulfur dioxide
and oxygen. The first reaction step is fast and takes place spontaneously, while the
reduction of SO3 in SO2 is very low even at high temperatures. In order to increase
the reaction rate, the presence of catalyst is needed [4].

Banerjee et al. [6] describe the decomposition of sulfuric acid as the “most
endothermic step” of researched sulfur-based cycles for hydrogen production, which
is also observed in the standard heats of the reactions.

Kondamudi et al. [7] states that two reactions can take place simultaneously,
wherein the sulfuric acid is first vaporized and decomposed into sulfur trioxide and
water, followed by a second stage where the sulfur trioxide is decomposed into sulfur
dioxide and oxygen.

42.2.1 SO3 Decomposition in Tubular Reactor

The decomposition of pure sulfuric acid take place in two simultaneous steps:

H2SO4(l) → SO3(g) + H2O(g) (42.1)

SO3(g) → SO2(g) + 1/2 O2(g) (42.2)
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After H2SO4 is vaporized and superheated, the decomposition of gaseous sulfuric
acid into sulfur dioxide (first reaction) is spontaneously occurs at the temperature
of about 400 °C (673 K). In the second reaction, the sulfur trioxide is converted on
sulfur dioxide and oxygen at high temperature (>800 °C, 1073 K) in the presence of
catalyst [4].

42.2.2 Reactor Designs Used for the SO3 Decomposition

Several reactor designs have been developed and used for sulfur trioxide decompo-
sition. Thomey et al. [4] developed a reactor for decomposition of sulfuric acid by
concentrated solar radiation, tested in the solar furnace of DLR in Cologne using
ferric oxide (Fe2O3), and mixed oxides (CuFe2O4) catalysts. Sander et al. [8] have
been used a laboratory scale fixed bed reactor for the decomposition of sulfur trioxide
with a supported platinum and palladium-based catalyst. Solar reactor system has
been investigated for SO3 conversion using ferric oxide (Fe2O3) on an Al2O3 support
within a temperature range of 1050–1200 K [9].

Choi et al. [10] have been modelled the conventional shell and tube reactors
operated with helium. Another reactor design has also been developed to decompose
the SO3 which include the bayonet type decomposer that were successfully tested
[11].

42.3 Tubular Reactor for Thermodynamic Study of SO3
Decomposition

Solar thermochemical processes are thermodynamically favorable ways for
producing solar hydrogen because of the good potential for converting the sustainable
solar energy into chemical energy efficiently.

The conversion of SO3–SO2 (X) can be obtained in proposed plug flow tubular
reactor fed (Fig. 42.1) by concentrated solar radiation.

Fig. 42.1 Schematic of plug
flow tubular reactor
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42.3.1 Standard Gibbs Energy ΔG0
r of the Reaction

The relation of the standard Gibbs energy (J.mol.−1.K−1) for the reaction is given
by:

�G
◦
r = �H

◦
r − T �S

◦
r (42.3)

To evaluate the enthalpy of the reaction, first the change in the enthalpy, entropy
of the individual species entering in the reaction are estimated using the following
equations:

�H
◦
r = �H

◦
298 +

T∫

298

�C
◦
p dT (42.4)

�S
◦
r = �S

◦
298 +

T∫

298

�C
◦
p

T
dT (42.5)

The thermodynamics data for each compound (SO3, SO2 and O2) are given in
the literature [12]. Cp° is the specific heat at constant pressure of each species. The
reference temperature is taken as the room temperature (298 K).

42.3.2 Equilibrium Constant K Calculation

The equilibrium constant is calculated from the standard Gibbs energy method:

− ln K = �G
◦
T

RT
(42.6)

K is the equilibrium constant and R is the gas constant (8.314 J.K−1.mol−1).
The parameters are calculated in the temperature range of 300 and 1200Kwith the

different at Gibbs energies for each compound involved in the composition reaction.

42.3.3 Estimation of Equilibrium Conversion (X)

The relationship between the equilibrium constant K and the composition of SO3,
SO2 and O2 is given by the following equation [13]:

(
P

P ◦

)γ

K =
∏

(Yiϕi )
γi (42.7)
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The molar fractions for each component (YSO3 ,YSO2 ,YO2) were determined with
the following equations:

YSO3 = 1 − X

1 + 0.5X
(42.8)

YSO2 = X

1 + 0.5X
(42.9)

YO2 = 0.5X

1 + 0.5X
(42.10)

P is the operating pressure (bar), P° is the pressure in standard state taken for one
bar and Yi is the molar fraction (%) of each chemical.

ϕi, γ , γ i are the fugacity coefficient for each compound (SO3, SO2 and O2),
global stoichiometric Coefficient and stoichiometric Coefficient for each element,
respectively.

Equation (42.7) relates K to fugacities of the reacting species, as they exist in the
real equilibriummixture. These fugacities reflect the nonidealities of the equilibrium
mixture and are functions of temperature, pressure, and composition. They have been
calculated from the data given in the literature [13].

The standard pressure was set at 1 bar while the operating pressure was set at
values of 1, 3, 6, 9, 12 and 20 bar.

42.4 Results

The molar fractions of SO3, SO2 and O2 at 1200 K were presented in Fig. 42.2. In
this temperature of the SO3 decomposition, the highest molar fraction of SO2 was
obtained at 1 bar.
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Fig. 42.2 Molar fraction variation of SO3 to SO2 and O2 at different pressures
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Fig. 42.3 Estimationof equilibriumconversionofSO3 toSO2 as functionof temperature at different
pressure

The equilibrium constant values for the temperature interval between 300 and
1200 K at different operating pressure are presented in Fig. 42.3. The plot clearly
shows the significant influence of pressure on the equilibrium conversion. Indeed,
the lowest operating pressure increase the equilibrium conversions of SO3 to SO2.

The study of Coetzee. [14] was compared with conversions obtained at the same
conditions in order to validate the calculations that were done. It can be seen that the
results were almost identical.

The pressure of 1 bar allows for conversion of 87.17% at temperature of 1200 K.

42.5 Conclusion

We have presented the thermodynamics of sulfuric trioxide SO3 decomposition reac-
tion and given a parametric study showing the effects of temperature, pressure on the
SO3 conversion. Thermodynamic results show that the conversions on SO2 decrease
with increasing pressure.

Thermodynamic data of SO3 reduction to SO2 in the calculated temperature range
of 300–1200 °C shows that the reaction is favored by increasing the temperature.
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Chapter 43
Preparation
and Physical/Electrochemical
Characterization of the Hetero-System
10% NiO/γ–Al2O3

I. Sebai , R. Bagtache, A. Boulahaouache, N. Salhi, and Mohamed Trari

Abstract 10% NiO/γ–Al2O3 was synthesized by wet impregnating γ–Al2O3 with
Ni(NO3)2, 6H2O solution.After evaporation, the samplewas calcined in air at 450 °C.
The insulatorγ–Al2O3 was used as support to offer a large distributionofNiO, leading
to a higher specific surface area, an enhanced photosensibility. The sensitizerNiOwas
characterized by physical and photoelectrochemical techniques. The XRD pattern
exhibits the peaks of both γ–Al2O3 and NiO. The particle size of NiO (18 nm) was
calculated from the full width at half maximum. The optical gapwas found at 1.51 eV
and the transition is directly permitted. The capacitance measurement indicates n-
type semiconductor and the potential of conduction band (−0.35 VSCE), is more
cathodic than the H2O/H2 level (∼−0.3 VSCE) at pH ∼13. Such condition generates
a direct water reduction under visible light illumination. The hydrogen yield of 10%
NiO/γ–Al2O3 was compared with those produced with NiO alone.

Keywords NiO · γ–Al2O3 · Photo-electrochemical · Wet impregnation ·
Hydrogen · Visible light

43.1 Introduction

The demand of hydrogen as clean fuel increased over the recent years. Currently,
it is mainly obtained from polluting non-renewable process [1] and the catalytic
steam reforming of hydrocarbon takes the most important industrial route of H2

production [2, 3]. The conversion of solar energy into chemical energy in the form
of hydrogen in presence of semiconductor has become an attractive alternative [4,
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5]. Therefore, a great attention has been focused on the photoelectrochemical water
splitting as resource of hydrogen. Nowadays, this renewable and sustainable proce-
dure is considered as a cleanest strategy which reduces considerably the emission of
greenhouse gases [6].

Many semiconductors were synthesized, characterized by photo-electrochemistry
and successfully tested to hydrogen production [7, 8]. Among thesematerials, oxides
have received a particular attention due to their low cost, easy synthesis and high
photo-catalytic performance [5].NiO is found to be an effective semiconductor owing
to its chemical stability over a wide pH range (3–14). It can work as electrons pump
and the position of its conduction band, made up of cationic orbital Ni2+ 3d, is more
cathodic than of the H2O/H2 level with a high reducing ability, yielding spontaneous
hydrogen formation. Also, NiO has an optical gap (Eg) near to the ideal value for
photo-electrochemical applications [9, 10].

The photocatalyst-support interface interaction is beneficial for the charge sepa-
ration and transfer and offer large metal distribution in surface provides more active
sites [9]. It is important that the photocatalyst does not diffuse deeply in the support
matrix, that will weaken the visible light to excite the photocatalyst. Also, previous
works suggested that the semiconductor loading on an insulator or a wide band gap
semiconductor, can possibly prevent the loss by charge recombination [11, 12].

In this respect, 10% NiO/γ–Al2O3 was prepared by impregnation method and
evaluated for theH2 formation under visible light irradiation.NiOworks as sensitizer,
it was characterized by physical and photo-electrochemistry methods. The γ–Al2O3

was used as support to improve remarkably the photoactivity of hydrogen production
of NiO, by offering a large distribution of NiO, thus inducing a higher specific surface
area. In addition, using 10% of NiO instead of pure NiO is economically extremely
favorable.

43.2 Experimental

The hetero-system was prepared by wet impregnation of Ni(NO3)2, 6H2O (1.7 M,
Merck) on γ–Al2O3 (Aldrich)in proportion 10%–90% respectively. The solutions
were stirred during 1 h and then evaporated at 80 °C. The solids were dried at 100 °C
(12 h), calcined at 450 °C (4 h) with a heating rate of 5 °C min−1.

The phases were identified by X-ray diffraction (XRD) equipped with CuKα

anticathode (λ = 0.15418 nm) over the 2θ range (15–80°). The morphology was
investigated by the scanning electron microscopy (JEOL JSM6360-LV). N2 adsorp-
tion–desorption isotherms were used to determine the BET surface areas and pore
size distribution (Micromeritics type apparatus at 77 K).

The forbidden band (Eg) of NiO was measured with a Jasco 650 UV-Vis
spectrophotometer in presence of BaSO4 as blank.

The electrical contact on the pellet, sintered at 500 °C, was made with silver
cement. The photoelectrochemical properties were studied in a standard cell
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containing Pt auxiliary electrode and a saturated calomel electrode (SCE). The elec-
trode potential was piloted by a computer aided Versa STAT 3 potentiostat while the
capacitance was measured at 10 kHz.

The photocatalytic procedure was performed with 250 mL of solution of Na2SO4

(10−3 M) in the photocatalytic reactor connected to a thermostatic bath (50 °C) in
order to maintain constant temperature during irradiation. The dispersion of 100 mg
of catalyst (NiO and 10% NiO/γ–Al2O3) was maintained by continuous magnetic
stirring (100 rpm) with a magnetic stirrer, whilst three tungsten lamps provided the
intense light source (2.07 × 1019 photons/s).

43.3 Results and Discussion

The XRD peaks of NiO and γ–Al2O3 are indexed according to the standard JCPDS
47-1049 and 29-0063. 10% NiO/γ–Al2O3 indicating the highly crystallized NiO
phase, and clearly shows mixed phases, Fig. 43.1.

Fig. 43.1 XRD patterns of NiO, γ–Al2O3 and the system 10% NiO/γ–Al2O3
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Fig. 43.2 SEM micrographs of 10% NiO/γ–Al2O3and γ–Al2O3

The SEM images of γ–Al2O3 (Fig. 43.2) displays relatively a uniform shapewhile
10% NiO/γ–Al2O3 shows rather agglomeration of particles with small amount of
NiO.

The specific surface area, the pore diameter and the volume of pores of the
synthesized system 10% NiO/γ–Al2O3 are respectively 83.53 m2/g, 59 Å and
0.147 cm3/g.

The forbidden band (Eg) of the sensitizer NiO is of high importance in photocat-
alytic applications and the diffuse reflectance spectrum is used for the determination
of the nature of the transition and its value through the Pankov formula:

(αhν)2/k = Cst × (hν − Eg) (43.1)

where Cst is the proportionality constant, α the optical absorption coefficient (cm−1)
and hν (eV) the photon energy; k = 2 or 0.5 respectively for direct or indirect
transitions.

The extrapolation of the linear part (αhv)2 to the energy axis (hν= 0) gives a
direct gap of 1.51 eV (Fig. 43.3a), due to the electronic transition: t2g → eg, due
to the crystal field splitting of Ni2+ in six-fold coordination octahedrally. Because
of the gray color of NiO, the gap Eg can be taken as the minimal energy needed to
excite electrons from the valence band (VB) to the conduction band (CB). The small
mobility of NiO (μe= 0.8 × 10−7 cm2 V−1 s−1), calculated from the relation (σ= e
ND μe), is due to the obstruction of O2− ions to the electrons jump between mixed
valences Ni2+/+ in the compact structure, in conformity with a conductionmechanism
by low polarons with phonon assisted conductivity, the electron density (ND) was
deduced by photo-electrochemistry (see below). The conductivity determined on
sintered pellet obeys to an exponential law, activation energy (Ea) of 0.12 eV was
deduced from the slope dσ/dT−1, so one can conclude that the donors are no longer
ionized at room temperature.
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Fig. 43.3 Direct optical transition of NiO (a) and theMott-Schottky plot of NiO in Na2SO4 (0.1M)
(b)

Because of the interest the hetero-system 10% NiO/γ–Al2O3 in photocatalysis,
photo-electrochemistry analyses were undertaken. The latter underlines the role of
the crystal structure which imposes not only the position of the electronic bands (VB
and CB) but also the width of the gap through the covalence degree of the chemical
bond.

NiO exhibits a good stability in alkaline solution; the cyclic voltammetry plotted
at pH~13. The flat band potential (Efb) is determined from the intercept of the straight
line to the infinite capacitance (C−2 = 0) according to the relation:

C−2 = (2/εεoNA)(E−Efb) (43.2)

where ε the permittivity of NiO (~20) and εo the permittivity of vacuum. The positive
slope characterizes n type conduction (Fig. 43.3b) and the free electrons (majority
carriers) arise from oxygen vacancies whose associated levels are positioned at
~0.12 eV below the conduction band (NiO → NiO1 −δ + 2δe−

CB + 0.5δO2), the
reaction is written according to the Kröger-Vink notation (Oo↔ 0.5 O2 + Vö + 2
e−). The straight-line C−2 versus E is characteristic of a classical semiconductor. The
intersection of the line to infinite capacity (C−2= 0) and the slope give respectively
a potential Efb of −0.23 V and a density ND of 7.06×1019 cm−3. The potential Efb

measured at different pHs does not change significantly, and this indicates that the
both the bands VB and CB derive from the same cationic orbital; the energy of CB
(ECB= −0.35 V) is given by:

ECB = 4.75 + e Efb − Ea (43.3)
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Fig. 43.4 Volumes of evolved H2 versus illumination time on 10% NiO/γ–Al2O3 at different pHs
(a) and comparison between the hetero-system 10% NiO/γ–Al2O3 and NiO (b)

The bands of NiO are pH insensitive while the level H2O/H2 changes by −0.6 V
pH−1. The best photoactivity was obtained at pH ~12. This property was judiciously
exploited to have an optimal band bending and an enhancement of 25%was obtained
at pH~12. In the aim to improve the photoactivity ofNiO through spreading it ontoγ–
Al2O3 with large specific surface area (111m2/g) to extend its active surface area and
simplify the accessibility of light absorption. 10% NiO/γ–Al2O3 was prepared and
tested in the same conditions as those of NiO. The photoactivity on the hetero-system
increases by 42% compared to NiO alone (Fig. 43.4).

43.4 Conclusion

10% NiO/γ–Al2O3 was prepared by wet impregnation. NiO and 10% NiO/γ–Al2O3

were characterized by physico-chemical and photoelectrochemical techniques. The
X-ray diffraction showed mixed phase (γ–Al2O3/NiO) and the average particle
size of NiO is 18 nm. The diffuse reflectance shows a direct band gap appropri-
ately matched to the solar spectrum. The capacitance measurement indicates n-type
behaviour where the conduction band, is more negative than the level of the couple
H2O/H2 at pH ∼13, thus providing a better hydrogen evolution under visible light
illumination. The photoactivity of 10% NiO/γ–Al2O3 was more effective with 42%
than that obtained with NiO alone, since γ–Al2O3 offer a large distribution of NiO
with an increased active surface area.
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Chapter 44
Synthesis and Characterization
of the Double Perovskite
La2NiO4-Application for Hydrogen
Production

S. Boumaza , R. Brahimi , L. Boudjellal , Akila Belhadi ,
and Mohamed Trari

Abstract Ternary oxides are practically employed in most technological fields and
continue to attract much interest because of their low cost and simple preparation. In
this work, we have synthesized La2NiO4 by sol-gel method and characterized by X-
ray diffraction, BET surface area, SEM analysis, laser granulometry and electrical
conductivity. The XRD pattern shows that the pure La2NiO4 is obtained beyond
900 °C. The BET measurements give relatively a small surface area (10 m2 g−1).
The elemental chemical analysis by laser granulometry, confirmed the agglomerated
nature of the synthesized powder observed by SEM analysis and attributed to the
fine powder obtained by sol-gel method. The diffuse reflectance gives an optical gap
of 1.3 eV, in agreement with the dark color. The transport properties show a semi-
conductor behavior with p-type conductivity and activation energy of 44 meV. The
results of the absorption analysis show that La2NiO4 exhibits an excellent chemical
stability in the pH range (6–14). The capacitance measurement (C−2-E) in basic
electrolyte reveals a linear behavior from which a flat band potential of 0.1 VSCE is
obtained. La2NiO4 is tested successfully as photocatalyst for the hydrogenproduction
upon visible light and the best performance is obtained in alkaline solution (NaOH
0.1 M, Na2S2O3 10−3 M) with an average rate of 23.6 μmol mn−1 (g catalyst)−1.
The system shows a tendency toward saturation whose deceleration is the result of
the competitive reduction of the end product S4O6

2−.

Keywords K2NiF4-type oxide · La2NiO4 · Hydrogen
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44.1 Introduction

Oxides with perovskite structure have attracted considerable interest due to their
importance technological properties and applications [1, 2]. The general formula for
a stoichiometric perovskite oxide can be written AMO3. A related structure to that
of perovskite is the K2NiF4 structure in which perovskite-type layers are separated
by rock salt layers [3]. A wide range of materials with this structure-type have been
studied including La2CuO4 [4, 5]. The general formula of these compounds can be
written A2MO4.

Several techniques were used for the preparation of perovskite oxides with
nanoparticles powder structure like hydrothermal route, solid-state reactions, co-
precipitation, sol-gel, Pechini method, gas phase preparations and colloidal chem-
istry route [6–8]. The sol-gel process has proved to be efficient to prepare ultra-fine
particles. In this work, we are synthesized La2NiO4 by the citrate sol-gel method
and characterized by different techniques analyses; the obtained powder is tested
successfully for the hydrogen production under visible light.

44.2 Experimental

La2NiO4 was prepared by sol gel method. The precursors La(NO3)3,6H2O (Merck
99%) and Ni(NO3)2,6H2O (Biochem 98%) were separately dissolved in distilled
water and mixed; then a solution of citric acid was added drop wise and the solution
was evaporated under vacuum in a rotavapor. The gel was denitrified and the obtained
powder was grounded and heated at 950 °C (3 °C min−1). The crystalline phase was
confirmed by X-ray diffraction (XRD) using XPERT-PRO diffractometer with CuKα

radiation (λ = 0.15406 nm).
The specific surface area was determined by BET method on ASAP2010

micromeritics apparatus using N2 gas as adsorbent at 77 K. The diffuse reflectance
data were collected with a UV-VIS spectrophotometer (Shimadzu 1800) equipped
with integration sphere. The morphology was analyzed by scanning electron
microscopy (SEM) using JSM Jeol 6360Lmicroscope. The size of the particles were
dispersed in water, exposed to ultrasound and characterized by laser granulometry
(Malvern Mastersizer 2000/3000).

The Mott Schottky characteristic is plotted in alkaline solution (NaOH, 0.1 M) in
a standard electrochemical cell containing the working electrode, Pt emergency elec-
trode and a saturated calomel electrode (SCE). The electrode potential wasmonitored
by a potentiostat Voltalab PGZ301.

The photoactivity was measured through the volume of evolved hydrogen. The
experiments were realized in a closed Pyrex reactor at 50 °C. The powder (200 mg)
was maintained in suspension by magnetic agitation (210 rpm) in 200 mL of the
prepared solution (Na2S2O3, 10−3 M) and deoxygenated by N2 bubbling for 30 min.
The light source consisted of tungsten lamps (3×200WSonelec,Algeria)with a total
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flux of 29 mW cm−2. Hydrogen formation was confirmed by gas chromatography
(Agilent Technologies 7890A GC System).

44.3 Results and Discussion

TheXRDprofile of La2NiO4 (Fig. 44.1) shows a single phase crystallizing inK2NiF4
type structure. All peaks are indexed in an orthorhombic symmetry (space group:
Fmmm) (JCPDS N°89-3460) with lattice constants: a = 5.4462 Å; b = 5.4828 Å; c
= 12.6566 Å.

The active surface area (10 m2 g−1) was determined experimentally from the BET
measurement and is in good agreement with that cited in the literature [9].

The SEM micrographs of La2NiO4 (Fig. 44.2) show a porous homogeneous
structure where the grains appear spherical and agglomerated.
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Fig. 44.1 X-ray diffraction pattern of La2NiO4 calcined at 950 °C

Fig. 44.2 SEM micrographs of La2NiO4
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Fig. 44.3 Laser granulometry of La2NiO4 powder

La2NiO4 is formed by dispersed grainswith small sizes and the laser granulometry
of the powder confirms these observations with a large size distribution of grains
(0.2–400 μm). Some grains sizes exceed 100 μm, while others do not reach 10 μm
(Fig. 44.3).

The relationship between the absorption coefficient (α) and the energy of the
incident photons (hv) is expressed by the relation:

(αhν)n = A
(
hv − Eg

)
(44.1)

A is a constant and n = 2 and ½ for direct and indirect transition respectively.
Figure 44.4 represents the (αhν)2 as a function of hv. The intercept of the linear plot
(αhν)2 with the hν-axis gives a direct transition at 1.31 eV; this value is close to those
reported in literature [10].

Figure 44.5 shows the thermal dependence of the electrical conductivity (σ )
of La2NiO4 recorded in the range (300–450 K), the conductivity increases with
increasing temperature indicating a semiconducting behavior. An activation energy
(Ea) of 44 meV is determined from the slope d(logσ )/d(T−1).

The flat band potential Efb was determined from reciprocal capacitance (C−2) as
a function of the potential (E) in alkaline solution (pH ~ 13) using the relation:

C−2 = ±(2/eεεoNA){E − Efb} (44.2)

where εo is the permittivity of vacuum (8.85 × 10−12 F m−1) and ε (~105) is the
permittivity ofLa2NiO4 [11]. ThepotentialEfb (=0.10V) and theholes concentration
(NA = 1019 cm−3) are deduced by extrapolation of the linear part and the slope
respectively (Fig. 44.6); the negative slope confirms the p-type conduction.

TheH2 volume onLa2NiO4 was studied at two pHs in aqueous solution containing
S2O3

2− as hole scavenger (Fig. 44.7).
The best performance was obtained in basic medium and this can be explained

as follows: as pH increases from 7 to 13, the H2O/H2 level which varies by −
0.6 V/pH approaches the conduction band and reaches the optimal band bending,
which enhances the electron transfer, thus, producing an increase in the volume of
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Fig. 44.5 Electrical conductivity (σ ) of La2NiO4 as function of temperature

-0,9 -0,6 -0,3 0,0 0,3
0,0

0,5

1,0

1,5

2,0

10
-1

3 C
-2

(c
m

4 / F
2 )

Potential (V)

Efb=0.1 V

Fig. 44.6 The Mott-Schottky plot of La2NiO4/NaOH (0.1 M)/Pt plotted in N2 bubbled solution at
10 kHz

100 20 30 40
0

1

2

3

4

V
ol

um
e 

of
 H

2 (m
L)

Time (min)

pH~13
pH~7

Fig. 44.7 Volume of evolved H2 as a function of illumination time of La2NiO4, S2O3
2− (10−3 M)



44 Synthesis and Characterization of the Double Perovskite … 345

evolved hydrogen. The process of the hydrogen photo-production is given below:

Anodic pole: La2NiO4 + hv → e−
CB + h+

VB (44.3)

2S2O
2−
3 + 2h+ → S4O

2−
6 (44.4)

Cathodic pole: 2H2O + 2e− → H2 + 2OH− (44.5)

44.4 Conclusion

The double perovskite La2NiO4 was synthesized by citrate sol-gel route; The X-
ray diffraction shows that the phase is formed at 900 °C. The optical transitions
(1.31 eV) make La2NiO4 attractive for the solar energy conversion. In addition, it
is photo-electrochemically active and has environmental friendly characteristic. The
capacitance measurement showed p type behaviour. La2NiO4 is stabilized by holes
capture via the reducing specie S2O3

2− and the best photoactivity (23.6 μmol mn−1

(g catalyst)−1) was obtained in the alkalinemedium using S2O3
2− as scavenger holes,

is in good agreement with that obtained with the homologous La2CuO4 [4].
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Chapter 45
Optimal Design and Comparison
Between Renewable Energy System,
with Battery Storage and Hydrogen
Storage: Case of Djelfa, Algeria

Ilhem Nadia Rabehi

Abstract Algeria’s energy mix is almost exclusively based on fossil fuels (Meriem
in Renewable Energy in Algeria Reality and Perspective, pp. 1–19, 2018) [1], espe-
cially natural gas. However, the country has enormous renewable energy potential,
mainly solar, which the government is trying to harness by launching an ambitious
renewable energy and energy efficiency programs (Ministry of Energy and Mining
of Algeria in Renewable Energy and Energy Efficiency Program, 2011) [2]. Despite
being a hydrocarbon-rich nation, Algeria is making efforts to harness its renewable
energy potential. The renewable energies could represent an economic solution for
the case of isolated sites, but their intermittency needs a storage system, that could be
either by the use of batteries or hydrogen technologies. However, these two storage
systems still face challenges, especially economic ones. This study deals with an
economic study of several configurations of renewable energy systems, it aims to
compare between the conventional storage systems and the new technologies of the
hydrogen. In this study, HOMER will be used to simulate three configurations for a
school on the high land region of Algeria named Had-Saharry. Many configurations
will be simulated using HOMER in order to have an over view about the techno-
economic feasibility and the use of hydrogen for the storage. The system has been
designed according to the school’s load profile. Then compare between the costs of
the systems and their performance on the Algerian high lands weather conditions.
As result the systems with batteries proved to be less expensive than the hydrogen
storage, as well as, the hybrid system (PV, WECS) proved to be cost effective.
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45.1 Introduction

Algeria is the biggest African country and among the biggest exporter of gas and it
possesses theworld’s fifth largest natural gas reserves.Despite of being ahydrocarbon
reach country Algeria has an huge renewable energy (RE) potential mainly solar
and wind. In order to diversify the sources of energy used and reduce the carbon
emission, Algeria has started in 2011 an ambitious renewable energy program that
aims to generate 22,000 Mw from RE s by 2030 [2].

Renewable energies represents a green alternatives and cost effective system for
remote and isolated areas [3], but it still face the intermittency issue that pose the
storage problems. It exist to ways to store energy, either by the use of the batteries,
which are not environmentally friendly, and the hydrogen storage system, which still
a new technology.

45.2 Materials and Methods

HOMER (Hybrid Optimization Model for Electric Renewable) software was used
in this study to model and optimize the systems because it is a techno-economic
tool. HOMER software is developed by NREL (National Renewable Energy Labo-
ratory), it determines optimal size of its components through carrying out the techno-
economic analysis. It simulations possible combination of components entered
and ranks the systems according to user-specified criteria such as cost of energy
(COE). The software requires six types of input data for simulation and optimization
including meteorological data, load profile, equipment characteristics, and search
space, economic and technical data [4]. In this study, we consider three proposed
configurations:

The first one is a photovoltaic (PV) system with a battery storage then with
hydrogen storage system Fig. 45.1 represents the systems.

The second configuration represents a WECS (Wind Electricity Conversion
System) with a batteries then hydrogen storage system Fig. 45.2 represents the
systems.

The third configuration represents a hybrid (PV, WECS) system with batteries
then with a hydrogen storage system, Fig. 45.3 represents the systems.

The components used on configurations are:

• Module: the PV modules used on this system are a polycrystalline panels with a
maximum of 275 W and an efficiency of 17%.

• Wind turbines: a wind turbine from AWS HC 3.3 kW and a rated power of
3.3 kW, 4.65 rotor diameter and 12 m hub height.

• Battery: Battery bank stores the electrical energy produced by the PV, and makes
the energy available at night or on dark days (days of autonomy or no-sun-
days). The batteries used on this system are BAE SECURA SOLAR 9 PVV
(2 V, 2.92 kWh).
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Fig. 45.1 Configuration 01 (PV system)

Fig. 45.2 Configuration 02 (WACS system)

• Converter: The inverter model used in this project is Leonics S-219Cp 5 kW it
was chosen based on the power unit (5 kW).

• Fuel cell and electrolyzer: the choice of these components were generic,
connected to the DC bus with an search space 1, 3, 5, 10, 20 kW.

• Tank: The tank chosen search spaces were 1, 3, 5, 10, 20 kW.

The overall summary of economic parameters of the different components
according to [5–7] are presented in Table 45.1.
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Fig. 45.3 Configuration 03 (hybrid system)

Table 45.1 Investment,
replacement and O&M costs
by components

Investment ($/kw) Replacement ($/kW) O&M ($/kW)

PV 2500 2000 25

WECS 1000 800 100

FC 3000 2500 0.15/op.hr

Tank 1500 1200 30

Electrolyser 2000 1600 20

45.2.1 Solar Energy Potential

The geographical coordinates of the data collection site were 35°21.3’ N latitude
3°21.8’ E longitude and 1140maltitude abovemean sea level. From these geographic
data HOMER, generate automatically the solar radiation and the wind speed on the
location

The monthly average of solar radiation and clearness index of the province for
22 years obtained through HOMER. The solar radiation data for the selected remote
area was estimated to range between 2.17 and 7.42 kW h/m2/day with an average
annual solar radiation estimated to 4.76 kW h/m2/day. Notice that more solar irradi-
ance can be expected from the month of May to August while less solar irradiance
is to be expected from November to January.

Thewind speed is around 4.6m/s; it is almost constant during the year. The highest
value is 5 m/s in the period of December–April.
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Fig. 45.4 Monthly load profile

45.2.2 Electrical Load

An important step in the design of the system is the determination of electricity load.
Figure 45.4 Shows the monthly profile for the assumed electric load. The load has
an average value of 27.02 kWh/day and a peak of 4.81 kW.

45.3 Results

The PV system with the batteries gives a total electricity production of
35,804 kwh/year, while the PV system with hydrogen storage gives 53.503 kWh/yr
92.4% from PV and 7.61% from FC Table 45.2 represents the COE, investment cost
O&M/year and the NPV. Figure 45.5 represents the share costs of components in
each system

The WACS system with the batteries gives a the total electricity production of
31,745 kwh/yr, while theWACS system with hydrogen storage gives 29,214 kWh/yr
a 88.9% fromWACS and 11.1% from FC Table 45.3 represents the COE, investment

Table 45.2 Costs of the configuration 01

Conf COE ($/kWh) Investment ($) O&M ($/yr) NPV ($)

(PV, batteries) 0.477 62,597 2034 110,391

(PV, FC) 1.26 113,112 7567 290,916
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Fig. 45.5 The cost of each component on the two systems

Table 45.3 Costs of the configuration 02

Conf COE ($/kWh) Investment ($) O&M ($/yr) NPV ($)

(WECS, batteries) 0.602 50,596 3783 139,489

(WECS, FC) 1.04 57,333 7815 240,964

cost O&M/year and the NPV. Figure 45.6 represents the costs share of components
in each system

The hybrid system (PV, WECS) with the batteries gives a the total electricity
production of 21,336 kwh/year 40.6% from wind and 59.4% from PV, while the
hybrid system with hydrogen storage gives 24,278 kWh/yr. A 30.6% from PV, 10%
from FC and 95.4% from WACS. Table 45.4 represents the COE, investment cost
O&M/year and the NPV. Figure 45.7 represents the share costs of components in
each system.
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Fig. 45.6 The cost of each component on the two systems
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Table 45.4 Costs of the configuration 03

Conf COE ($/kWh) Investment ($) O&M ($/yr) NPV($)

(PV, WECS, batteries) 0.397 36,295 2374 92,066

(PV, WECS, FC) 0.994 52,863 7556 230,389
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WACS PV converter batteries FC electrolyze tank

Fig. 45.7 The cost of each component on the two system

45.4 Conclusions

From the economical analysis, it is easy to notice that, the hybrid renewable system
with a battery storage is the most economic way to generate electricity among the
other systems. The use of hydrogen is expensive especially with the PV system even
though it is more environmentally friendly than the batteries, which represent a big
challenge in the recycling and waste management.
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Chapter 46
New Neural Network Single Sensor
Variable Step Size MPPT for PEM Fuel
Cell Power System

Abdelghani Harrag

Abstract This paper deals with the development of a single sensor neural network
controller used to track the maximum power of proton exchange membrane fuel cell
power system. The proposed single sensor neural network controller has been devel-
oped and trained using single sensor maximum power point tracking data obtained
previously. The developed maximum power point tracking controller has been used
to track the output power of the fuel cell power system composed of 7 kW proton
exchange membrane fuel cell powering a resistive load via a DC-DC boost converter
controlled using the proposed controller. Simulation results obtained using the devel-
opedMATLAB/Simulinkmodel show that the proposed single sensor neural network
maximum power point tracking controller can track effectively the maximum power
using only one sensor compared to the classical power point tracking controllers
using two sensors reducing by the way the cost and the complexity of the fuel cell
maximum power tracking controller.

Keywords PEM fuel cell · MPPT · Single sensor · Neural network · NN

46.1 Introduction

In the twenty-first century, the demand for clean and sustainable energy sources has
become a strong driving force in continuing economic development and hence in
the improvement of human living conditions. In that respect, fuel cells have been
recognized to form the cornerstone of clean energy technologies due to their high
efficiency, high energy density, and low or zero emissions. Recently, fuel cells have
seen explosive growth and application in various energy sectors including trans-
portation, stationary and portable power, and micro-power. The rapid advances in
fuel cell system development and deployment require basic knowledge of science
and technology as well as advanced techniques on fuel cell design and analysis [1].
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A fuel cell is an electrochemical device that uses reverse electrochemical reactions
and continuously converts the chemical energy content of the fuel into electrical
energy, water, and some heat as long as fuel and oxidant are supplied. Among various
types, the high temperature solid oxide fuel cell (SOFC) and the low temperature
proton exchange membrane fuel cell (PEMFC) have been identified as the likely
fuel cell technologies that will capture the market in the future. The proton exchange
membrane fuel cell (PEMFC) uses a solid membrane that transports protons. It can
operate from about 0–80 °Cwith the output power ranging from a fewwatts to several
hundred kilowatts [2].

The output power of a fuel cell is not regulated, and its stability is a relevant
issue. The small voltage of each individual cell is heavily influenced by changes in
electric current, partial gas pressures, reactants humidity level, gas speed, stoichiom-
etry, temperature and membrane water content. As a consequence, the extraction
of maximum power from a fuel cell power source is essential for its optimum and
economical utilization. However, the maximum extractable power varies dynami-
cally during the fuel cell operation for varying load current requirements as well
as for varying operating conditions which makes the maximum power extraction a
challenging task [3].

The last decadehas seen ahugedevelopment of themaximumpower point tracking
(MPPT) controllers for fuel cell power systems [4, 5], among them: perturb and obser-
vation [6], incremental conductance [7], sliding mode controller [8], fractional order
filter controller [9], hysteresis controller [10], extremum seeking control [11], fuzzy
logic controller [12, 13], particle swarm optimization controller [14], water cycle
algorithm controller [15], unified tracker algorithm controller [16], eagle strategy
controller [17], neural network controller [18, 19], etc.

In this paper, we present a new single sensor neural network controller used to
track the maximum power of proton exchange membrane fuel cell power system.
The proposed single sensor neural network controller has been developed and trained
using single sensor maximum power point tracking data obtained previously. The
developed maximum power point tracking controller has been used to track the
output power of the fuel cell power system composed of 7 kW proton exchange
membrane fuel cell powering a resistive load via a DC-DC boost converter controlled
using the proposed controller. Simulation results show that the proposed single
sensor neural network maximum power point tracking controller can track effec-
tively the maximum power using only one sensor compared to the classical power
point tracking controllers using two sensors reducing by the way the cost and the
complexity of the fuel cell maximum power tracking controller.

The remainder of this paper is organized as follows. In Sect. 46.2, the PEM
fuel cell modelling is described. Section 46.3 presents the proposed neural network
single sensor MPPT controller. The simulation results and discussions are presented
in Sect. 46.4. While Sect. 46.5 stated the main conclusions of this study.
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46.2 PEM Fuel Cell Modeling

A fuel cell is a simple electrochemical device that uses the chemical energy present
in hydrogen and oxygen to produce electricity in the form of direct current along
with water and heat as the byproducts. More specifically, hydrogen is fed into the
anode, where it is dissociated into protons and electrons with the help of a catalyst.

The electrons provide the electrical current as they pass through the external circuit
and reach the cathode. The protons pass through the proton-conducting membrane
and crossover into the cathode to recombine with the electrons as well as the oxygen
(which is fed into the cathode) to generate water (Fig. 46.1) [20].

Oxidation of hydrogen reaction at anode:

H2 → 2H+ + 2e− (46.1)

Reduction of oxygen reaction at a cathode:

O2 + 4e− → 2O−2 (46.2)

The overall hydrogen reaction is:

H2 + 1

2
O2 → H2O + electricalenergy + heat (46.3)

Each cell voltage can be defined by the well known expression [21]:

VFC = Enernst − Vact − Vohmic − Vconc (46.4)

Enernst is the reversible open circuit voltage [22]:

Fig. 46.1 PEM fuel cell
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Enernst = 1.229 − (
8.5 × 10−4

)
(T − 298.15)

+ (
4.385 × 10−5T[ln(PH2) + 0.5ln(PO2)

]
(46.5)

where T is the temperature; PO2 the oxygen pressure and PH2 the hydrogen pressure.
Vact is the activation voltage drop reflecting the fact that the cell requires a certain

amount of energy to start electron circulation and create/break chemical bonding
[23]:

Vact = ξ1 + ξ2 · T + ξ3 · T · ln(CO2

) + ξ4 · T · ln(iFC) (46.6)

where ξi(i = 1 to 4) are parametric coefficients for each cell; iFC is the cell current and
CO2 is the oxygen’s concentration.

Vohmic is the ohmic linear voltage drop proportional to electric current representing
the resistance of the polymeric membrane to proton circulation as well as to the
electrical resistance of electrodes and current collectors [24]:

Vohmic = Rohmic.iFC (46.7)

where iFC is the cell current; Rohmic is the sum of the contact resistance Rc and the
membrane resistance Rm.

Vconc concentration voltage drop due to the changes in the concentration of
reactants as they are consumed by the electrochemical reaction [25]:

Vconc = −b · ln
(
1 − iFC/A

Imax

)
(46.8)

where b is the concentration loss constant; iFC is the cell current; A is the is cell active
area; Imax is the maximum current density.

46.3 Proposed Single Sensor Neural Network MPPT
Algorithm

The proposed single sensor neural network variable step size MPPT controller is
developed in two steps: (1) firstly in offline mode required to test several set of
neural network parameters to find the optimal architecture and (2) secondly, the
optimal found parameters are used in online mode to track the maximum output
power of the PEM fuel cell power system. The developed controller uses the PEM
fuel cell current and old PWM duty cycle as inputs to compute the new PWM ratio,
used as output.

The neural network controller has been trained using the mean squared errors
(MSE) for minimizing the overall error measure between the neural networks output
and the data generated previously using the conventional single sensor MPPT [26].
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Once trained, the optimized neural network controller is used in the online mode
to track the maximum available power under different testing scenario considering
changing atmospheric and operating conditions.

46.4 Results and Discussion

The Matlab/Simulink model of the PEM fuel cell power system including the 7 kW
PEM fuel cell powering a resistive load via aDC-DCboost converter controlled using
the developed neural network single sensor MPPT controller has been implemented
(Table 46.1).

To evaluate the efficiency and the performance of the proposed neural network
single sensorMPPT, the implemented controller usingMatlab/Simulink environment
is validated considering two test scenarios: (1) temperature (T) variation; and (2)
hydrogen pressure (PH2) variation. In the two considered experiments, we use a fast
steppedpattern considered as strained case to validate the efficiency and the capability
tracking of the proposed MPPT controller. Figure 46.2a, b shows the output power
corresponding to the two considered scenarios.

From Fig. 46.2a, b, we can see that the proposed neural network single sensor
MPPT track effectively the maximum available output power regarding temperature
or pressure changes.

Table 46.1 PEM fuel cell
parameters

Parameter Value

Maximum power at MPP PMPP (W) 7000

Cell open circuit voltage VOC (V) 1.29

Number of cells N 50

Cell active surface (A/cm2) 200

Hydrogen partial pressure PH2 (bar) 2.6

Oxygen partial pressure PO2 (bar) 0.3
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Fig. 46.2 Output power: a temperature (T) variation, b hydrogen pressure variation
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Fig. 46.3 P-I characteristics: a temperature variation, b pressure variation

Figure 46.3a, b shows the corresponding P-I characteristics according to the
considered temperature and pressure variation, respectively.

46.5 Conclusion

This paper addresses the development of a neural network single sensor MPPT
controller used to track the maximum PEM fuel cell power system composed
of the 7kW PEM fuel cell powering a resistive load via a DC-DC boost
converter controlled using the proposed controller. Simulation results otained using
Matlab/Simulink environment show that the proposed neural network single sensor
MPPT controller can effectively track the maximum power using only one sensor
for the PEM fuel cell current which reduces the cost as well as the complexity of the
PEM fuel cell power system. As future work, we work currently on the experimental
validation of the developed single sensor neural network MPPT in the hardware in
the loop mode using the STM32F4 board.

Acknowledgements The Algerian Ministry of Higher Education and Scientific Research via the
DGRSDT supported this research (PRFU Project code: A01L07UN190120180005).

References

1. S. Revankar, P. Majumdar, Fuel cells: Principles, Design and Analysis (CRC Press, Taylor &
Francis, Boca Raton, 2014)

2. Z. Qi, Proton Exchange Membrane Fuel Cells (CRC Press, Taylor & Francis, Boca Raton,
2014)

3. C.A. Ramos-Paja, G. Spagnuolo, G. Petrone, R. Giral, A. Romero, Fuel cell MPPT for fuel
consumption optimization, in Proceedings IEEE International Symposium on Circuits and
Systems (ISCAS), Paris, France (2010), pp. 2199–2202

4. M. Becherif, D. Hissel, MPPT of a PEMFC based on air supply control of the motocompressor
group. Int. J. Hydrogen Energy 35(22), 12521–12530 (2010)



46 New Neural Network Single Sensor Variable Step Size … 361

5. N. Karami, R. Outbib, N. Moubayed, Fuel flow control of a PEM fuel cell with MPPT, in
Proceedings IEEE International Symposium on Intelligent Control (ISIC), Dubrovnic; Crotia
(2012), pp. 289–294

6. M. Sarvi, M.M. Barati, Voltage and current based MPPT of fuel under variable temperature
conditions, inProceedingsUniversitiesPowerEngineeringConference (UPEC), Cardiff,Wales
(2010), pp. 1–4

7. M.Z. Romdlony, B.R. Trilaksono, R. Ortega, Experimental study of extremum seeking control
for maximum power point tracking of PEM fuel cell, in International Conference on System
Engineering and Technology (ICSET), Bandung, Indonesia (2012), pp. 1–6

8. S.H.Abdi,K.Afshar,N.Bigdeli, S.Ahmadi,Anovel approach for robustmaximumpower point
tracking of PEM fuel cell generator using sliding mode control approach. Int. J. Electrochem.
Sci. 7, 4192–4209 (2012)

9. J. Liu, T. Zhao, Y. Chen, Maximum power point tracking of proton exchange membrane fuel
cell with fractional order filter and extremum seeking control, in Proceedings ASME/IEEE
International Conference onMechatronic and Embedded Systems and Applications (ICMESA),
Boston, Massachusetts, USA (2015), pp. 1–6

10. J.D. Park, Z. Ren,Hysteresis controller basedmaximumpower point tracking energy harvesting
system for microbial fuel cells. J. Power Sources 205, 151–156 (2012)

11. K. Ettihir, L. Boulon, K. Agbossou, S. Kelouwani, MPPT control strategy on PEM fuel cell
low speed vehicle. in Proceedings IEEE Vehicle Power and Propulsion Conference (VPPC),
Seoul, South Korea (2012), pp. 926–931

12. J. Jiao, X.A. Cui, Real-time tracking control of fuel cell power systems for maximum power
point. J. Comput. Inf. Syst. 9(5), 1933–1941 (2013)

13. A. Harrag, S. Messalti, How fuzzy logic can improve PEM fuel cell performance? Int. J.
Hydrogen Energy 43(1), 537–550 (2018)

14. I. Soltani, M. Sarvi, H. Marefatjou, An intelligent, fast and robust maximum power point
tracking for proton exchange membrane fuel cell. World Appl. Program. 3(7), 264–281 (2013)

15. I.N. Avanaki, M. Sarvi, A new maximum power point tracking method for PEM fuel cells
based on water cycle algorithm. J. Renew. Energy Environ. 3(1), 35–42 (2016)

16. H. Fathabadi, Novel highly accurate universal maximum power point tracker for maximum
power extraction from hybrid fuel cell/PV/wind power generation systems. Energy 116, 402–
416 (2016)

17. M. Sarvi, M. Parpaei, I. Soltani, M.A. Taghikhani, Eagle strategy based maximum power point
tracker for fuel cell system. IJE Trans. A Basics 28(4), 529–536 (2015)

18. A.Harrag,H.Bahri,Novel neural network IC-based variable step size fuel cellMPPTcontroller.
Int. J. Hydrogen Energy 42(5), 3549–3563 (2017)

19. M. Hatti, M. Tioursi, W. et Nouibat, Neural network approach for semi-empirical modeling of
PEM fuel-cell, in IEEE International Symposium on Industrial Electronics (2006), pp. 1858–
1863

20. C. Spiegel, PEM Modeling and Simulation Using Matlab (Academic Press, Burlington, MA,
2008)

21. R. O’Hayre, Fuel Cell Fundamentals (Wiley, 2009)
22. R.F. Mann, J.C. Amphlett, M.A. Hooper, H.M. Jensen, B.A. Peppley, P.R. Roberge, Develop-

ment and Application of a generalized steady-state electrochemical model for a PEM fuel cell.
J. Power Sources 86(1–2), 173–180 (2000)

23. D. Yu, and S. Yuvarajan, A novel circuit model for PEM fuel cells, in IEEE 19th Applied Power
Electronics Conference and Exposition, Anaheim, CA, USA (2004), pp. 362–366

24. J.H. Lee, T.R. Lalk, A.J. Appleby, Modelling fuel cell stack system. J. Power Sources 73,
229–241 (1998)

25. H.J. Avelar, E.A.A. Coelho, J.R. Camacho, J.B. Vieira, L.C. Freitas, M. Wu, PEM fuel cell
dynamicmodel for electronic circuit simulator, in IEEEElectrical Power&EnergyConference,
Montreal, QC, Canada (2009), pp. 1–6

26. A. Harrag, H. Bahri, A novel single sensor variable step size maximum power point tracking
for proton exchange membrane fuel cell power system. 19(2), 177–189 (2019).



Chapter 47
Modified P&O-Fuzzy Type-2 Variable
Step Size MPPT for PEM Fuel Cell
Power System

Abdelghani Harrag

Abstract This paper proposes a modified perturb and observe based fuzzy type-2
maximum power point controller. In this study the fuzzy type-2 controller has been
used to drive the variable step size of classical perturb and observe algorithm in
order to track the maximum power point of the proton exchange membrane fuel cell
power system. The proposed controller has been validated using theMatlab/Simulink
environment where the whole fuel cell power system composed of 7 kW proton
exchange membrane fuel cell powering a resistive load via a DC-DC boost converter
controlled using the proposed controller have been implemented. The developed
model has been investigated in case of temperature variation. Comparative simulation
results obtained using the classical perturb and observe algorithm, the fuzzy type-
1 algorithm and the proposed fuzzy type-2 algorithm prove the superiority of the
proposed controller to track effectively the maximum power regarding used dynamic
and static performance metrics.

Keywords PEM fuel cell · MPPT · Perturb and observe · P&O · Fuzzy logic ·
FL · Type-2

47.1 Introduction

Green energy technologies including energy storage and conversion will play the
mainly role in overcoming global pollution and fossil fuel exhaustion for the sustain-
able development of human society. Among green energy technologies, conversion
and electrochemical energy storage are considered the most feasible, sustainable and
environmentally friendly. Electrochemical energy technologies such as batteries,
fuel cells, supercapacitors, hydrogen generation and storage, as well as solar energy
conversion have been or will be used in important application areas including trans-
portation and stationary and portable/micro power. To respond to the increasing
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demand in both the energy and power densities of these electrochemical energy
devices in various new application areas, further research and development are essen-
tial to overcome major obstacles, such as cost and durability, which are considered
to be hindering their application and commercialization [1].

In fixed operating conditions, the fuel cell characteristics presents only one unique
point on power-current curve representing themaximumpower point (MPP) at which
the fuel cell produces its maximum power. However, this curve is heavily influenced
by the operating parameters: cell temperature, anode and cathode pressures, relative
humidity, stoichiometry and anode and/or cathode gas mole fraction. Therefore, to
supply a loadwith a constant voltage, amaximum power point controller is necessary
to adjust the point on the P/I curve corresponding to the actual power demand [2, 3].

In this spirit, a huge development of themaximumpower point tracking controllers
for fuel cell power systems have emerged that can be divided in two categories: (1)
the first one based on controlling the gas flow and/or the pressure [4–8]; and (2)
the second one, inspired from PV control strategies, based on the use of a power
converter [9–14].

This paper proposes a modified perturb and observe based fuzzy type-2maximum
power point controller. In this study the fuzzy type-2 controller has been used to
drive the variable step size of classical perturb and observe algorithm in order to
track the maximum power point of the proton exchange membrane fuel cell power
system. The proposed controller has been validated using the Matlab/Simulink
environment where the whole fuel cell power system composed of 7 kW proton
exchange membrane fuel cell powering a resistive load via a DC-DC boost converter
controlled using the proposed controller have been implemented. Comparative simu-
lation results between the proposed controller and the classical perturb and observe
one prove the superiority of the proposed controller to track effectively themaximum
power regarding used dynamic and static performance metrics. The remainder of this
paper is organized as follows. In Sect. 47.2, the PEM fuel cell modelling is presented.
Section 47.3 gives the implementation methodology of the proposed P&O-based
fuzzy type-1 MPPT controller. The simulation results and discussions are presented
in Sect. 47.4. Finally, Sect. 47.5 draws the main conclusions of this work.

47.2 PEM Fuel Cell Modeling

A fuel cell is a simple electrochemical device that uses the chemical energy present
in hydrogen and oxygen to produce electricity in the form of direct current along
with water and heat as the byproducts based on the following equations [15]:

Oxidation of hydrogen reaction at anode:

H2 → 2H+ + 2e− (47.1)

Reduction of oxygen reaction at a cathode:
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O2 + 4e− → 2O−2 (47.2)

The overall hydrogen reaction is:

H2 + 1

2
O2 → H2O + electricalenergy + heat (47.3)

Each cell voltage can be defined by the well known expression given by [16]:

VFC = Enernst − Vact − Vohmic − Vconc (47.4)

Enernst is the reversible open circuit voltage approximated by [17]:

Enernst = 1.229 − (
8.5 × 10−4

)
(T − 298.15)

+ (
4.385 × 10−5T

[
ln

(
PH2

) + 0.5ln(PO2

)]
(47.5)

where T is the temperature; PO2 the oxygen pressure and PH2 the hydrogen pressure.
Vact is the activation voltage drop approximated by [18]:

Vact = ξ1 + ξ2 · T + ξ3 · T · ln(CO2

) + ξ4 · T · ln(iFC) (47.6)

where ξi (i = 1 to 4) are parametric coefficients for each cell; iFC is the cell current and
CO2 is the oxygen’s concentration.

Vohmic is the ohmic linear voltage drop proportional to electric current approxi-
mated by [19]:

Vohmic = Rohmic.iFC (47.7)

where iFC is the cell current; Rohmic is the sum of the contact resistance Rc and the
membrane resistance Rm.

Vconc is the concentration voltage drop approximated by [20]:

Vconc = −b · ln
(
1 − IFC/A

Imax

)
(47.8)

where b is the concentration loss constant; iFC is the cell current; A is the is cell active
area; Imax is the maximum current density.
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47.3 Proposed P&O-Based Fuzzy Logic Type-2 MPPT
Algorithm

The success of type-1 fuzzy logic systems naturally led to the development of fuzzy
logic systems based on type-2 fuzzy logic. The structure of a type-2 fuzzy logic
systems shares the same core components of its type-1 counterpart, namely: a fuzzi-
fier, a rule-base, an inference engine and an output processor. Compared to type-1
fuzzy system structure, in the type-2 case the output processor embraces an additional
stage where the type-2 fuzzy system is firstly converted into an equivalent type-1
fuzzy system. This procedure is implemented by a type-reduction (TR) algorithm
[21].

In this study, the proposed P&O-based fuzzy type-2 MPPT requires as inputs the
error E and the change in error �E defined by:

Ek =
∣∣∣∣
Pk − Pk−1

Ik − Ik−1

∣∣∣∣ (47.9)

�Ek = Ek − Ek−1 (47.10)

The output is the step size change used to drive the P&O classical MPPT.

Fuzzification The universe of discourse for input variables (Ek and �Ek) as well as
for the output variable (�d) is divided into five fuzzy sets: mf1 (NB), mf2 (NS), mf3
(ZE), mf4 (PS) and mf5 (PB).

Inference Method In this study, we use the Sugeno inference system.

Rule Base The Fuzzy algorithm tracks the MPP point based on the rule-base
consisting of 25 rules as shown in Table 47.1.

Type-Reduction In this study, we use the Begian-Melek-Mendel Method for the
type reduction.

Defuzzification After applying the type reduction method, the obtained interval
fuzzy set still has to be converted into a crisp number so it becomes suited to the
most part of the fuzzy logic system application scenarios. The defuzzified value is
obtained by simply computing the average of the interval’s left and right endpoints.

Table 47.1 Fuzzy rule base

Ek/�Ek NB NS ZE PS PB

NB ZE ZE NB NB NB

NS ZE ZE NS NS NS

ZE ZE NP NS NS PS

PS PS PS PS ZE ZE

PB PB PB PB ZE ZE
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47.4 Results and Discussion

The developed Matlab/Simulink model of the PEM fuel cell power system including
the 7 kW PEM fuel cell powering a resistive load via a DC-DC boost converter
controlled using the developed P&O based fuzzy type-2 variable step size MPPT
controller has been implemented (Table 47.2).

Figure 47.1 shows the output power corresponding to temperature variation as
described below 353 K for the interval 0–0.6 s, 323 K for the interval 0.6–1.2 s
and 343 K for the interval 1.2–1.8 s. The legends PO-FS, PO-FZT1 and PO-FZT2
correspond to fixed step P&O, P&O-based fuzzy type-1 and P&O-based fuzzy type-2
MPPT algorithms.

Table 47.2 PEM fuel cell parameters

Parameter Value

Maximum Power at MPP PMPP (W) 7000

Cell open circuit voltage VOC (V) 1.29

Number of cells N 50

Cell active surface (A/cm2) 200

Hydrogen partial pressure PH2 (bar) 2.6

Oxygen partial pressure PO2 (bar) 0.3
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Fig. 47.1 PEM fuel cell output power
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Table 47.3 Response time in
case of temperature variation
(in ms)

Temperature variation PO-FS PO-FZT1 PO-FZT2

0–353 K at 0 s 90.7 59.5 50.8

353–323 K at 0.6 s 7.5 3.5 3.5

323–343 K at 1.2 s 1.1 7.2 9.2

Table 47.4 Ripple around
the maximum point in case of
temperature variation (in W)

Temperature PO-FS PO-FZT1 PO-FZT2

353 K from 0–0.6 s 66 33 10

323 K from 0.6–1.2 s 33 31 9

343 K from 1.2–1.8 s 55 33 11

The developed PEM fuel cell power system Matlab/Simulink model has been
used to evaluate and compare the dynamic and static performances of the proposed
P&O-based fuzzy type-2 MPPT controller to the two others the classical P&O fixed
step size and the P&O-based fuzzy type-1 MPPT controllers using response time as
dynamic performance metric and the ripple as static performance metric. Tables 47.3
and 47.4 gives the response time and the ripple for the three considered MPPTs.

From Tables 47.3 and 47.4, we can confirm that the proposed P&O-based fuzzy
type-2 MPPT controller outperforms both P&O fixed step size as well the P&O-
based fuzzy type-1 MPPT controllers regarding dynamic or static performances.
The proposedMPPT controller reduces significantly the response time and the ripple
around the maximum power point leading by the way to an overall reduction of the
energy losses.

47.5 Conclusion

The maximum power of fuel cell depends on operating conditions. Therefore, to
supply a load with a constant voltage, a maximum power point controller is needed.
This paper proposes a modified perturb and observe based fuzzy type-2 maximum
power point controller. In this study the fuzzy type-2 controller has been used to
drive the variable step size of classical perturb and observe algorithm in order to
track the maximum power point of the proton exchange membrane fuel cell power
system. The proposed controller has been validated using the Matlab/Simulink
environment where the whole fuel cell power system composed of 7 kW proton
exchange membrane fuel cell powering a resistive load via a DC-DC boost converter
controlled using the proposed controller have been implemented. Comparative simu-
lation results between the proposed controller and the classical perturb and observe
one prove the superiority of the proposed controller to track effectively themaximum
power regarding used dynamic and static performance metrics.
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Chapter 48
A GIS-MOPSO Integrated Method
for Optimal Design of Grid-Connected
HRES for Educational Buildings

Charafeddine Mokhtara , Belkhir Negrou , Noureddine Settou,
Abdessalem Bouferrouk , Yufeng Yao , and Djilali Messaoudi

Abstract In this paper, an optimal design of a grid-connected PV-battery-hydrogen
hybrid renewable energy system (HRES) at a University campus in Ouargla, Algeria
is carried out. To achieve this goal, geographical information system (GIS), CAD
software and multi-objective particle swarm optimization (MOPSO) are used. First,
the rooftop’s solar energy potential, optimal zones to install PV panels and selection
of the PV system’s best installation are determined, consideringmany design criteria.
Thus, based on these outcomes, optimal sizing of the proposed hybrid system is then
performed using MATLAB. Cost of energy, loss of power supply probability, and
renewable usage are the objectives to be optimized. Here, an energy management
strategy is adopted to select the most adequate storage option at each simulation time
step. In this study, selling of the excess hydrogen gas has suggested instead of selling
electricity to the grid. Results show that standard multi crystalline PV panels with
an inclination angle of 17° is the best installation. In addition, the obtained optimal
HRES, which includes PV/battery/hydrogen has a renewable usage of 90%, and cost
of energy of only 0.22 $/kWh with high reliability.

Keywords Solar PV · Hybrid energy storage ·Multi objective particle swarm
optimization · GIS · Hydrogen
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48.1 Introduction

In Algeria, 97% of electricity is generated from naturel gas [1]. Buildings, which
are 99% grid-connected, consume a large amount (43%) of this generated electricity.
Therefore, the integration of renewable sources is mandatory to reduce CO2 emis-
sions by reducing the use of fossil fuels. In this context, the Algerian government
aims to increase renewable energy generation share to 27% of the total power gener-
ation in the country [2]. However, due to uncertainty of renewable sources like solar
energy, a hybrid energy system is one of the most promising solutions at present.
For Algeria where solar energy is abundant [3] especially in the southern Sahara
region, a rooftop, grid-connected solar PV hybrid energy system is an attractive
solution to supply energy to buildings in urban areas. However, optimal design and
size optimization of such systems is a great challenge. Many research works have
been conducted in this area. The majority of these efforts have focused on either
evaluating energy potential of rooftop solar PV systems in urban areas using GIS-
based methods [4] and CAD software, or on optimal sizing and energy management
of grid-connected PV based hybrid systems. The optimal sizing problem is solved as
a single-objective or multi-objective function using either classical or meta-heuristic
algorithms.Meta-heuristic algorithms such as the particle swarm optimization (PSO)
have been widely used by researchers. In addition, cost of energy (COE), renewable
usage, CO2 emission, and reliability indices are often the objective functions. From
literature, the integration of spatial analysis with size optimization of a HRES has
not been investigated extensively. In addition, a solar system with hybrid hydrogen-
battery storage system has not been much discussed. In this work, an integrated
approach is developed for the optimal design of a rooftop grid-connected solar PV
with hybrid hydrogen-battery storage system. The main contributions of this work
are: (1) to identify feasible zones and installations for rooftop PV system, and (2) to
find optimal sizing of the suggested HRES.

48.2 Methodology

AGIS-Multi Objective PSO (GIS-MOPSO) method is developed for optimal design
of rooftop solar PV with hybrid hydrogen-battery storage system to electrify a grid-
connected University building in Ouargla, Algeria. In order to achieve the aims of the
study, the following methodologies are followed. First, a map of the building (from
Google-Earth) is exported, separately, to ArcGIS to perform spatial analysis, and to
sketch up software to create a 3D model of the building. Based on the developed 3D
model, Ecotect software is used to evaluate shading effects and sun light hours at
each rooftop’s zone for a one-year simulation. Hence, identifying the best zones for
installing PV panels, selection of the best PV system’s installation based on technical
and spatial criteria, and finding the optimal sizing of the proposed HRES are carried
out next.
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Fig. 48.1 Map of the campus building

48.2.1 Building Description and Climatic Data

The studied educational building, located in a hot dry climate, has a total roof area
of 18,209 m2, and has an energy demand of 1485 MWh/year. Figure 48.1 shows a
map of the building. In addition, the monthly load of the building (as supplied by
energy provider Sonelgas) is presented in Fig. 48.2. Meteonorm 7 software was used
to collect the required climatic data for the building.

48.2.2 Assessment of Rooftop Solar Energy Potential

Solar potential represents the theoretical maximum amount of PV that can be
deployed on the rooftop of buildings, which depends on different factors [5]. Partial
shading due to inter rows distance or neighbouring obstacles [6], wind speed, PV
panel technology and panel inclination, and ambient temperature are generally
reported to be the most influential factors for PV panels productivity and their set
up. The assessment of rooftop solar energy potential consists of two major steps:

(1) Identifying optimal rooftop zones ArcGIS software (V. 10.2) was used to select
the best rooftop zones to install PV panels considering the weights of five evaluation
criteria, which are sunlight hours (30%), exposer ratio (30%), shape factor (20%),
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Fig. 48.2 Building monthly load demand

available zone area (15%) and height of each zone (5%). After creating the raster
maps of the five criteria, a multi criteria decision-making (MCDM) calculation is
performed.

(2) Selecting the best PV system installation To select the best PV system instal-
lation, many factors are considered such as PV panels’ technology (including thin
film of First-Solar (FS) and crystalline modules of Trina-Solar (TS)), inclination
angle, and available area for the obtained optimal zones. Three inclination angles are
considered: 17°, 47°, and 32°; these represent the optimum tilt angles at the studied
location for summer period, winter period, and yearly average, respectively. The
maximum capacity of the best rooftop PV installation is used as a constrained in the
size optimization.

48.2.3 HRES Components

Solar Photovoltaic (PV) The electric output power of the PV module is evaluated
using Eq. 48.1 [7].

Ppv = PNpv × G

Gref
×

[
1+ Kt ×

([
Tamb + NOCT − 20

800

]
× G − Tref

)]

(48.1)

Battery Storage (BS) Batteries are used to store excess electricity from PV panels.

Hydrogen Storage Includes Electrolyzer (EL), Storage tank (ST), and Fuel cell
(FC).
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Grid When the PV system and storage devices are not sufficient to supply the load,
the grid is used to supply the deficit power. InAlgeria, the purchase price of electricity
without subsidies is 0.1 $/kWh. The rest of stored hydrogen at the end of the academic
year will be sold. The sell rate of hydrogen gas is set at 3.3 $/kg (0.08 $/kWh) [8],
similar to the sell rate of hydrogen gas produced by conventional procedures.

Converter It is a device that converts electricity from DC to AC and vice versa.

48.2.4 Energy Management Strategy

The energy management (EM) strategy applied in this work has two modes:

Mode 1 The surplus electricity fromPV panels is used to charge batteries or produce
hydrogen gas. The selected storage option depends on the time of operation. In the
summer vacation (from 10 July to 10 September), surplus electricity is converted to
hydrogen. Out of this period, surplus electricity is used to charge batteries.

Mode 2 When the PV panels are unable to meet the required load demand, then
batteries and/or fuel cells are used to supply the shortage. If there is further shortage,
the grid will provide the rest of the demand. Loss of power supply is evaluated if the
complete hybrid system fails to meet the load.

48.2.5 Multi Objective Optimization

In this work, cost of energy, loss of power supply probability (LPSP) and renewable
usage (RU) are the objectives to be optimized. The decision variables include size
of PV panels, battery bank, electrolyser, storage tank and fuel cell. The size of PV
system depends on available area, the obtained optimal zones, and the selected PV
system installation (results of Sect. 48.2.2). The size optimization problem is solved
by multi objective PSO. Simulations are carried out in MATLAB. The simulation
time step is 1 h, climatic data (temperature and solar radiation) and building energy
load are defined for one entire year (8760 h). Within the project lifetime of 20 years,
the optimization must proceed until the maximal iteration value is reached.
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Fig. 48.3 Area suitability
for installing PV panels on
three buildings of the
campus (from ArcGIS)

48.3 Results and Discussion

48.3.1 Area Suitability Classification

Results from ArcGIS of MCDM analysis for area classification within the building
are presented in Fig. 48.3. Results clearly show three categories of areas, with the
optimal zones (of area 10,633 m2) representing more than half of the total area of
the building. Only this zone area is selected for installing PV panels. Therefore, the
maximum capacity of rooftop PV depends on the available area from this optimal
zone.

48.3.2 Selecting the Best PV System Installation

Based on the results of area suitability, only the optimal zone (zone 1), as seen in blue
colour in Fig. 48.3, is considered for installing PV panels. Different configurations
are compared to select the best one based on their yearly energy production and the
allowable installed capacity. Table 48.1 provides the results of ranking, where only
the first option is shown and it is the one that will be selected for the simulation of
optimal sizing of the proposed HRES.

From Table 48.1, multi crystalline PV panels at 17° inclination represent the
optimal installation for this case study. This is because it provides the largest yearly
energy production by exploiting the entire area of the optimal zone.
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Table 48.1 Ranking of PV system installations

Configuration Required area
per kW

Maximum
allowable PV
capacity
(optimal zone)
(kW)

PV output per
kW (kWh/year)

PV total power
(optimal zone)
(MWh/year)

Rank

TS_17° 8.12 1310 1781 2333.110 1

… … … … … …

FS_47° 1167 912 1759 1,604,208 6

Table 48.2 Result of optimal sizing of the HRES

Component PV
(kW)

BS
(kWh)

EL
(kW)

ST
(kWh)

FC
(kW)

LPSP
(%)

COE
($/kWh)

NRU
(%)

Size 1310 866 300 2601 80 4.5 0.225 0.099

48.3.3 Optimal Sizing of the HRES

Multi crystalline PV panels at inclination angle of 17° are selected for further
optimization. Results of optimal sizing of the studied HRES are presented in
Table 48.2.

The obtained HRES configuration from optimal sizing has a renewable usage of
99%, and COE of 0.22 $/kWh. Despite the COE being higher than the current price
of purchase of electricity, the optimised HRES is more environmentally attractive. In
addition, this final HRES configuration produces hydrogen gas, which is considered
the sustainable fuel of the future, and therefore, more jobs could be created. Further-
more, with the continuous decrease of the price of PV panels and hydrogen storage
components, the proposed HRES will be more cost effective than using conventional
sources.

48.4 Conclusions

In this work, a rooftop PV/battery/hydrogen grid-connected HRES is optimally
designed using a combined GIS and MOPSO method. Results show that the use of
standardmulti crystalline PV panels at an inclination angle of 17° is themost suitable
configuration for the studied building. Moreover, PV/battery/Electrolyzer/storage
tank/fuel cell is found to be the optimal configuration, with 90% of renewable energy
usage, and COE of 0.22 $/kWh. The results have emphasized the efficiency of the
proposed method in solving a complex energy problem, which relates to HRES.
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Chapter 49
A Comparison Between Two Hydrogen
Injection Modes in a Metal Hydride
Reactor

Bachir Dadda , Allal Babbou, Rida Zarrit, Youcef Bouhadda,
and Saïd Abboudi

Abstract The optimization of hydrogen storagewithinmetal hydride reactors is one
of the main issues in the recent works. The aim of this paper is to compare between
two hydrogen injection modes within a hydrogen tank in terms of heat transport.
The charging process in the cylindrical tank is releasing heat because it undergoes an
exothermic reaction. In order to guarantee a maximum absorption of hydrogen from
the alloy (LaNi5), a heat exchanger along the cylindrical walls is considered. Two
hydrogen injection modes have been considered in this study: (1) injection from the
top, (2) injection from the axis of the cylinder. The governing equations based on
mass, heat and momentum balances are transient and two-dimensional. The results
show that axial injection is more advantageous than the top one, since it ensures a
better heat transfer within the hydride bed and therefore helps to absorb themaximum
amount of hydrogen in a shorter time.

Keywords Metal hydride · LaNi5 · Heat and mass transfer · Finite volume method

Nomenclature

T Gas and solid temperature (K)
P Pressure (Pa)
λ Effective thermal conductivity (W/m K)
m Hydrogen mass absorbed (kg/m3 s)
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Ca Constant
Ea Activation energy (J/mole)
Peq Equilibrium pressure
ρs Hydride density (kg/m)
ρss Hydride density at the saturation state
�H0 Reaction heat of formation (J/kg)
ε Hydride porosity
Cp Specific heat (J/kg K)
k Permeability (m2)

49.1 Introduction

One of the major issues in hydrogen storage systems is the heat transfer limit in metal
hydride reactors (MHRs). Heat transfer rate is the control variable that determines
the rate at which hydrogen gas can be extracted from the hydride tank. Muthukumar
[1] analyzed the effect of different working conditions within a tank made of metal
hydrides using AB5. He found that, fluids at low temperatures have significant effects
on the storage capacity of hydrogen at low pressure, and give better absorption and
desorption rates.

The optimization of hydrogen storage within MHRs has been investigated by
Kikkinides et al. [2]. In their paper, authors have considered different cooling system
designs by inserting heat exchangers in the tank. Bhouri et al. [3] used the numerical
tool to evaluate the influence of the fin thickness and the number of heat exchanger
tubes on the loading and discharging processes. Their results show that the number
of heat exchanger tubes and the bed thickness are very important for the optimization
of the hydrogen storage application design. Several investigations have been made
to increase the heat transfer rate, by modifying the intern properties of the tank [4–
7]. That is generally realized by increasing the effective thermal conductivity of the
hydride bed. Brendan andAndrew [8] studied the effect of extern fins on the hydrogen
release rate of aMHR. They used a one-dimensional analysis with a two-dimensional
transient model.

An experimental work focused on the influence of different tank configurations
has been presented by Kaplan [9]. They concluded that, hydrogen storage in MHRs
is principally heat transfer management. Elhamshri and Kayfeci [10] presented a
performance analysis. Their work shows the impact of using heat pipes and fins for
enhancing heat transfer in MHRs at varying hydrogen supply pressures (2–15 bar).

This work aims to compare between two injection modes of hydrogen in a MHR.
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49.2 Mathematical Model

The geometry of the studied reactor is cylindrical. A heat exchanger is considered
in the walls in order to ensure a good reaction progress. The obtained equations are
based on themass, heat andmomentumbalance.Weassume that:—Since the pressure
and temperature are not very high, hydrogen is considered as an ideal gas. The work
of compression and the viscous dissipation are neglected, because of the gaseous
nature of hydrogen. Finally, the gas and solid temperatures are considered equal
(local thermal equilibrium), according to Jemni and Ben Nasrallah [11] findings.

49.2.1 Energy Equation

(
ρ̄Cp

)
e

∂T

∂t
= 1

r

∂

∂r

(
rλe

∂T

∂r

)
+ ∂

∂z

(
λe

∂T

∂z

)
− (

ρ̄Cp
)
gVgr

∂T

∂r

− (
ρ̄Cp

)
gVgz

∂T

∂z
− m(�H0) + T

(
Cpg − Cps

)
(49.1)

49.2.2 Momentum Equation

ε
∂ρ̄

g
g

∂t
+ div

(
ρ̄g
gVg

)
= −m (49.2)

49.2.3 Mass Conservation Equation

For the gas phase: ε
Mg

RT

∂Pg
∂t

+ ε
MgPg
R

∂(1/T)

∂t
= k

ϑg

1

r

∂

∂r

(
r
∂Pg
∂r

)
+ k

ϑg

∂2Pg
∂z2

− m

(49.3)

For the solid phase: (1 − ε)
∂ρ̄s

∂t
= −m2 (49.4)

With m = Cae
−Ea/RTln

(
P

Peq

)
(ρss−ρs) (49.5)
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Fig. 49.1 Study area sketch for both injection cases

49.2.4 Initial and Boundary Conditions

Figure 49.1 shows the considered domain for the two cases of hydrogen injection:

At t = 0
Initially, pressure, temperature and hydride density are supposed to be constant:

T = T0,P = P0, ρs = ρ0 (49.6)

At t > 0

• for the top injection case:

∂P

∂r
= 0,

∂T

∂r
= 0, for r = 0, 0 ≤ z ≤ H (49.7)

• for axial injection case:

P = P0,T = T0, for r = r0, 0 ≤ z ≤ H (49.8)

• The reactor walls are considered impermeable:

– for the both cases:

∂P

∂r
= 0 for r = R and 0 ≤ z ≤ H (49.9)

– for the top injection case:

∂P

∂z
= 0 for z = H and 0 ≤ r ≤ R (49.10)
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– for the axial injection case:

∂P

∂z
= 0 for z = Hand r0 ≤ r ≤ R (49.11)

• At the top of the reactor,

– for the top injection case:

P = P0,T = T0, for z = 0, 0 ≤ r ≤ R (49.12)

– for the axial injection case:

∂T

∂z
= h(T − Tf) for z = 0 and r0 ≤ r ≤ R (49.13)

• On the lateral walls and the base of the reactor, the heat fluxes are given by:

– for the two cases:

∂T

∂r
= h(T − Tf) for r = Rand 0 ≤ z ≤ H (49.14)

– for the top injection case:

∂T

∂z
= h(T − Tf) for z = Hand 0 ≤ r ≤ R (49.15)

– for the axial injection case:

∂T

∂z
= h(T − Tf) for z = Hand r0 ≤ r ≤ R (49.16)

h the heat transfer coefficient between the hydride bed and the cooling fluid.
Tf the cooling temperature

To solve the mathematical model, the finite volume method has been used. The
resulting nonlinear tridiagonal matrices have been solved directly with Thomas algo-
rithm using the line-by-line technique as detailed in our previous work [12]. A CFD
code has beenworked out in FORTRAN language by an i5-2310, 2.90GHz processor
with 1.9 GB of RAM.
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49.3 Results and Discussion

In Fig. 49.2, the contours of the isotherms within the reservoir are plotted for the
two different injection modes at two different instants (injection from the top and
axial injection at t = 100 s and t = 2500 s). For the second mode of injection, the
cooling is applied on the top wall as well. Therefor, the boundary condition (49.16) is
considered at that region. From Fig. 49.2, it can be noticed that at the beginning of the
absorption process, the major part of the reactor is heated, since the reaction inside is
exothermic. After a while, the temperatures start decreasing, because of the cooling
fluid circulating around the tank walls. A clear difference between the isotherm
shapes corresponding to the two modes of injection is observed. This difference is
due to the fact that the injection of hydrogen from the axis of the cylinder induces a
cooling region at that side. On the other hand, at advanced stages, it can be noticed
that the bed temperature decreases much more in the case with axial injection than
in the other case. Therefor, the axial injection is more efficient and favorable for the
heat transfer in the hydride bed.
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Fig. 49.3 Total absorbed hydrogen mass for the two injection modes

In order to study the influence of the hydrogen injectionmode on the total absorbed
hydrogen mass, the time evolution curves of this quantity are plotted in Fig. 49.3 for
the two cases of injection.

The hydrogen mass absorbed by the alloy increases over the time, until it reaches
the maximum value that corresponds to the saturation of the hydride bed. This value
is around 12 g ofH2/(Kg of alloy). It is clear from this figure that, in the axial injection
case, the tank tends to absorb the maximum amount of hydrogen in a very short time
compared to the case with top injection. For the axial injection case, this maximum
amount is reached at t = 2300 s. Whereas, it is reached at t = 3200 s for the second
case, almost 20 min of gap, which is relatively significant.

49.4 Conclusion

Thiswork aims to study the heat transfer enhancement within ametal hydride reactor.
The cylindrical considered reactor is equipped with a cooling system in order to
ensure a maximum hydrogen absorption rate. Two different modes of hydrogen
injection are treated. The mathematical two-dimensional governing equations are
solved by the finite volume method. The obtained numerical results show that, axial
injection is more efficient in terms of heat transfer and hydrogen mass absorption.
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Chapter 50
Effect of the Complexing Agent
in the Pechini Method on the Structural
and Electrical Properties of an Ionic
Conductor of Formula La1−xSrxAlO3−δ

(x = 0, 0.05, 0.1, 0.15)

F. Hadji, F. Bouremmad , S. Shawuti, and M. A. Gulgun

Abstract The Ion conductors are used as electrolytes in high temperature Solid
Oxide Fuel Cells SOFCs. The preparation route has an important role on their struc-
tural and electrical properties. In this study, we used a modified Pechini method
to prepare an ionic conductor based on lanthanum aluminate doped with strontium
La1−xSrxAlO3−δ (x = 0.0.05, 0.1, 0.15). The effect of two complexing agents on
structural and electrical properties was studied, we used Ethylene Diamine Tetra
Acetic EDTA, and tartaric acid TA as complexing agents. The perovskite phases
were obtained at 900 °C and characterized by different techniques; SEM images show
that grain size is in the nanometer range, XRD analysis shows that the compounds
prepared by use of the two complexing agents crystallize in a perovskite structure
with an orthorhombic system and an R3m space group, the doped phases prepared
by EDTA have a secondary phase LaSrAl3O7 which is absent in the compounds
prepared by tartaric acid. The determination of the ionic conductivity by electro-
chemical impedance spectroscopy shows clearly the effect of the complexing agent.
Indeed we have found that the value of the ionic conductivity is higher for the phases
produced by the Pichini method in the presence of tartaric acid as complexing agent.

Keywords Ionic conductivity · Impedances · Solid electrolyte

50.1 Introduction

Fuel cells convert chemical energy into electrical energy. Solid oxide fuel cells
(SOFCs) are a very important family in the development of energy; theyhave attracted
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attention due to their high-energy efficiency thanks to the flexibility in the choice of
gas. However, the operating temperature range of SOFC is very high, of the order
of 800 to 1000 °C. This is a condition for the solid electrolyte to provide sufficient
ionic conductivity, which is a disadvantage for the use of these fuel cells [1–3].

Today, the research is focused on the study of electrolyte that could help reduce
the SOFC operating temperature and thus ensure cheaper electricity generation [4].

Among the ionic conductive materials, which have attracted particular attention,
those of the perovskite type; of chemical formula ABO3, they have a degree of
freedom in the creation of the ionic conductivity by making substitutions on A or B
sites [5–7].

To prepare these materials, several methods are used, each having benefits and
disadvantages, the method of Pechini classified as a soft chemistry method is based
on two types of reactions: first a complexation and then a polymerization, basically
the complexing agent used is citric acid [8, 9].

The purpose of this work is to prepare an ionic conductor La1−xSrxAlO3, substi-
tuting lanthanum by strontium for the purpose of increasing ionic conductivity, the
Pechini method is used. We will also study the effect of the complexing agent on
the structural and electrical properties of the samples; two complexing agents are
thus used: tartaric acid and EDTA. The characterization of the La1−xSrxAlO3 phases
is carried out by XRD and SEM. The electrical conductivity at high temperature is
determined by the electrical impedances method.

50.2 Experimental

50.2.1 Preparation

All samples are prepared in the same way and the same method used in [9] with
replacement of citric acid by tartaric acid or EDTA.

50.2.2 Characterization

Several techniqueswere employed to investigate the phases formed at different stages
of processing. The X-ray diffraction (XRD) experiments were performed on a D8
Advance Bruker AXS diffractometer with CuKα radiation equipped with a curved
graphite monochromator. The data were collected in the 2θ range of 10–80° with a
step size of 0.03° and a count time of 2 s per step. Scanning Electron Microscopy
(SEM) images were recorded at room temperature on a LEO Supra 35VP FEG SEM
(by ZEISS, Germany) apparatus. For the complex plane impedance, measurements
were performed via a Solartron 1260 impedance analyzer with dielectric interface.
The measurements were done in the temperature range between 400–700 °C and
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the frequency range from 5 Hz to 20 MHz with a frequency step of 5 points per
decade and an oscillating voltage of 100 mV. For high temperature measurements, a
ProboStat setup was uzed.

50.3 Results

50.3.1 XRD

Thepowders preparedby thePechinimethodusing tartaric acid as a complexing agent
are essentially a pure phase after calcination at 900 °C, as shown on (Fig. 50.1), no
secondary phase is noted and all peaks are indexed in the perovskite phase.

The powders prepared with EDTA consist essentially of the perovskite phase,
however only the undoped phase is pure, the others have a secondary phase at 2θ
equal to 30.7°; this shows that the complexation step was critical and tartaric acid is
better complexing agent than EDTA. The found perovskite phase crystallizes in the
rhombohedral system with a space group R3m.

After the indexing step, the cell volume variation of the perovskite as a function of
strontium rate x is represented in (Fig. 50.2). We note that the cell volume increases
with increasing x values, this implies that Sr2+ having an ionic radius of 1.44 Å
effectively replaced the La3+ with ionic radius of 1.36 Å.

On the other hand, it is noted that the cell volume of the perovskite phase varies
according to the type of the complexing agent. The presence of secondary phase in
the case of EDTA resulting from a bad complexation reaction a priori distorts the
cell by decreasing its volume.
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Fig. 50.1 XRD spectra of La1–xSrxAlO3–δ(x = 0; 0.05; 0.1; 0.15): a prepared with TA, b prepared
with EDTA
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Fig. 50.2 Effect of
strontium rate on cell volume
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50.3.2 SEM

The SEM observations of La1−xSrxAlO3−δ structures, x takes the values: 0 and 0.1
as examples, prepared by the two complexing agents are shown in (Fig. 50.3). The
SEM images reveal agglomerated grains with spherical morphology of nanometric
size ranging in 100 nm to 200 nm, similar results are found by S. D. Neelapala et al.,
who prepared Sr-doped LaAlO3 by reverse strike co-precipitation Method [10].

50.3.3 Electrical Conductivity

The electrical conductivity was studied as a function of temperature in the range
of 400–700 °C, by using the electrochemical impedance method. The results are
presented by the complex plane diagram (Nyquist representation associated with
an RC model-circuit) which connects the imaginary part—Z′′ to the real part Z′.
As an indication, we present in (Fig. 50.4), the results concerning the samples
(La0.95Sr0.05AlO3−δ) at 700 °C.

Figure 50.5 shows the results for electrical conductivity obtained for temperatures
between 400 and 700 °C. The conductivity σ, was calculated from the relationship,
σ = L/(R.S) (where L is the thickness and S is the contact area of the electrode).

For x = 0, which corresponds to the undoped LaAlO3 phase, it is clear that for
both complexing agents, the temperature has practically no effect on the electrical
conductivity; in this case, phases are insulating. For the other doped phases, we note
that the conductivity increases with temperature, its values are greater in the case of
the phases prepared in the presence of tartaric acid. For all temperature values and for
both agents we can see that the conductivity increases as x goes from 0 to 0.05, then
it decreases for x = 0.1, finally it increases for x = 0.15, this behavior is probably
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Fig. 50.3 SEM images for La1–xSrxAlO3–δ (x = 0; 0.1): a prepared with TA, b prepared with
EDTA

Fig. 50.4 Impedance
spectra at 700 °C for
La0.95Sr0.05AlO3–δ
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Fig. 50.5 Effect of temperature and x rate on conductivity for La1−xSrxAlO3−δ: a prepared by TA,
b prepared by EDTA

linked to the creation of oxygen deficits on the one hand and to the free path on the
other hand. We also note that the values of conductivity are greater in the case of the
phases prepared in the presence of tartaric acid; this change is related to the variation
of the primitive cell volume and to the existence of the insulating secondary phase
(LaSrAl3O7) in the case of the phases prepared in the presence of EDTA.

50.4 Conclusion

This work shows the effect of organic complexing agents on the structural,
morphological and electrical properties of the perovskite type ionic conductor
La1−xSrxAlO3−δ (x = 0, 0.05, 0.1, 0.15) that can be used as solid electrolyte in
SOFCs.

The preparation of our samples was made by the modified Pechini method. Under
the same operating conditions, we used two different types of complexing agents:
ethylene diamine tetraacetic acid and tartaric acid.

XRD analysis shows that the compounds prepared by the two complexing agents
crystallized in a perovskite structure with a rhombohedral system. The doped phases
prepared by EDTA have a secondary phase LaSrAl3O7 for x greater than 0.05, which
is absent in the compounds prepared by tartaric acid. The refinement of the cell
parameters, has shown that the type of the complexing agent and the doping lead to
a slight variation of the cell parameters as well as its volume.
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Chapter 51
Production of Bio-Oil for Chemical
Valorization by Flash Pyrolysis
of Lignocellulosic Biomass
in an Entrained Bed Reactor

Imane Ouarzki , Aissa Ould Dris , and Mourad Hazi

Abstract Flash pyrolysis is used for chemical valorization of lignocellulosic
biomass in an entrained bed reactor for the bio-oil production from wood particles
of 350 µm diameter. The experimental conditions were selected by predicting the
spatio-temporal temperature profile of the biomass particles. These calculations are
used to compare different tests carried out under different operating conditions. The
experiments were implemented in the temperature range between 400 and 550 °C
and at different residence times (1.07, 1.64 and 2.74 s). The quality of the bio-oil
depends essentially on the heating rate, temperature and the effective residence time
of the particles at gas temperature. Long residence time slows down the heating rate
of the particles and extends the effective residence time of the condensable gases. The
secondary reactions intensify the cracking of the condensable vapors and induce the
production of CO andCH4 from furan decomposition and primary lignin degradation
products.

Keywords Pyrolysis · Lignocellulosic biomass · Entrained bed reactor · Value
added chemicals

51.1 Introduction

The three macro-components of lignocellulosic biomass: cellulose, hemicellulose
and lignin can constitute a source of raw material for the chemical industry [1].
Their decomposition during flash pyrolysis conditions (temperature between 450
and 550 °C and particles residence time <2 s) show more than 70% of bio-oil
[2]. This fraction contain about 300 value added chemicals with different physic-
chemical proprieties witch make their isolation difficult [1]. The decomposition of
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cellulose and hemicelluloses during flash pyrolysis led to a bio-oil fraction rich
in furfural and hydroxyaldehyde. Lignin decomposes to form monomeric phenols,
cresol, syringuol and guaiacol [3]. Other studies focusing on the kinetic pyrolysis for
converting biomass into bio-oil are mostly based on the coupled time conservation
equations including kinetics of biomass decomposition [4]. The most applied model
considers the conversion of the biomass into char, condensable gas (bio-oil) and gas
[5]. In this work; wewill focus on the heating of biomass particles and themechanism
of formation of the major chemical compounds present in the bio-oil fraction.

51.2 Materiel and Methods

The experiments were carried out in an entrained bed reactor. Firstly, a model for
predicting the heating particles along the reactor is developed in order to determine
the spatio-temporal temperature profile of the biomass particles. This model is used
to compare the tests under different operating conditions of the nitrogen flow and the
reactor temperature.

51.2.1 Experimental Set-Up

The installation (Fig. 51.1) consists of biomass feed system with a vibrating rail
allowing the continuous supply of biomass at 1 g/min driven by N2 flow.

51.2.2 Transport and Heating of Wood Particles
in the Entrained Bed Flow Reactor

The equation of the heating and transport of the biomass particles.
The heating is assured by both preheated nitrogen gas flow and radiation from the

metal wall of the reactor. The residence time of the particles at the reactor temperature
is determined by the resolution of the coupled equations of momentum and energy
balance applied to the isolated particle. The calculation does not consider neither the
pyrolytic process which intervenes at a certain temperature nor a possible contraction
of the particle volume.

1

6
πd3ρscp

dtp
dt

= Fεσ
(
T 4

w − T 4
p

)
πd2 + h

(
T f − Tp

)
πd2 (51.1)

The Eq. (51.1) assumes that: the number of Biot is sufficiently low to consider the
temperature uniform at each instant in the particle. The particles are spherical and the
flow is sufficiently diluted to be considered as isolated particles. Calculations are of
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Fig. 51.1 Entrained bed flow reactor

interest only for particle temperature because it is not possible to evaluate the thermal
losses along the reactor. The coefficient of the heat transfer (h) by convection of the
fluid towards the particle is determined from the Nusselt number which is given by
the correlation of Ranz and Marshall

Nu = 2+ 0.62Re0.5p Pr0.33 (51.2)

Rep: Particle Reynolds:

Rep =
ρ f (U f −Up)

μ
(51.3)

ρp: Density of the particle, ρ f : Density of the fluid Uf: Fluid velocity calculated
from the gas state equation as a function of the local temperature in the reactor, Up:
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Particle velocity, μ: Viscosity of nitrogen given as a function of temperature by the
relation.

μ(T )

μ(700K)
=

(
T

700

)0.64

(51.4)

The momentum equation applied to the particle takes into account only the drag
force:

1

6
πd3ρp

DUP

Dt
= Cdρ f

(
U f −Up

)2d2

8
(51.5)

The apparent weight of the particle is neglected and the equation then becomes
valid in the horizontal and in the vertical section of the reactor. The drag coefficient
Cd is calculated according to the values of the Reynolds number. The resolution
of coupled equations of balance of momentum and energy applied to the particle,
gives the position and the temperature of the particles in the reactor as a function of
the time. The resolution of the equations system was carried out by the first tangent
method with: Dp(m) = 0.000315, ρp(Kg/m3) = 850, Cp(J/Kg) = 2500, λ(W/m K)
= 0, 36.

51.2.3 Production of Bio-oil Pyrolysis in the Entrained Bed
Reactor

The effect of pyrolysis conditions was studied at the temperature range between
450 and 550 °C and particle residence time (1.07, 164 and 2.74 s) for the pine
wood particles with 350 µm size. The calculations presented previously allow the
determination of the temperature profile of the particles along the reactor as well as
the time during which the particles are actually brought to the pyrolysis temperature.

51.3 Results and Discussions

51.3.1 Influence of Operating Conditions on the Yield
of Flash Pyrolysis Products

Effect of Temperature and the Residence Time of Biomass Particles
The effective residence time of the particles at the gas temperature depends on the
nitrogen injection rate (Fig. 51.2). Figure 51.3 shows a maximum yield of 48% of
bio-oil at 450 °C for a total particle residence time of 1.07 s. When the residence
time increases from 1.64 to 2.74 s, a decrease in the yield of the bio-oil is registered.
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Fig. 51.2 Evolution of the particle temperature in the entrained bed reactor at T = 450 °C

Fig. 51.3 Yields of the pyrolysis products of biomass as a function of temperature at different
residence times
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Fig. 51.4 Gas pyrolysis
produced at 450 °C at
different residence times

The yield of the char decreases with the temperature and the residence time of the
biomass particles. These results are due to the high heating rate associated with the
high nitrogen injection, and the effective residence time of the particles at the gas
temperature. The heterogeneous reactions between the vapors and the char, contribute
to the increase of the incondensable gases yield and the decrease of the char yield.
With a total residence time of 2.74 s, the particles stay at the temperature of the gas
for 1.74 s, which favors the secondary decomposition reactions.

51.3.2 Gases Analysis

When the particles remain in the reactor for 1.07 s, the gases are essentially composed
of CO2 (Fig. 51.4), which is explained by the primary decomposition of the biomass
due to the breakdown of cellulose and lignin to produce respectively furan derivatives
and lignin pyrolysis products. In case of total residence time of 1.64 and 2.74 s, the
effective residence time of the particles at the gas temperature increases. This leaves
the time for the secondary decomposition reactions of the condensable vapors to
produce essentially CO, CH4 and H2.

51.3.3 Oil Analysis

Chromatographic peaks identification was performed using the Xcalibur software
database. The results of the analysis are presented in the Table 51.1. Under 450 °C
and at short residence time Fig. 51.5a, the bio-oil essentially consists of 3,4,5
trimethoxybenzaldehyde derivatives resulting from the decomposition of lignin,
and products of the decomposition of holocelluloses like furfural, furfuryl alcohol,
2,5-dimethylfuran and 5-furfuraldehyde. Indeed, at 450 °C and residence time
equal to 1.07 s, the primary decomposition of lignin by thermo-oxidation occurs
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Table 51.1 GC/Ms analysis
of bio-oils produced from
pine wood pyrolysis

Retention time (min) Compound

1.95 Furfural

2.14 Furfuryl alcohol

2.18 2,5-dimethylfuran

2.22 5-furfuraldehyde

2.33 1,4 benzenediol

2.42 Phenol

2.54 2-acetyl-5-methylfuran

2.86 Corylon

2.99 Cyclohexane-1,4-dione

3.58 4-methoxyphenol

3.72 2-methoxyphenol

4.63 p-xylene

5.42 2 methoxy-4methylphenol

6.89 2,4-dimethoxytoluee

8.75 3-methylcetechol

10.61 2,6-dimethoxyphenol

13.28 Vanillin

15.78 Syringaldehyde

27.09 3,4,5-trimethoxybenzaldehyde

28.78 Diphenylmethane

36.36 ND

38.36 ND

40.39 ND

to produce tri-methoxybenzaldehyde according to the mechanism proposed by
Nonier et al. 2006 [6]. GC/MS analysis of the bio-oils shows that syringalde-
hyde, 3,4,5-trimethoxybenzaldehyde and 2-methoxy-4-methylphenol are affected
by the rise of particles residence time Fig. 51.5b which cause their decomposition to
produce phenolic monomers and polycyclic aromatic compounds accompanied by
the production of CH4, CO, and H2 as is shown in Fig. 51.4.

51.4 Conclusion

The results of this study demonstrate that the yield and the composition of the bio-oil
depend essentially on the actual temperature of the particle and the effective residence
time of the condensable vapors in the reactor. The increase of the temperature of the
gas favors the conversion of the biomass into incondensable gases. Short residence
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Fig. 51.5 GC/MS analysis of bio-oil pyrolysis at 450b °C at a 1.07 s and b 2.74 s
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timeof the particles at the gas temperature improves the yield of the bio-oil by limiting
the secondary decomposition reactions. Markers of the thermo-decomposition of
biomass, such as furan derivatives from cellulose and hemicellulose and 3,4,5 tri-
methoxybenzaldehyde from lignin, decompose as function of the temperature and
the effective residence time to form incondensable gases containing mainly CO, CH4

and H2.
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Chapter 52
Suitable Sites for Wind Hydrogen
Production Based on GIS-MCDM
Method in Algeria

Djilali Messaoudi , Noureddine Settou, Belkhir Negrou ,
Belkhir Settou , Charafeddine Mokhtara ,
and Chetouane Mohammed Amine

Abstract Hydrogen production driven by renewable energy sources (RES) repre-
sents an attractive energy solution to global warming. This paper deals with site
selection problems for wind hydrogen production and aims to propose a structural
procedure for determining the suitable sites. The study area is Algeria. The method-
ology focuses on the combined use of geographic information systems (GIS) and
multi-criteria decision making (MCDM), aiming to provide a decision tool for wind
hydrogen production sites. The first stage excludes sites that are infeasible for wind
hydrogen production, based on land use, water bodies, water ways, roads, railways,
power lines, and also their buffer around these zones. The second stage weighting
criteria will be chosen according to the objective to be reached, in this case they will
be distance to roads, to railways, to power lines, hydrogen demand, wind hydrogen
potential, digital elevation models (DEMs), and slope. Through the use of MCDM
the criteria mentioned will be weighted in order to evaluate potential sites to produce
hydrogen from wind energy. Analysis and calculation of the weights of these criteria
will be conducted using SWINGweighting method. The overlaid result map showed
that 23.59% (561,836 km2) of the study area is promising and suitable for deploying
wind hydrogen farms while the most suitable areas to be in the southwest of the
Algeria. It has been found that suitable lands are following the pattern of the wind
hydrogen potential. The integration of the GIS with MCDM methods is a powerful
tool to deal with a geographical information data and vast area as well as manipulate
criteria importance towards introducing the best sites for wind hydrogen production.

Keywords Hydrogen energy · Geographical information system (GIS) ·MCDM
method
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52.1 Introduction

An increasing need of a human for energy resources has always been the fundamental
issues in the life of a human being. The population explosion is the main factor
that leading to increase in energy demand in the world. According to BP statistical
review, more than 80 percent of today’s energy demand is produced using fossil
fuels [1]. However, fossil fuel reserves are limited and their usage has significant
environmental effects. The burning of fossil fuels such as coal, oil and gas releases
greenhouse gases such as carbon dioxide and methane into Earth’s atmosphere and
oceans. According to the International Energy Agency, the world CO2 emissions
from fuel combustion rose from 15,458 in 1973 to 32,294 Mt of CO2 in 2015 [2].
The transport sector is the fastest growing contributor to climate emissions, which
is for approximately 23% of total energy-related CO2 emissions (6.7 GtCO2) [3].
Almost all (95%) of the world’s transportation energy comes from petroleum-based
fuels, largely gasoline and diesel. Such problems strongly encourage the research,
development and demonstrations of clean energy resources, energy carriers, and in
the case of transportation. In recent study, hydrogen is one of the energy carriers
that can replace fossil fuels [4]. Hydrogen may be produced from renewable energy
sources through a variety of pathways and methods [5]. Hydrogen as an energy
vector, together with electrolyzer and fuel cell technologies can provide a technical
solution to this challenge. Moreover, the use of hydrogen for a clean transportation
fuel will increase the need of renewable hydrogen producing [6]. Among renewable
energy sources, wind power has had a faster growth than other renewable sources,
because the use of wind turbine leads distributed generation system to a system with
variable production in addition to the environmental and economic capabilities in
production of clean and sustainable energy [7]. Algeria has enormous potential of
renewable energy namely solar,wind, geothermal and biomass and hoping to increase
its renewable energy status by producing as much electricity from green sources as
it currently produces from its natural gas power plants by 2020 [8]. The selection of
an installation site from other sites is MCDM problem containing many criteria [9].
MCDM offers as set of procedures and techniques for structuring decision problems,
and designing, evaluating and prioritizing decision alternatives. GIS are designed to
store, manage, analyze and visualize geospatial data required by decision-making
processes [10]. In recent years GIS integrated withMCDMhave been widely used as
a decision support system (DSS) to assist in locating suitable sites forwind farms [11].
Several studies have been done on the wind hydrogen production in Algeria. Hamane
andBelhamel [12] gave an estimation of hydrogen production fromwind power in the
south of Algeria. They considered two aspects of the system. Estimation of the wind
power producedby three types ofwind turbines generators and the energy required for
the electrolysis process. Their results indicate that the hydrogen production strongly
depends on the wind speed and its frequency distribution. Douak and Settou [13]
gave a simplified methodology to evaluate the hydrogen production from the wind
energy available at each site using different wind turbine. Their results indicated
that the hydrogen production strongly depends on the site and the selected wind



52 Suitable Sites for Wind Hydrogen Production … 407

turbine.Messaoudi et al. [14] developed amethodology for site selection of hydrogen
refueling stations with on-site hydrogen production from wind energy sources. The
authors examined a case study for the region of Adrar in Algeria and they followed an
analytical hierarchy process belonging to the multi-criteria decision making tools in
order to identify which of the available petrol stations can be reverted to H2 refueling
stations. Out of 24 conventional petrol stations in total, 15 were investigated and
only 4 sites were found suitable for wind powered onsite H2 stations. The rest 11
however, could bemodified as off-site hydrogen stations in the retail refuelingmarket.
In this paper, a GIS-based methodology for evaluating alternative locations of wind
hydrogen production sites is developed by using MCDM. The main objective is to
produce a decision support system which can assist authorities and decision makers
to identify priority sites for wind hydrogen production in Algeria.

52.2 Study Area

Algeria is situated in northern Africa, bordered to the east by Tunisia and Libya, to
the southeast by Niger, to the southwest by Mali, and to the West by Mauritania,
occidental Sahara, and Morocco as shown in Fig. 52.1. Algeria is the largest country
in Africa with a total surface of 2,381,741 km2 and a population of 41.2 Millions of

Fig. 52.1 Location map of the study area
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inhabitants. The climate is transitional betweenmaritime in the north region and semi-
arid to arid middle and south. The mean annual precipitation varies from 500 mm
in the north to 150 mm in the south. The average annual temperature is about 12 °C
[15]. Algeria has promising wind energy potential of about 35 TWh/year. Almost
half of the country experience significant wind speed [16].

52.3 Methodology

To select suitable sites for wind hydrogen production, many criteria must be
considered according to goal that will be achieved. Based on several literatures
and case studies concerning wind farm site selection, seven criteria were selected
for evaluating of suitable sites for wind hydrogen production in Algeria [11, 17]
(Fig. 52.2).

Fig. 52.2 Flowchart of the methodology
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The selection of the most suitable sites to produce wind hydrogen is a very
complex issue. It requires consideration of multiple alternative solutions and eval-
uation criteria. Multi-Criteria Decision Making (MCDM) have been used by many
researchers and decision makers in different fields [11]. SWING weighting method
is one of the MCDM methods [18].

52.4 Results and Discussion

The weights of the criteria are carried out in excel spreadsheet.
Table 52.1 presents the weight of criteria with respect to the goal obtained by

SWING weighting method. The wind hydrogen potential is the important criteria
with a value of 20.51% and the less important criteria is distance to railways with
8.25%.

The final locations were defined by overlaying the results of the restrictive and
the different weighted criteria, which is allowed to classify the study area on a scale
between 0 and 8.063 where the pixel that have a high value corresponds to the most
suitable area for wind renewable hydrogen production as shown in Fig. 52.3.

Table 52.2 presents the final suitability results were divided into four discrete
categories: very low suitable areas, low suitable areas, moderate suitable areas, and
high suitable areas which is used to define the degree to which site is suitable for
wind hydrogen production according to the associated criteria and excluding all
restrictions.

The results indicate that 0.11%, of the study area has very low suitability, 54.51%
has low suitability, 23.53% has moderate suitability and 0.06% has high suitability
for a wind renewable hydrogen production. The other 21.79% of the study area is
not suitable for wind hydrogen production as shown in Fig. 52.4.

According to the LSI analysis, the result showed that many of the highly suitable
locations are located in the southwest region as illustrated in Fig. 52.4. The low
suitable areas are located Southeast to High Plains, mainly due to lower wind energy
in that region.

Table 52.1 Criteria weights

Criteria Distance to
roads

Distance to
railways

Distance to
power lines

Hydrogen
demand

Wind
hydrogen
potential

DEMs Slope

Weight (%) 16.87 8.25 16.38 10.92 20.51 14.74 14.32
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Fig. 52.3 The most suitable sites for wind hydrogen production

Table 52.2 Suitability index

Suitability Unsuitable Very low suitable Low suitable Moderate suitable High suitable

Value score 0 0–2 2.01–4 4.01–6 6.01–8.063

52.5 Conclusion

This paper presents an application of combining MCDMwith GIS for sites selection
of wind renewable hydrogen production in Algeria. The objective of the study was
to find suitable sites for wind hydrogen production taking into account a number
of different criteria. SWING weighting method was utilized to assign the relative
weights of the evaluation criteria, while GIS established the spatial dimension of
constraints and evaluation criteria and elaborated them in order to produce the overall
suitability map. The MCDMmethodology integrated with GIS is a powerful tool for
the effective evaluation of the wind hydrogen production site selection.
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Fig. 52.4 The sites suitability map for the wind hydrogen production
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Chapter 53
Liquefaction of Hydrogen: Comparison
Between Conventional and Magnetic
Refrigeration Systems

Mustapha Belkadi and Arezki Smaili

Abstract Hydrogen, under atmospheric pressure, becomes liquid at 20.3 K. The
liquefaction is carried out by extracting of 4914 kJ/kg of heat. This liquefaction
requires the use of some high level cryogenic technology whether to liquefy it or
to keep it in the liquid state. In general, three processes are applied: Claude cycle,
Brayton cycle and liquefaction by magnetocaloric effects (Magnetic Refrigeration).
The present work aims at performing comparison between conventional liquefaction
andmagnetic liquefaction systems. It deals with a comparison between performances
and energy consumption evaluated for the two systems at similar operating condi-
tions. Precooled Claude liquefaction cycle has been considered for the first one. Here,
energy and material balances has been performed by use of Aspen Hysys simulator.
However, the second one is based on a multistage Active Magnetic Regenerator
(AMR) cycles operating with real magnetic materials. A new simulation method
has been proposed to use Aspen Hysys simulator for thermal analysis of the AMR
liquefier.

Keywords Hydrogen liquefaction · Active magnetic refrigeration ·
Magnetocaloric effect

53.1 Introduction

Hydrogen, under atmospheric pressure, becomes liquid at 20.3 K. The liquefaction
is carried out by extracting of 4914 kJ/kg of heat (divided between sensible heat,
latent heat and conversion heat from n-H2 to p-H2 [1]). This liquefaction requires
the use of some high level cryogenic technology whether to liquefy it or to keep it in
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the liquid state. In general, three processes are applied: Claude cycle, Brayton cycle
and liquefaction by magnetocaloric effects (Magnetic Refrigeration) [2].

The use of magnetic refrigeration to liquefy hydrogen is based on the magne-
tocaloric effect (MCE) which occurs in some materials when they are subjected
to external magnetic field changes. The MCE is defined as the change of mate-
rial temperature when applying or removing the magnetic field (magnetiza-
tion/demagnetization process). In fact, if a magnetic material is placed in a magnetic
field, there is usually an increase in its temperature. Conversely, demagnetization
process has a cooling effect on it, as for the compression and expansion of gas
[3]. Liquefaction could be carried out by cooling the gas through a thermomagnetic
cycle, known as ActiveMagnetic Regenerative cycles (AMR cycles). An AMR cycle
consists essentially of a regenerator bed (magnetic material) which is subjected to
cyclic changes in magnetic-field intensity, alternating between zero-field and the
maximum field. Temperature span induced by the magnetization and demagnetiza-
tion process is amplified by forcing a working fluid to move alternatively through
the regenerator bed between two heat sources (hot and cold reservoirs). Thus, a large
temperature span can be obtained [4].

The present work aims at performing comparison between conventional liquefac-
tion and magnetic liquefaction systems. It deals with a comparison between perfor-
mances and energy consumption evaluated for the two systems at similar operating
conditions.

53.2 Hydrogen Liquefaction Process

53.2.1 Conventional Liquefaction Cycles

In conventional systems, liquefaction of hydrogen at 20.3 K can be obtained by the
combined effect of cooling and adiabatic expansion of gas after it has been previously
compressed. In general, two process are applied [1]:

• Claude cycle: it consists of a pre-cooling by liquid nitrogen followed by the use of
hydrogen as refrigerant, after being expanded through two turbines and a Joule-
Thomson valve (JT valve) as illustrated in Fig. 53.1. The use of JT valve avoids
liquid formation at the end of the cold turbine.

• Brayton cycle: it uses helium, often mixed with neon, as an external refrigerant.

53.2.2 Magnetic Liquefaction Cycle

Application of Magnetic Refrigeration to hydrogen liquefaction consists in
performing a thermal contact between an AMR regenerator cycle and the gas to
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Fig. 53.1 Claude
liquefaction cycle. Adapted
from [1]

Fig. 53.2 Description of an
AMR cycle

be liquefied. As illustrated in Fig. 53.2, the AMR cycle considered in the present
paper is mainly constituted of the following components [5]:

• Two Regenerator beds working alternately (when the first regenerator bed is
magnetized, the second one is demagnetized) to provide a continuous production
of cooling power (QC).

• Reciprocating displacer which is able to move the fluid alternatively;
• Magnetic field source able to magnetize and demagnetize the regenerator bed;
• Hot heat exchanger able to reject the thermal energy into the hot reservoir;
• Cold heat exchanger able to receive the thermal energy from the cold reservoir.

A complete AMR cycle consists of two isentropic steps and two isofield steps [6]:

1. Adiabatic demagnetization step: with no flow, the bed is demagnetized adiabat-
ically.

2. Cold Blow at zero fields: the fluid is then forced by the displacer to move from
the hot to the cold reservoirs. Passing through the cold heat exchanger, the fluid
absorbs heat at a rate QC, which represents the cooling power of the regenerator.

3. Adiabatic magnetization step: the bed is magnetized adiabatically with no flow.
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4. Hot Blow at applied field: the fluid is then forced from the cold to the hot ends.
Passing through the hot exchanger, the fluid rejects heat at a rate QH.

Furthermore, the use of oneAMR cycle is not suitable to provide the large temper-
ature span required for hydrogen liquefaction. Thus, applying magnetic refrigeration
to the liquefaction of hydrogen is performed by assembling a number of AMR cycles
operating in series (cascade cycles). The cooling power produced by one stage is used
to cool hydrogen entering the stage and absorbs heat rejected by the lower stage. The
required cooling power of each stage is regulated by adjusting the volume ofmagnetic
material.

53.3 Thermal Analysis Procedure

For conventional liquefaction, Claude liquefaction cycle has been considered. Here,
classical simulation method has been performed by use of Aspen Hysys simulator
which is a powerful software that was developed by AspenTech to simulate gas
processing plants, oil refineries and petrochemical plants. The simulation consists
of building a Process Flow Diagram (PFD) of the liquefaction system, performing
material and energy balances and calculating heat transfer and energy consumption.
The cycle efficiency is then computed by introducing the coefficient of performance
(COP):

COP = QLiq

WC

where QLiq is the total heat absorbed from hydrogen and WC is the total work
consumed.

For magnetic liquefaction system, the AMR regenerator and the reciprocating
displacer are not included in Hysys palette of process units; even the alternative
flow cannot be simulated. Hence, a new method has been developed to simulate an
AMR cycle with two regenerator beds working alternately, as shown in Fig. 53.2.
The method consists of modeling the AMR system, once the steady state is reached,
by an ordinary system where the magnetized regenerator is idealized as a heater,
whereas the demagnetized one is idealized as a cooler (Fig. 53.3). The carrier fluid
flows continuously through the cycle, absorbing form the heater an amount of heat
equal to the heat absorbed from the regenerator bed during the hot blow (QHB). The
carrier fluid rejects through the cooler an amount of heat equal to the heat exchanged
with the regenerator bed during the cold blow (QCB) [5].

The exchanged heats, QHB and QCB, are calculated through the resolution of an
AMR heat transfer numerical model developed separately [5]. The model is based
on the fundamental equations of energy conservation. The MCE characterization
is performed according to the Molecular Field Theory (MFT) [6]. The COP of the
AMR cycle is calculated as follow:
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Fig. 53.3 AMR cycle
simulation

COP = QLiq

QRe j − QLiq +Win

where QRej is the heat rejected into the environment and Win is the total work input
used to move the carrier fluids through the regenerator beds.

53.4 Results and Discussion

To perform comparison between AMR liquefaction cycle and conventional cycles;
Precooled Claude cycle has been simulated by Aspen Hysys for different pressure
of hydrogen feed gas. Figure 53.4 illustrates the evolution of the COP and energy
consumption (WC) as function of the feed gas pressure (PFG). Results show the
increase of the COP with the pressure. This rise becomes insignificant from the
pressure of 30 bar. At 20 bar the total energy required to liquefy 1 kg/h is 13 kW. The
corresponding COP is 0.105 (10.5%). This efficiency is not so far compared with
published values. Pre-cooled Claude efficiency, e.g., as published by Krasae-in [7],
is situated between 6.2 and 8.8%.

Fig. 53.4 COP evolution of
Claude cycle as function of
feed gas pressure
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Fig. 53.5 COP of AMR
cycle as function of magnetic
material volume

Table 53.1 Comparison
between conventional system
and AMR system

P (bar) COP WC (kW)

Claude cycle 20 0.105 13

AMR system 1 0.096 0.053

Using Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy) and Holmium (HoN)
[8] as magnetic materials in the regenerator beds of an AMR liquefier composed of
6 stages, for which, the total volume (V) and the corresponding COP are calculated.
Results obtained (COP as function of magnetic material volume) are illustrated in
Fig. 53.5. The most efficient volume is 124 L. The corresponding COP is 0.096
(9.6%). Here, the total work input used to move the carrier fluid through the regen-
erator beds is insignificant (0.053 kW to liquefy 1 kg of H2 supplied at atmospheric
pressure).

To highlight the difference between the two systems, efficiency and energy
consumption, calculated according to the thermal analysis procedure presented in
Sect. 53.3, are illustrated in Table 53.1.

53.5 Conclusion

The present work deals with a comparison between conventional liquefaction system
(precooled Claude cycle) and AMR liquefaction cycle. In conventional systems:

• Liquefaction can be obtained by the combined effect of cooling and adiabatic
expansion of gas after it has been previously compressed. This liquefaction
requires the use of large amounts of energy through cooling loops and at the
recompression of gas (13 kW to liquefy 1 kg/h supplied at 20 bar).

• Low liquefaction efficiency (theoretical work is 10.5% of real work consumed).

By use Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy) and Holmium (HoN)
[8] as magnetic materials in the AMR considered:
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• The total work input used to move the carrier fluid through the regenerator beds is
insignificant (0.053 kW to liquefy 1 kg of H2 supplied at atmospheric pressure).

• Low efficiency found with selected magnetic materials. This efficiency can be
enhanced by using other magnetic materials having large EMC.
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Chapter 54
Numerical Study of Heat and Mass
Transfer During Absorption of H2
in a LaNi5 Annular Disc Reactor Crossed
by a Tubular Heat Exchanger

Abdelaziz Bammoune, Samir Laouedj, and Bachir Dadda

Abstract In this work, we studied numerically the two dimensional phenomena of
heat and mass transfer during the exothermic chemical reaction of hydrogen absorp-
tion. These phenomena take place within a thin disk drive filled with a metallic
powder of LaNi5 and crossed by cooling and injection tubes of hydrogen gas. A
cooling jacket, surrounding its peripheral surface has been added. The commercial
ANSYS FLUENT R17.2 CFD simulation code has been used to perform a series
of numerical investigations of the arrangement effect of the incorporated cooling
tubes, on the heat and mass transfers during the storage process of hydrogen. For
the selected optimal configuration, we illustrated the temperature contours for the
four configurations proposed at different times and the time average of temperature
bed as well as the fraction hydrogen absorbed are assessed in the history curves. Our
simulation results have been validated by experimental results found in the litera-
ture, and a good agreement has been noticed, which confirms the reliability of our
simulation procedure.

Keywords H2 absorption · Cooling tubes · Numerical simulation · Metal hydride

54.1 Introduction

Facedwith the energy transition, research efforts on new clean and sustainable energy
alternatives are facedwithmultiple challenges, notably that which depends on energy
storage. Speaking of the automotive sector of the future, the emergence of hydrogen
as fuel requires very strict storage criteria in terms of safety and technology, as set
by the DOE energy department in the United States. Besides this requirement, the
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technique of solid hydrogen storage from physicochemical phenomena of adsorp-
tion/absorption by different materials is more advantageous compared to other tech-
niques (under pressure, cryogenic). However, this process has two major obstacles
around which research is focused, namely; optimizing thermal management of the
huge amount of heat released/supplied during storage/destocking and improving its
low thermal conductivities. In order to study the phenomena of mass and heat trans-
ferswithin the several geometric configurations ofmetal hydride reactors. Jemni et al.
[1] have developed a two-dimensional mathematical model describing the different
equations governing the phenomena of thermal andmass transfer within a cylindrical
metal hydride LaNi5 reactor. The authors validated the ETLhypothesis (local thermal
equilibrium between the solid-gas phases) as well as the neglect of the convective
effect at the solid-gas interface inside the porous medium. After that, Askri et al. [2,
3] confirmed the neglect of the thermal effect of radiation on the storage process and
studied the effect of the impact of the volume expansion of the absorbent medium
during storage. The development of reactors equipped with fluid heat exchangers has
known several geometric configurations [4]. Yang et al. [5, 6] studied analytically and
numerically the behavior of heat and mass transfers with non-LTE (Local Thermal
Equilibrium), by two parameters of heat and mass transport, in order to describe
the storage process within the reactor for different designs: (a) TR tubular reactor,
(b) DR disc reactor, (c) ADR annular disc reactor. Boukhari et al. [7] have shown,
from their two-dimensional study of H2 absorption in an ADR LaNi5 reactor, that
the addition of cooling tubes and/or the increase in their ratio significantly, increases
the transfer of heat and mass and reduce the absorption time by around 60% for
an ADR configuration with 6 tubes incorporated compared to other reactors of the
same ADR type with fewer cooling tubes. In this work, we have chosen an ADR
reactor design proposed by Yang et al. [5] based on the study of Boukhari et al. [7].
However, we have modified the way of incorporating the tubular heat exchanger, in
which the coolant flows. The purpose of this study is to determine the effect of tube
arrangement on the behavior of heat and mass transfers during the absorption of H2.
In this regard, we have used the commercial ANSYS Fluent 17.2 CFD simulation
code. In addition, in order to well personalize our thermochemical phenomenon, we
have introduced UDFs (User-Defined-Function).

54.2 Mathematical Model

54.2.1 Assumptions and Governing Equations

The two-dimensional mathematical model describing the behavior of heat and mass
exchanges is based on the model developed by Jemni et al. [1], the hypotheses on
which the equations are based, are as follows:

1. The thermal equilibrium between the gas and the solid is considered, and the
heat transfer by radiation is negligible.
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2. The gas phase is ideal, from a thermodynamic point of view.
3. The temperature and pressure of hydrogen are maintained during its passage by

the injection filters.
4. The porosity is uniform and its variation is negligible.
5. The equilibrium pressure of the gas in the absorbent bed follows the Van’t Hoff

equation.
6. The thermophysical properties of the gas and solid phases are constant.

Equation of continuity for hydrogen gas:

ε
∂ρg

∂t
+ ∂

∂x

(
ρgu

) + ∂

∂y

(
ρgv

) = −ṁ (1)

Mass conservation equation for the LaNi5 metal alloy:
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∂ρs
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Density of hydrogen gas:
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Energy equation:
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The effective heat capacity:

(
ρCp

)
e f f = ερgCpg + (1 − ε)ρsCps (5)

Effective thermal conductivity:

λe f f = ελg + (1 − ε)λs (6)

Reaction kinetics:

ṁ = −Caexp

(
− Ea

RgT

)
ln

(
P

Peq

)
(ρsat − ρs) (7)

Equilibrium pressure (Van’t Hoff equation):
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ln

(
Peq
P0

)
= �H

RgT
− �S

Rg
(8)

54.2.2 Initial and Boundary Conditions

A t = 0 : P(x, y, 0) = P0, T (x, y, 0) = T0, ρ(x, y, 0) = ρs0

A t > 0 : the injection of H2 through the filters is maintained at constant
temperature and pressure P(x, y, t) = P0, T (x, y, t) = T0

The incorporated tubes and the peripheral envelope exchange heat by convection
with the porous medium (cooling of the hydride bed) according to the following
formula: (Table 54.1)

λe f f s
∂

∂ �n T (x, y, t) = hs
(
T − Tref

)
(9)

Table 54.1 The different
constants and operational
parameters

Constants and operational parameters Values

Radius of the annular reactor unit R (mm) 300

Radius of central H2 injection tube rce (mm) 17.5

Radius of interior H2 injection tubes rin (mm) 6

Injection pressure of H2 P0 (bars) 12

Injection temperature of H2 T0 (K) 291

Temperature of surrounding fluid and tubes Tref
(K)

291

Heat transfer coefficient h (W/m2K) 1652

Porosity of the metal ε 0.5

H2 gas thermal conductivity λg (W/mK) 0.24

Metal thermal conductivity λs (W/mK) 2.4

Density of empty/saturated H2 metal ρ0/ρst
(kg/m3)

8400/8521

Enthalpy of formation �H (J/kg) 31,000
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Fig. 54.1 Comparison of the calculated temperatureswith the experimentalmeasurements of Jemni
et al. [8] in three points of the reactor

54.3 Results and Discussion

54.3.1 Validation

In order to validate our simulation procedure, we compare the obtained numerical
results by ANSYS Fluent with the experiment of Jemni et al. [8]. From Fig. 54.1,
we notice a good agreement between our numerical results and the experimental
temperature measurements for the three points during the absorption of H2 in a
cylindrical metal hydride LaNi5 reactor.

54.3.2 Arrangement Effect of the Cooling Tubes

In this study, we proposed four configurations of a thin LaNi5 disk drive, with a radius
of 300 mm, crossed by a central H2 injection tube with a radius of 17.5 mm. Other
injection tubes with a radius of 6 mm are distributed inside the disc. Each configu-
ration has 45° angular symmetry, with different distribution and different numbers
of incorporated cooling tubes. To study this effect we kept the same perimeter of the
cooling (17.58 cm) and injection (8.91 cm) tubes for the four configurations.

From Fig. 54.2 which presents the distribution of the absorbent bed temperature
during the different indicated periods of time, we note that there is a sensitivity
of the evolution of the bed temperature to the different configurations, despite the
fact that they have the same cooling and hydrogen injection tube perimeter. We also
observe that the reactor in configuration 4 cools down quickly compared to the others,
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Fig. 54.2 The temperature contours for the four configurations at times (1800, 3600, 5400 and
7200 s)

because it is clear that its cold zones (in white) are very wide compared to the other
configurations.

Figure 54.3 shows the time variation of the average temperature of the absorbent
bed for the different configurations. We notice a sudden increase in temperature
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Fig. 54.3 Profiles of the time variation of the average bed temperature for the four proposed
configurations
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Fig. 54.4 Timeevolutionof the average fractionofH2 absorbed for the four proposed configurations

during the first seconds, due to the strong release of heat during the exothermic
reaction of absorption ofH2. Then, the profiles will gradually decrease by the cooling
effect, but we distinguish a rapid cooling of the fourth configuration compared to the
others. This confirms our previous interpretation.

Figure 54.4 illustrates the evolution over time of the average fraction of the bed
for the proposed configurations. This parameter is essential for distinguishing the
quantitative behavior of the chemical process from H2 storage. From the profiles
of the average fraction, we notice that configuration 4, which carries more tubes,
reached saturation more quickly with a reduction of approximately 50% compared
to configuration 1. This remark means that the more the distribution of the cooling
tubes incorporated on the porous medium is homogenized, the less the time required
to reach saturation.

54.4 Conclusion

In this work, a two-dimensional numerical study of the effect of arrangement of
cooling tubes, on the H2 storage process in an ADR reactor in LaNi5 has been
presented. The obtained results show that, when the arrangement of the cooling
tubes is homogenized, the cooling of the bed is accelerated and consequently, the
saturation time is minimized with very high rates and without having to modify the
volumetric capacities or the mass of the storage system. Thus, we manage to solve
the problem set by Boukhari et al. [7], of the inability to dissipate heat from areas
which are far from convective walls (region of the heart), because of the low thermal
conductivity absorbent bed.
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Chapter 55
Photocatalytic Hydrogen Production
on 5% CuO/ZnO Hetero-Junction

Meriem Haddad , Akila Belhadi , and Mohamed Trari

Abstract The hetero-junction 5% CuO/ZnO elaborated by co-precipitation is
studied by thermal analysis, X-ray diffraction, ATR spectroscopy, and optical
reflectance to assess its performance for theH2 photoproduction. The specific surface
area averages ~7 m2 g−1 while the crystallite size varies from 20 to 50 nm. The
diffuse reflectance spectra shows an indirect transition at 3.13 eV for ZnO and a
direct transition at 1.60 eV for CuO. The capacitance-potential plot of the sensi-
tizer CuO exhibits p-type conduction, due copper deficiency, with a flat band poten-
tial of 0.075 VSCE. ZnO works as an electron bridge; its conduction band of ZnO
(−0.68 VSCE) is cathodically localized with respect to that of CuO and CuOH2O/H2

level (~−0.5 VSCE), yielding H2 evolution under visible light illumination. H2 libera-
tion rate of 340μmol h−1 (g catalyst)−1 and a quantum yield of 0.38%were obtained
under full light (27 mW cm−2) for a catalyst dose of 0.25 mg/mL and pH ~ 7 in pres-
ence of SO3

2− as reducing agent; H2 liberation rate of 340 μmol h−1 (g catalyst)−1

and a quantum yield of 0.38% are determined.

Keywords Hetero-junction CuO/ZnO · Photocatalyst · Co-precipitation ·
Hydrogen · Visible light
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55.1 Introduction

The energy of the sun liberates is gigantic but is restricted because of the day/night
alternation. Hydrogen is adequate [1, 2] and can be obtained from water and solar
energy on low cost oxides semiconductors [3, 4].

In this regard, we have synthesized the hetero-junction CuO/ZnO by co-
precipitation in the goal to augment the active surface area and to reduce the length the
electrons cross to attain the solid/liquid interface. The present study aims at synthe-
sizing by co-precipitation and characterizing the hetero-junctions 5% CuO/ZnO and
their utilization for the H2 formation upon visible illumination. They were charac-
terized by X-ray diffraction, thermal analysis, ATR and UV-Vis spectroscopies and
photoelectrochemistry.

The hetero-junctions were successfully tested for the H2 formation upon visible
illumination and some physical parameters were optimized.

55.2 Experimental

55.2.1 Samples Preparation

The hetero-junction 5% CuO/ZnO is prepared by co-precipitation method.
Cu(NO3)2, 3H2O and Zn(NO3)2, 6H2O with desired molar ratios were mixed in
NaHCO3 solution, then NaOH solution was added until reaching pH ~ 10. The
solution was magnetically stirred at 80 °C for 2 h. The precipitates were filtered
and thoroughly washed with distilled water and dried at 100 °C. The powders were
finally calcined at 350 °C for 4 h.

For the photo electrochemical (PEC) study, the CuO powder was pressed into bars
(thickness = 13 mm) and sintered at 600 °C to have good mechanical properties.

A doublewall reactor linked to a thermostat permitting the elimination the infrared
heating effects was used for the H2 liberation, the temperature was maintained at its
optimal value of 50 (±1 °C). A dose of catalyst powder is dispersed in 200 mL
of neutral solution electrolyte Na2SO4 (0.1 M) and magnetically agitated. Three
tungsten lamps are positioned around the reactor, the solution was bubbled with N2

during 35 min, then the light was switched on. Hydrogen was characterized by gas
chromatography; the amount was evaluated by volumetry in homemade setup.
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Fig. 55.1 XRD patterns of a ZnO, b 5% CuO/ZnO, c CuO calcined at 350 °C

55.3 Results and Discussion

55.3.1 Structural Properties

The patterns clearly indicate mixed phases. However, although the low temperature
synthesis, the XRD lines (Fig. 55.1) are fairly narrow indicating a medium crys-
tallinity of CuO (Tenorite JCPDS card No.: 05-0661) and ZnO (Wurtzite JCPDS
card No.: 36-1451); no secondary impurity is detected. The crystallite size (D) of
the hetero-junctions is between 20 and 49 nm, it was evaluated from the full width
at half maximum indicating that the synthesized oxides possess nano-morphological
aspect.

55.3.2 Optical and Photoelectrochemical Properties

The relationship between the absorption coefficient (α) and photon energy (hν) is
expressed by the relation [5]:

(αhv)n = Const× (
hv− Eg

)
(1)

where n = 2 and 0.5 for direct and indirect transition respectively. Figure 55.2
represents the diffuse reflectance spectrum and the plot (αhν)2 as a function of hν
for CuO; the transition is evaluated from the intersection of the linear plot with the
hν-axis. The Eg value is found to be 1.60 eV for CuO (direct transition).
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Fig. 55.2 The direct optical transitions of CuO at room temperature

It would be imperative to undertake an electrochemical characterization to be
close to the working conditions, Fig. 55.3 gives the intensity-potential characteristic
I(E) of CuO plotted under illumination in neutral solution (Na2SO4 0.1 M, pH ~ 7).
The peak (O1, ~ 0.2 V) corresponds to the couple Cu2+/Cu+, a value close to that
given in the literature, indicating electrons localization in the rock salt structure CuO;
the decreased current below ~−0.8 V is attributed the H2 evolution as supported by
gas bubbling on the electrode.
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Fig. 55.3 The I(V) curve of CuO under visible light illumination in Na2SO4 electrolyte
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Fig. 55.4 The Mott-Schottky characteristic of CuO plotted in Na2SO4 solution (pH ~ 7) at 10 kHz

The flat band potential (Efb) permits to localize the electronic bandswith respect to
redox levels in solution; it is obtained by plotting the capacitance (C) versus applied
potential (E):

C−2 = ±(0.5S2 × eεεoNA)
−1{E− Efb} (2)

The negative slope indicates p-type conduction of CuO; the potential Efb
(−0.075 V) and the holes density NA (8.7 × 1018 cm−3) are determined from the
intercept with the abscissa axis and the slope of the linear plot (C−2–E) respec-
tively (Fig. 55.4). The potential Efb comes from the high ionization energy of copper
(7.72 eV) and gives the position of the conduction band (CB: −1.425 V = e Efb

+ Ea/e − Eg/e), such value is more cathodic than the potential of the H2 evolution
(~−0.8 V).

55.4 Photocatalysis

Hydrogen is cleanly produced from water under visible light; however CuO alone
produces a low H2 volume because of the large difference between CuO-CB and
H2 level. Accordingly, ZnO is used to accelerate the electrons transfer because its
conduction band is a midway between CuO-CB and H2 level. An optimal percentage
of 5% CuO/ZnO (Fig. 55.5) is found with a formation rate of 340 μmol min−1 (g
catalyst)−1 due to the synergetic, higher amounts block the light penetration.
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Fig. 55.5 Hydrogen evolution on a 5% CuO/ZnO hetero-junction and b CuO under visible light
(Na2SO4 solution (pH ~ 7) in presence of SO2−

3

55.5 Conclusion

The co-precipitation method at low temperature was used to prepare the hetero-
junction p-5% CuO/ZnO to preclude the formation of impurity phases and to get
small crystallites size. The oxide showed photocatalytic properties and the photo-
electrochemical characterization indicated p type behavior. The origin of the gap
of CuO comes from the crystal field splitting of Cu2+: 3d orbital, octahedrally
coordinated.
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Chapter 56
Field Enhancement Factor Around
Hydrogen-Negative Index Metamaterial
Waveguide

Houria Hamouche and Mohammed M. Shabat

Abstract The improvement in the electromagnetic field energy density around
planar surfaces of hydrogen-absorbing metals is necessary for the development of
effective hydrogen storage technologies. We explore in this research the possibility
to substitute the planar metal by a planar metamaterial in order to enhance the field
enhancement factor.Metamaterials are artificialmaterialswith, in a certain frequency
region, simultaneously negative effective electric permittivity and negative effective
magnetic permeability. A comparison of the field enhancement factor is undertaken
for structures with a planar metamaterial and a planar metal with, respectively, nega-
tive and positive real part of refractive indices. This research takes into account the
reflectivity at the metamaterial hydrogen interface. This reflectivity is determined
by the Transfer Matrix Method. The dependence of the field enhancement factor
on the metamaterial thickness is also discussed. The computational results show an
increasing of the field enhancement factor of the planar metamaterial compared to
the field enhancement factor of the planar metal.

Keywords Planar · Hydrogen · Metal · Metamaterial · Field enhancement factor ·
Reflectivity · Transfer matrix method

56.1 Introduction

Hydrogen with its safety characteristics appears to be one of the important energy
carriers for the future [1]. Nevertheless, the harnessing of the energy stored in
hydrogen to produce electrical energy is greatly hindered by the lack of efficient
storage methods [2]. Basic hydrogen storage methods include storage in gaseous
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form, storage in liquid forms ormedia and storage inmetal hydrides [1, 3]. The reduc-
tion of the adsorption of hydrogen is mainly caused by the weak interaction between
hydrogen and the surface of solid materials [4]. To enhance the adsorption energy,
a lot of attention has been paid to the use of the transition metals as absorbers for
hydrogen energy storage [5]. In recent years, research interest is directed to metallic
nanoparticles. Indeed, a remarkably enhanced capacity and speedof hydrogen storage
have been obtained in palladiumnanoparticles coveredwith themetal–organic frame-
work [6]. Lately, the degrees of field enhancements for hydrogen-absorbing transition
metals, Pd, Ti, and Ni have been investigated [7]. Inspired by the work of Fukuoka
and Tanabe [7], we explore in this research the possibility to substitute the planar
metal by a planar metamaterial in order to enhance the field enhancement factor. In
this paper, we are starting with a brief description of the electromagnetic parameters
of the proposed hydrogen-metamaterial waveguide, the optical field energy enhance-
ment at the interface between hydrogen and the metamaterial layer is studied in term
of the field enhancement factor. This research takes into account the reflectivity at
the metamaterial hydrogen interface. This reflectivity is determined by the Transfer
Matrix Method. The dependence of the field enhancement factor on the metama-
terial thickness is also discussed. Finally, a comparison of the field enhancement
factor is undertaken for structures with a planar metamaterial and a planar metal
with, respectively, negative and positive real part of refractive indices.

56.2 Electromagnetic Parameters of the Proposed
Waveguide

This work attempts to replace the planar metal in the structure investigated in refer-
ences [7, 8] by a planar metamaterial then the proposed structure is identical to the
structure investigated in references [7, 8]. Metamaterials are artificial materials with,
in a certain frequency region, simultaneously negative effective electric permittivity
ε(ω) and negative effective magnetic permeability μ(ω) [9–11]. In this study, the
Drude model is used to express the metamaterial’s relative electric permittivity ε(ω)

ε(ω) = εlattice − ω2
p

ω2 + i.γ .ω
(1)

where εlattice is the lattice permittivity. Values of εlattice,ωp and γ used in the program
are extracted from [12]:εlattice = 1.5, ωp = 73000 cm−1 and γ = 140 cm−1. The
metamaterial’s relative magnetic permeability is assumed to be−1 and the refractive
index of hydrogen is taken equal to 1 [7]. The complex relative electric permittivity
and the complex refractive index of metamaterial are presented in Figs. 56.1 and
56.2, respectively.
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Fig. 56.1 Complex relative electric permittivity versus wavelength

Fig. 56.2 Complex refractive index of metamaterial versus wavelength

56.3 Field Enhancement Factor

The application of an external electric field to the structure is one ofmeans to enhance
the interaction between hydrogen and the surface/interface of the metamaterial and
consequently hydrogen energy storage. This concept has been introduced earlier
in reference [4] where the authors have showed the improvement of the hydrogen
storage properties of polarizable substrates by an applied electric field. In this work,
an electric field is assumed to be incident on the structure and calculations are made
in order to determine the field enhancement factor. The field enhancement factor is
defined as the intensity ratios for fields around the object to those in the absence
of the object, or the original incident fields [7]. The field enhancement factor η is
expressed by

η = λ
(|q1|2 + |k|2) cos θ(1 − R)

ε
1/2
1 k ′′Re

{
k
(
ε1q

′
1+ε2q

′
2

)

ε2q
′
1q

′
2

} (2)
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where λ is the wavelength of the field; R is the reflectivity at the metamaterial
interface; q1 and q2 are the complex wave vectors perpendicular to the structure
of the hydrogen and the metamaterial, respectively; k is the complex wave vectors
parallel to the structure. The wave vectors of a nonmagnetic metal with a relative
magnetic permeability equal to 1 are calculated by

q j = 1

λ

( −ε2j

ε1 + ε2

)1/2

( j = 1, 2) (3)

k = 1

λ

(
ε1ε2

ε1 + ε2

)1/2

(4)

The wave vectors of a metamaterial with a relative magnetic permeability equal
to -1 are calculated by

q j = 1

λ

(
ε2j

ε2 − ε1

)1/2

( j = 1, 2) (5)

k = 1

λ

(
ε1ε2

ε2 − ε1

)1/2

(6)

The real and imaginary parts of complex quantities are indicated by primes and
double primes, respectively. The reflectivity required for the calculation of the field
enhancement factor is performed using Transfer Matrix Method. A detailed descrip-
tion of the Transfer Matrix Method has been given in our previous papers [9, 13].
The expressions of the reflectivity and the field enhancement factor are simulated
with MAPLE software.

56.4 Numerical Simulation Results

By a numerical computation of Eq. (2), we have derived the field enhancement
factors for structures with different thicknesses of the metamaterial layer, taking into
account the reflectivity. Figure 56.3 displays the reflectivity for normal incidence as
a function of wavelength. The highest values of reflectivity are obtained in the range
from approximately 50 nm to 275 nm for metamaterial layer thickness of 50 and 75
nm. It is also noticed that the reflectivity increases with the increase of metamaterial
layer thickness in the range of wavelength from approximately 50 nm to 300 nm.

The field enhancement factors have been plotted in Fig. 56.4. As seen from this
figure, the field enhancement factor attains higher values for 10 nm metamaterial
layer thickness (dLHM ). In contrary to the reflectivity, the field enhancement factor
decreases with the increase of metamaterial layer thickness for layers of 10, 15, 25,
50 and 75 nm, in the range of wavelength from approximately 50 nm to 300 nm.



56 Field Enhancement Factor Around Hydrogen-Negative … 439

Fig. 56.3 Reflectivity at normal incidence versus wavelength

Fig. 56.4 Field enhancement factors versus wavelength around hydrogen-metamaterial waveguide

56.5 Comparison of the Field Enhancement Factor
for Structures with Metamaterial Layer and Metal
Layer

This section shows that the field enhancement factor for the proposed structure is
higher than for structure with metal layer. For this comparison, the metal relative
electric permittivity is taken the same as themetamaterial relative electric permittivity
(Eq. 1) and themetal’s relativemagnetic permeability is assumed to be 1. Assuming a
layer thickness of 10 nm, Fig. 56.5 clearly illustrates a quite large difference between
the field enhancement factors for two structures in the range of wavelength from
approximately 25 nm to 250 nm.
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Fig. 56.5 Field enhancement factors around hydrogen-metamaterial waveguide and hydrogen-
metal waveguide

56.6 Conclusion

A straightforward hydrogen-metamaterial waveguide has been investigated to
enhance the field enhancement factor. The increase of this factor signifies the increase
of the hydrogen energy storage. In this investigation, the dependence of the field
enhancement factor on the metamaterial thickness was analyzed and a comparison
of the field enhancement factor for a metamaterial and a metal with opposite real
part of refractive indices was given. It can be concluded that the field enhancement
factor is affected by varying the thickness. An increasing of the field enhancement
factor of the planar metamaterial structure was also observed compared to the field
enhancement factor of the planar metal structure.
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Chapter 57
Effect of Silicates and Carbonates
on the Structure of Nickel-Containing
Hydrotalcite-Derived Materials

Baya Djebarri , Nadia Aider , Fouzia Touahra , Ferroudja Bali ,
Juan Paul Holgado, and Djamila Halliche

Abstract TheNiAl andNiAlSiwere prepared by coprecipitationmethod at constant
basic pH, calcined at 800 °C, and characterized by ICP analysis, XRD, FTIR, SEM,
BETmethod and (TPR). TheCH4/CO2 reactionwas carried out in a fixed-bed tubular
reactor at 750 °C. A reactant mixture CH4 and CO2 were mixed at a ratio of 1
diluted in He (10:10:80). The XRD patterns of the “as prepared”materials exhibit the
characteristic diffractions of hydrotalcite-like layered double hydroxide materials,
although were not clearly evidenced in the Si containing samples. Nevertheless, after
calcination this hydroltacite-like structure is destroyed. We have studied the reaction
of dry reforming of methane by carbon dioxide in presence of various catalysts at
750 °C. In the case of NiAlSi, the CH4 conversions were close to 70%, with a H2/CO
ratio close to 0.9. Nevertheless, the NiAl sample presented a very variable conversion
and a high carbon formation, what resulted in a blocking of the reactor at the end of
the experience and a decrease in the H2/CO ratio, which indicates that probably the
CO2 is consumed in parallel in the reverse water gas shift reaction (RWGS).We have
shown that Ni/Al/Si mixed oxides obtained through the thermal decomposition of
layered double hydroxide-type precursors are promising catalysts in the reforming
of methane with CO2.
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57.1 Introduction

CO2 reforming ofmethane (dry reforming) shows a growing interest fromboth indus-
trial and environmental viewpoint. From an environmental perspective, CO2 andCH4

are undesirable greenhouse gases and both are consumed by the proposed reaction.
From the industrial point of view, the reaction allows to transform these invaluable
gases into synthesis gas with a low H2/CO ratio, adequate for hydroformylation and
carbonylation reactions as well as for methanol and Fischer–Tropsch synthesis. The
dry reforming reaction has been studied over numerous supported metal catalysts
including Ni-based and noble metal-based catalysts. The latter are more active but,
considering the high cost and the limited availability of noble metals, Ni based-
catalysts are more interesting for industrial application. The main drawback of a
conventional Ni-based catalyst is its poor stability caused, mainly, by a high coking-
rate [1, 2]. As consequence, very intensive research efforts are currently being carried
out to improve both performance and lifetime of Ni-based catalysts. In this context,
basic supports. [3, 4] and/or highly dispersed Ni catalysts have been used to lower
the rate of coke deposition. The main purpose of this paper is to study the effect of
anions incorporated in interlamellar of hydrotacites such as carbonates or silicates
precursors for CO2 reforming of methane reaction.

57.2 Experimental

57.2.1 Catalysts Preparation

The NiAl carbonates containing materials and NiAlSi silicate-containing samples
were prepared by coprecipitationmethod in the following steps: An aqueous solution
containing an appropriate amount of Ni(NO3)26H2O and Al(NO3)39H2O, with the
total metal ion concentration of 1 M was added dropwise into an equal volume of
0.5 M of Na2CO3 solution or 0.5 M silicates (sodium silicate solution) with vigorous
stirring at room temperature. The PH maintained at 10 by simultaneous addition of
NaOH solution. The resulting suspension was then maintained at 70 °C for 18 h
under stirring. The products were filtered and washed several times with water and
then dried overnight at 80 °C. The catalysts were obtained after calcination at 800 °C
for 6 h. The samples were denoted NiAl and NiAlSi.

57.2.2 Samples Characterization

Chemical composition of the samples was determined by inductive coupling plasma-
atomic emission spectroscopy (ICP-AES). Analyses were performed with a Horiba
Jobin-Yvon, Ultima2 spectrometer.
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Samples were analyzed by isothermal nitrogen adsorption using standard BET
and BJHmethods for the specific surface area and pore size distribution calculations,
respectively.Measurements were carried out on aMicromeritics ASAP 2010 system.
Prior to each experiment, samples were degassed at 150 °C under vacuum for 2 h.

XRD powder analyses were carried out using a Siemens D-501 equipment, with

a Bragg- Brentano configuration, using CuKα (λ=1.5418Ǻ). Spectra were collected
at room temperature in the range of 2θ = 5–80°, with a step size of 0.05° and an
acquisition time of 1 s for each point.

FTIR spectra were recorded using the KBr pellet technique on PERKIN-Elmer
spectrometer in the range 4000–400 cm−1 using a resolution of 4 cm−1.

The calcined sampleswere analyzed by temperature programmed reduction (TPR)
experiments which were done on a H2 (5%)/Ar mixture (50 ml/min) from room
temperature up to 900 °C, with a heating rate of 10 °C/min. A thermal conduc-
tivity detector (TCD), previously calibrated using CuO, were used to evaluate the
H2 consumption. Experimental conditions were adjusted in order to avoid peak
coalescence [5].

57.2.3 Catalytic Activity

Catalytic Activity Tests were carried out in a quartz tubular down-flow reactor.
Dimensions of the fix-bed reactor were 9mm inner diameter and 16 cm long. Catalyst
was placed in the middle of the reactor between two pompons of quartz wool. Reac-
tion temperaturewasmeasured in themiddle of the reactor bymeans of aK-type ther-
mocouple. Feedstock gases were fed to reactor by independent mass flow controllers
(Bronkhorst). The CH4 and CO2 reactants were mixed diluted in He (CH4:CO2: He
= 10:10:80 in vol.). Sample was put in contact with the reaction mixture, and heated
from room temperature up to 750 °C at 1 °C/min rate, holding the samples at 750 °C
during 8 h. Previous to reaction conditions, all catalysts were treated “in situ” with
a H2 (5%)/Ar mixture (50 ml/min) during 1 h at the same temperature of reaction
(750 °C). Finally, reactionwas cooled down to room temperature in the same reaction
mixture. In all the cases, the experiments have been carried out using a gas hourly
space velocity (GHSV) of 300.000 L/kg•h (20 mg of sample). Analysis of reactants
and products were done by a Gas Chromatograph (Varian CP-3800) with a Thermal
Conductivity Sensor and a column (Porapak Q).
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57.3 Results and Discussion

57.3.1 Characterization

Table 57.1 summarizes the chemical composition and textural properties of Ni/Al/Si
samples.

Elemental chemical analysis data of all calcined samples indicated that the molar
metal ratio in the solids was very close to the value in the parent solutions, i.e.
M2+/M3+=2. This means that the precipitation step was carried out effectively.

Values of specific surface areas were calculated following the B.E.T method.
The incorporation of silicates into the structure of NiAl sample leads a significant
development of specific surface area it decrease from 114 to 31 m2/g.

The PXRD patterns of NiAl and NiAlSi samples before calcination was shown
in Fig. 57.1. The diffractogram of NiAl exhibit sharp and symmetrical reflexions for
(003, (006), (110) and (113) plans characteristic of awell crystallised of hydrotalcites
according to the literature [6]. The insertion of silicates, in the interlayer leads to solid
with a lower crystalline degree [7]. However, some carbonate anions, coming from
CO2 in the atmosphere, could also be in the interlayer region as contaminant species
because of the high affinity of hydrotalcites to them. This poor crystallinity is due to
the formation of polysilicate where SiO4 units condense, moreover a grafting process
of silicate layers onto brucite-like layers with a diffusion of Al3+ ions from the layers
occurredduringpreparation [8].After calcinations at 800 °C thehydrotalcite structure

Table 57.1 Chemical
composition and surface areas
of catalysts

Samples (m2/g) M2+/M3+ Surface areas

NiAl 1.94 114

NiAlSi 1.94 31

Fig. 57.1 X-ray diffraction
of fresh samples
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is destroyed. The XRD patterns Fig. 57.2 of NiAl sample show formation of NiO.
The aluminum oxides Al2O3 are in the amorphous state, therefore not detected by
XRD [4].

The FT-IR spectra of the LDH precursors are shown in Fig. 57.3. They shown
the characteristic bands of hydrotalcite-like compounds [9]. The broad band at
3400 cm−1 is attributed to the υ (OH) vibration mode of lamellar OH groups and
water molecules, either inserted in the interlamellar space or physisorbed on the
surface. Furthermore, at around 1640 cm−1 the bending mode of water molecules is
also observed. The shoulder at around 2900 cm−1 is recorded, whereas the shoulder
cannot be observed in silicate spectra, this shoulder is attributed toOHgroups bonded
to carbonates species in the interlayer region [10] (Fig. 57.4).

Fig. 57.2 X-ray diffraction
of calcined samples
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Fig. 57.4 FT-IR spectra of
calcined samples
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However, at around 1365 cm−1 the band due to the υ3 (CO−2
3 ). Vibration mode

is recorded for both samples, thus suggesting contamination by carbonate species,
because of the high affinity of hydrotalcite to these species.

The results of H2-TPRmeasurements of the calcined samples showed in Fig. 57.5
NiAlSi sample give rise to one reduction peak at lower temperature ≤600 °C which
can due to the reduction of Nickel with less interactionwith the support. In the case of
NiAl sample which show a two peaks of reduction, the peak at 500 °C characteristic
of the reduction of NiO oxide particles (free) well dispersed and without interaction
with the matrix the highest one about 700 °C is probably do to reduction of nickel
with strong interaction with the matrix. In addition, a minor shoulder can be seen at
490 °C, the temperature of reduction of this minor shoulder could be attributed to
reduction of NiO weakly interacting with the support

Fig. 57.5 Temperature
programmed reduction
profiles
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57.3.2 Catalytic Activity

The stability of the catalysts was examined at temperature reaction of 750 °C and a
1:1 CH4/CO2 feed ratio, after in-situ reduction at 750 °C for 1 h. In the case of NiAl,
CH4 and CO2 conversion are respectively 65, 85%. The CH4 conversion of NiAl
lower than conversion of CO2. The unequivalence of CO2 and CH4 conversions
reveals the presence of secondary reaction under the operating conditions, which
indicates that probably the CO2 is consumed in parallel in the reverse water gas shift
reaction (RWGS) [11]:

CO2 + H2 ⇒ CO + 2H2O (57.1)

Much coke have observed in this catalyst obstruction of the reactor. In the case
of NiAlSi sample, the CH4 conversion is 70% with a H2/CO ratio close to 0.9.

57.4 Conclusion

NiAl andNiAlSi catalysts were prepared by coprecipitationmethod. Theywere char-
acterized by ICP method, XRD, FTIR, TPR and BET methods. The data obtained
from chemical analysis of the calcined catalysts confirmed that the n (M2+)/n (M3+)
ratio is close to the intended value of 2, 0. The XRD patterns of the materials exhibit
the characteristic diffractions of hydrotalcite-like layered double hydroxide mate-
rials, although were not clearly evidenced in the Si containing samples. The cata-
lysts present catalytic performances at 750 °C that vary in the following sequence:
NiAlSi > NiAl.
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Chapter 58
On the Effect of the Inlet Hydrogen
Amount on Hydrocarbons Distribution
Produced via Fischer-Tropsch Synthesis

Abdelmalek Bellal and Lemnouer Chibane

Abstract Hydrogen has a significant importance through its benefit for sustainable
energy producing that can respond to the worldwide demand and address environ-
mental problems. It can be used as an alternative resource for the generation of clean
and renewable fuels via Fischer-Tropsch synthesis (FT). In this context, our inves-
tigation focuses on studying the impact of injected amount of hydrogen on reactor
outlet for assuring readily control and manage of the distribution of the products.
For this purpose, a simulation study by using a mathematical model of FT synthesis
carried out in a packed bed reactor was established under various values ofmolar flow
rate of hydrogen at constant carbon monoxide flow rate. It was found that increasing
the inlet hydrogen to carbon monoxide molar ratio was able to shift the distribu-
tion of hydrocarbons towards the production of paraffins. Either, the optimal reactor
performances were also could be achieved at high injection of hydrogen.

Keywords Hydrogen · Sustainable energy · Fischer-Tropsch synthesis ·
Hydrocarbons distribution

Nomenclature

A Cross-section (m2)
dp Diameter of catalyst particle (m)
Dc Diameter of cooling tube (m)
Fξ Molar flow rate of hydrocarbon ξ (mol s−1)
ki Reaction rate constant
Ki Reaction equilibrium constant
L Reactor length (m)
l Dimensionless reactor length
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O/P Olefin over paraffin ratio
Rj Rate of reaction j (mol kg−1 s−1)
Ush Heat transfer coefficient shell-gases (Wm−2 K−1)
ρ Catalyst density (kg m−3)

58.1 Introduction

According to global growth in energy needs, the development of new resources
that can reduce the dependence on conventional forms of power to satisfying the
imposed environmental requirements has become increasingly investigated [1]. In
line with the suggested research in this field, H2 has attracted intense attention as an
alternative solution to produce clean and renewable fuels [2]. The synthesis gases
issues from biomass represent the appropriate feedstock for the synthesis of eco-
friendly hydrocarbons (HC). In fact, the produced diesel can guarantee low emission
of pollutants such as hydrogen sulfide and CO2 and can also offer good ignition
properties attributed to the high cetane number. Over the years, the FT process has
known plenty of actual intensifications in the objective of enhancing the reaction
efficiency and thus reaching high fuel quality. In light of the foregoing research,
achieving the desired HC composition represents one of the most challenging issues
and requires a deep optimization of reactor parameters that can affect FTS, including
temperature, pressure and catalyst composition [3, 4]. It was reported [5] that low
values of gas hourly space velocity can favor the production of heavier paraffinswhile
unsubstantial levels of pressure will adverse the production of paraffins and swift
the formation rate of olefins. In spite of this remarkable variation in hydrocarbons
distribution, the effect of such parameters is complex and thoroughly restricted under
a narrow range of investigations, in which implicate delicate control of the process.
Usually, H2/CO molar ratio is the most adequate parameter that can offer resilient
and readily orientation of hydrocarbons distribution as the amount of the injected
H2 in the reactor inlet has a direct influence on FT kinetic, high or low surface
recovery can shift FT reaction towards the formation of paraffins or olefins according
to the energetic potential of hydrogenation. Hence, the inlet H2/CO ratio plays an
important role in the control of HC selectivity and their yields [3]. For the purpose
of better understanding the effect of the H2/CO ratio on products distributions, a
reactor simulation was performed to analyze the evolution of HC selectivity and the
HC yields along the reactor.

58.2 Reactor Model and Reactions Kinetic

In the present work, FT synthesis was studied in a fixed bed reactor packed with
catalyst particles. This kind of reactor is commonly used on industrial scale, due to
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his simplicity and its high capacity of production. However, other types of reactors
such as slurry and fluidized bed reactors are highly recommended for achieving high
syngas conversions but their application is limited due to several drawbacks including
catalyst attrition and the hard separation of products and catalyst particles [6].

FT process was carried out over Fe–Cu–K catalyst. The reaction was conducted
under specific levels of temperature (533 K) and pressure (20 bar) that are restricted
with respect to the validity of the kinetic model [7]. Other selected parameters are
taken from previous experimental works [7, 8]. Some known assumptions are consid-
ered in order to simplify the construction of the nonisothermal mathematical model.
Different model equations are given as follow:

Mass balance:

dFξ

dl
= ρAL

F0
CO

υξ j R j (3)

Selectivity:

Sξ (%) = Fξ
∑

Fξ

× 100% (4)

Yields:

Yξ (%) = Fξ

F0
CO

× 100% (5)

Momentum balance:

dPT
dl

= − Lν

dp

(
1− ε

ε3

)(
150(1− ε)μ

dp
+ 1.75ρgv

)

(6)

Heat balance:

dT

dl
= ρAL

FTCpg

B∑

j=i

R j
(−�HRj

) + LπDC

FTCpg
Ush(Tsh − T ) (7)

A developed kinetic model for iron catalyst was used in this investigation [8]. This
kinetic approach is widely accepted for iron catalyst under a processing temperature
superior to 350 K. Different reaction rates are given as follow:

RCH4 = k5M PH2α1/DEN (8)

RCnH2n+2 = k5PH2

n∏

k=1

αk/DEN (9)
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RCnH2n = k6(1− βn)

n∏

k=1

αk/DEN (10)

α1 = k1PCO

k1PCO + k5M PH2

(11)

αA = k1PCO

k1PCO + k5PH2 + k6
(12)

αn = k1PCO

k1PCO + k5PH2 + k6(1− βn)
(13)

βn

= k−6

k6

PCnH2n

αn−1
A

k1PCO
k1PCO+k5PH2

+ k−6

k1PCO+k5PH2+k6

∑n
a=2 αn−2

A PC(n−a+2)H2(n−a+2)

(14)

DEN

= 1+
(

1+ 1

K2K3K4

PH2O

P2
H2

+ 1

K3K4PH2

+ 1

K4

)
n∑

f=1

(
f∏

k=1

αk

)

(15)

RWGS =
kv

(
PCO PH2O

P0.5
H2

− PCO2 P
0.5
H2

KWGS

)

1+ Kv
PCO PH2O

P0.5
H2

(16)

The equilibrium constant of water gas shift reaction (WGSR) can be calculated
by the following equation [8], and all kinetic parameters are taken from [7].

KWGS = 5078.0045

T
− 5.8972089+ 13.958689

× 10−4T − 27.592844× 10−8T 2 (17)

58.3 Results and Discussion

In first, we outline the evolution of HC selectivity at different inlet H2/CO molar
ratios (H2/CO) as displayed in Fig. 58.1a–c. The used range of H2/CO was chosen
according to the reaction conditions conducted over an appropriate catalyst [7]. At
constant molar flow rate of CO (0.1 mol s−1), the inlet syngas composition can be
set by changing the molar flow rate of H2 with respect to the proposed range of
H2/CO ratio. The obtained results show that the increase in the injected amount
of H2 across the reactor section has a remarkable effect on reactor performance.
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Fig. 58.1 Effect of the inlet H2/CO ratio on HC selectivity (a, b and c) and O/P ratio (d)

A significant behaviour was attributed to CH4 and C2H6, in which their selectivity
were increased from 23.37 to 39.61 and 4.79 to 6.23% respectively, by raising the
inlet H2/CO from 1 to 3. It is noteworthy that the obtained selectivity of CH4 is
much higher than that of reported elsewhere [9, 10] under similar range of reaction
conditions. It also appears that the production of propane can be enhanced upon the
variation of H2/CO ratio from 1 to 1.5 but a persistent increase in this critical metric
will cause a slight decline in propane selectivity. This can be explained by the fact
that the excessive insertion of H2 on the catalyst surface will cause faster desorption
of HC to smaller chain length rather than a continuous propagation for the formation
of heavier paraffin. Furthermore, implying that H2/CO molar ratio has a negative
effect on the production of HC with high molecular weight, the total selectivity of
butane and pentane was decreased from 7.3 to 5.42% by increasing the molar ratio
from 1 to 3. In this case, the obtained results under our investigated conditions show
a good agreement with that obtained previously [3, 11]. A similar behavior was
reported for olefins selectivity. The production of olefins was highly influenced by
the molar ratio change as it is shown in Fig. 58.1b. Moreover, the total selectivity of
olefins with a chain length between C3 and C5 was decreased from 42.62 to 27.1%
by increasing the H2/CO ratio from 1 to 3. It is noteworthy that the selectivity of
ethylene was nearly constant considering the intense increase in the molar ratio due
to the high hydrogenation degree of ethylene even at lowH2 concentrations. from the
obtained results, it is evident that the H2/COmolar ratios is the adequate requirement
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for achieving a light mixture of HC including CH4 and C2H6, whereas lower molar
ratios are desirable for high production of olefins and long-chain paraffin. These
opposite trends in HC selectivity justify the decrease in olefins to paraffins ratio.

As illustrated in Fig. 58.1d, the O/P ratio tends to reach the minimum value
that corresponds to 0.8 at the highest molar ratio due to the great desorption rate
of paraffins compared to that of olefins. Also, it can be caused by the secondary
hydrogenation that takes place to convert olefins to saturated HC. Considering HC
chain length variation, the decline inO/P ratiowas the same for all range ofHC,which
indicate that olefins readsorption for paraffins formation by hydrogenation reactions
is independent on carbon number. These results agree well with the proposed kinetic
model for FT reactions andwith the results that are reported in literature [10], inwhich
exhibits an experimental investigation of H2/CO ratio effect on O/P ratio. Hence,
H2/COmolar ratio is the key parameter to control and manage reactor performances.

FT reaction efficiency can be further examined by analyzing the evolution of
products yields according to the inlet H2/CO molar ratio. The results presented in
Figs. 58.2 and 58.3 show that the increase in the molar ratio can lead to a positive

Fig. 58.2 Evolution of paraffins yields along the reactor at different values of inlet H2/CO ratio: 1
( ), 1.5 ( ), 2 ( ), 2.5 ( ) and 3 ( )



58 On the Effect of the Inlet Hydrogen Amount … 457

Fig. 58.3 Evolution of olefins yields along the reactor at different values of inlet H2/CO ratio: 1
( ), 1.5 ( ), 2 ( ), 2.5 ( ) and 3 ( )

effect on the yield of paraffins and C2–C4 olefins, while a nonlinear effect was
observed for pentene, in which exhibit a primary increase and then a decrease in the
production yield upon molar ratio change. This is typically expected due to the high
reported values of hydrogen conversion at high H2/COmolar ratios [12]. Also, it can
be seen that H2/CO molar ratio incrementation from 1 to 1.5 can conduct to a major
improvement in the HC yields, whereas the enhancement in HC yields are being
less remarkable at higher molar ratios. Noteworthy, light paraffins are more sensitive
to H2/CO molar ratio change. For instance, raising the molar ratio from 1 to 3 was
conducted to a valuable increase in CH4 yield from 0.8% to 2.8. These results justify
the observed variation of CH4 selectivity according to H2/CO molar ratio. At least,
it can be said that the incorporation of a high initial amount of H2 at the reactor inlet
can shift the HC distribution by decreasing the selectivity of olefins and favoring the
formation of light paraffins and also it can be a preferential parameter for increasing
the HC yields.

58.4 Conclusion

Understanding the behaviour of reactor performances under the predicted compo-
sition of syngas and its effect on HC distribution is highly required for imposing
the right conditions that can guarantee a flexible orientation of syngas conversion
to the formation of the desired mixture of HC. Based on the obtained results, it
can be concluded that high H2/CO ratio favors the production of light-saturated HC
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including methane (39.61%) and ethane (6.23%) and disfavors the overall formation
of olefins, as suggested by a strong decrease in olefins to paraffins ratio.
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Chapter 59
Predictive Current Control
in Grid-Connected Fuel
Cell–Photovoltaic Based Hybrid System
for Power Quality Improvement

M. R. Bengourina , L. Hassaine , and M. Bendjebbar

Abstract Due to the use of nonlinear loads, the current quality at the point of
common coupling (PCC) is degraded. To improve this, a three-phase double-stage
multifunctional grid-connected inverter interfaced with a fuel cell–photovoltaic
based hybrid system is proposed with embedded active filter function. The studied
system consists of a fuel cell stack, a photovoltaic array, a dc-dc boost converter
and a three-phase voltage source inverter connected to the utility at the PCC. The
objective of the proposed system is to supply the nonlinear currents by the fuel
cell–photovoltaic inverter, and thus, the grid current will become sinusoidal with
low harmonics. The control of system is performed via P&O MPPT and predictive
current control, which uses a discrete-time model of the system to predict the future
value of the filter current for different voltage vectors. Simulation in MATLAB is
carried out to verify the operation and the control principle. The results are obtained
for different operating conditions to prove the effectiveness of the entire system.

Keywords Grid · Inverter · Fuel cell · Photovoltaic · PCC · Harmonic · P&O
MPPT

59.1 Introduction

For the future, renewable energy technologies are seen as the most appropriate solu-
tion and need to be further developed in order to capture most of the energy produc-
tion. Several distributed Generation (DG) systems are expected to have a significant
impact on the energymarket in the near future. TheseDG systems include, but are not
limited to: photovoltaics (PV), wind and microturbine. In addition, several energy
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storage systems such asFuel cell are under consideration forDGsystems, as they have
been expected for many years to increase their presence in applications over a wide
range of power ratings [1]. Fuel cells are similar to PV systems in that they produce
DC power. Power conditioning systems, including inverters and DC-DC converters,
are often required in order to supply normal customer load demand or send electricity
into the grid [2]. Nowadays, the integration of small scale DG systems at distribution
level is growing extensively [3]. The DG systems such as photovoltaic (PV) and
fuel-cell are interfaced with the utility at the Point of Common Coupling (PCC) by
means of power electronic converters [4]. The large use of power electronics-based
loads connected to the utility causes serious Power Quality (PQ) problems, by gener-
ating harmonics and reactive current in the utility [5]. To improve this, the harmonic
filter needs to be installed, which incurs more additional costs. When renewable
inverters are connected to the PCC, the harmonics can be compensated by enabling
the renewable systems as active power filters. Considerable research has been done
on the active power filter and its control technique [6].

In order to resolve the PQ problems at PCC in DG system, a multifunctional grid-
connected inverter interfaced with a fuel cell–photovoltaic based hybrid system is
proposed with using the basic working principles of a predictive current control
scheme. Whereas the control is used to transfer the power from the fuel cell–
photovoltaic system, it also assures the compensation of the harmonic currents,
reactive power and unbalanced current. The overall control system is built in the
Matlab/Simulink environment. Then, the simulations results are provided to validate
the correctness of the adopted control system.

59.2 Proposed Hybrid System

The structure of the grid-connected Fuel Cell–Photovoltaic Based Hybrid System
is shown in Fig. 59.1. The system consists of a photovoltaic array and fuel cell

Fig. 59.1 Proposed grid-interactive fuel cell–photovoltaic based hybrid system
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Fig. 59.2 Equivalent circuit
of a PV cell

connected through a boost converter to a three-phase inverter that is connected to a
grid through a simple filter and nonlinear load.

59.2.1 Introduction Photovoltaic Module Modeling

The PV module is the unity of base for the construction of a PV array. We have
used the PV module model of a single diode [4] (Fig. 59.2). This model is the most
commonly used due to good results. The current-voltage relationship is given by:

I = ISC − ID − V + I · RS

RP
(59.1)

I = ISC − I0

(
exp

[
q

m · k · Tc (V + I · RS)

]
− 1

)
− V + I · RS

RP
(59.2)

59.2.2 Fuel Cell Stack

The FC stack is modelled as a controlled voltage source E in series with a constant
resistance Rfc (internal resistance of the FC stack) as shown in Fig. 59.3. The
controlled voltage source is represented as:

E = Eoc − N A ln

(
i f c
i0

)
(59.3)

And FC stack output voltage as:

V f c = E − R f ci f c (59.4)

where Eoc is the open circuit voltage, N is the number of cells in the stack, A is the
Tafel slope, i0 is the exchange current resulting from the continual backward and
forward flow of electrons from and to the electrolyte at no load, ifc is the FC stack
current and Vfc is the FC stack voltage [7].
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Fig. 59.3 Fuel cell stack
model

59.3 Proposed Control

In order to control the first conversion stage, a Maximum Power Point Tracking
(MPPT) Perturb and Observe (P&O) algorithm is proposed to track permanently
the optimum point through an adequate tuning of a boost converter (Fig. 59.4). On
the other hand, the second stage control is performed via a predictive current control
strategy by using a discretemodel of SAPF to predict the behavior of the filter current.
Then, via a cost function, an optimal switching state is selected [8]. Reference current
is extracted from the dc link voltage loop devoted to maintaining dc link voltage at
its desired value through a PI controller. This control strategy can be summarized in
the following steps [9]:

• Define a cost function g.
• Build a model of the converter and its possible switching states.
• Build a SAPF model for prediction (Fig. 59.5).

Fig. 59.4 P&O MPPT
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Fig. 59.5 Predictive current control strategy

59.3.1 Predictive Current Control Algorithm

1. The value of the reference current i*f (k) is obtained (from DC link voltage
algorithm) and the current of SAPF if (k) is measured.

2. The model of the system is used to predict the value of the SAPF current in the
next sampling interval i pf (k + 1) for each of the different voltage vectors.

v f − vc =
(
L f + Ls

) di f
d t

3. The cost function g evaluates the error between the reference and predicted
currents in the next sampling interval for each voltage vector.

g = ipf (k + 1) = i f (k) + T s

L f

(
v f (k) − vs(k)

)

4. The voltage that minimizes the current error is selected and the corresponding
switching state signals are generated.

59.4 Simulation Results

In order to prove the robustness and the performance of the proposed control, the
system depicted in Fig. 59.1 has been simulated using the SimPowerSystem of
Matlab/Simulink. Parameters used in simulation are as in Tables 59.1 and 59.2
(Figs. 59.6, 59.7 and 59.8).

The nonlinear loads which appears in Fig. 59.1 causes a harmonics disturbance in
the utility. This effect can totally deform the shape of the source currents. Figure 59.6
presents the load current of the first phase and its harmonic spectrum. The THDi for
this load is 27.88%. This THDi is calculated for the first forty harmonics according
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Table 59.1 Parameters of DC-DC boost converter

DC-DC boost converter

Parameter f switching Output voltage Inductor L Capacitor C

Values 5 kHz 400 V 10 mH 100 µF

Table 59.2 Parameters of SAPF

SAPF

Parameter Values

Source voltage 125 V

Source impedance RS, LS 0.1 �, 0.1 mH

Filter impedance Rf, Lf 0.1 �, 2.6 mH

Line impedance Rl, Ll 0.1 �, 0.5 mH

DC-link capacitor C 2.2 µH

Diode rectifier load RL, LL 20 �, 2 mH

Fig. 59.6 Supply current and current harmonic spectrum

Fig. 59.7 a Solar radiation. b Power PV array

Fig. 59.8 FC stack V-I and P-I characteristic
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Fig. 59.9 Simulation results: a source voltage and source current of a-phase, b filter current,
c DC-link voltage Vdc, d active power

to the “CEI standard”. The purpose system is to reduce this THDi to less than 5%,
as required by the CEI standard.

Figure 59.9a, b show source and filter currents after filtering with fuel cell-PV
array. The source currents become perfectly sinusoidal compensated by the filter
current at unity power factor. We can observed the opposite phase between voltage
and current source and the negative sign of the utility active power (Ps), meaning the
filter current has information of harmonic and fuel cell-PV array currents to ensure
elimination of harmonic and injection of current to the load. The dc link voltage
returns to its reference value in few milliseconds with PI controller. The active filter
decreases the total harmonic distortion (THD) from 27.88 to 1.15% with 400 W/m2,
2.14%with 0W/m2, 0.81%with 1000W/m2 (Fig. 59.10). Proposed predictive current
control confirms its effectiveness and robustness.

59.5 Conclusion

In this paper, the validity of the proposed predictive current control inGrid-connected
Fuel Cell–Photovoltaic Based Hybrid System is investigated. The proposed system
injects solar and fuel cell power to the grid and compensates reactive power and
harmonic currents existing at PCC caused by the non-linear load. Implementation
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Fig. 59.10 Supply current and current harmonic spectrum for fuel cell with PV: a 400 W/m2,
b 0 W/m2, c 1000 W/m2

of predictive control is performed on a Matlab/SimulinkTM environment. Simulated
results have proved that the proposed predictive control algorithm is good in term of
THD. The predictive current control algorithm is a stable and robust solution.
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Chapter 60
Hydrogen Production by Photo
Fermentation via Rhodobacter sp.

Sabah Menia , Ilyes Nouicer , and Hammou Tebibel

Abstract Efficiency of photo-hydrogen production is highly dependent on the
culture conditions. Initial pH, temperature were optimized for maximal hydrogen
production using response surfacemethodologywith central composite design. Photo
fermentative hydrogen production is influenced by several parameters, including pH
and temperature. Rhodobacter sp. KKU-PS1 was isolated from the methane fermen-
tation broth of anUASB reactor. This study presents the experimental results obtained
from Rhodobacter sp. KKU-PS1 cultures as a function of temperature and pH. For
this purpose, a complete factorial design was used, for the temperatures of 26, 30
and 34 °C and the pH of 6.5; 7 and 7.5. Rhodobacter sp. KKU-PS1 has been isolated
from the fermentation of methane. Optimum conditions for maximizing cumulative
hydrogen production (Hmax) were an initial value of pH 7.0 and a temperature of
25 °C. The regression models revealed a maximum hydrogen production of 1623 ml
at these conditions. KKU-PS1 can produce hydrogen from organic acids. By opti-
mizing the pH and the temperature, a maximal production of hydrogen by this strain
was obtained. Validation experiments at calculated optima confirmed these results.

Keywords Hydrogen · Photo fermentation · Rhodobacter

60.1 Introduction

At present, fossil fuels are considered themain source of energy supply.However, due
to their increasing demand and limited availability, an alternative source of energy
is needed. Hydrogen is one of the most promising fuels of the future because of its
high-energy content (122 kJ g−1), which is 2.72 times higher than that of gasoline.
In addition, H2 is a major energy carrier and can be used in fuel cells for power
generation. However, hydrogen gas is not readily available in nature, as are fossil
fuels and natural gas, but it can be produced from renewable materials, such as
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biomass and water. Organic hydrogen production is ecological. In particular, this
process can utilize a variety of organic substrates as carbon sources, including waste.
Therefore, there is a dual benefit: waste reduction and energy production.

The combination of photosynthetic bacteria with fermentative bacteria can
increase the amount of hydrogen produced by the system, and at the same time,
there is a reduction in residual organic matter. The photo fermentation culture is very
promising because of the purity of the biogas produced. However, the potential of
different substrates must be considered, as in the case when dark fermentation is to
be coupled to the photo fermentation process, where acetate, propionate and butyrate
are generated. In addition, it may be interesting to evaluate the use of a consortium
instead of a pure culture because the sterile conditions are useless, which makes the
operation of a reactor easier to control. In addition, a microbial consortium may be
more robust against inhibitors that may be produced by variations in the substrate
introduced into the system [1].

In this study, hydrogen is produced by photo fermentation via the bacteria
Rhodobacter sp. The aim of bio-hydrogen production by photo fermentation is to
facilitate waste treatment and reduce greenhouse gas emissions.

60.2 Material and Method

The Response Surface Methodology (RSM) with the Central Composite Design
(CCD) was applied to determine the major and interactive effects of two independent
factors, namely, initial pH (6.5–7.5) and temperature incubation (26–34 °C). The
initial pH and temperature ranges were chosen following a search in the literature.
Previous reports indicated that an initial pH of 7 was optimal for cell growth and
hydrogen production while hydrogen can not be produced at an initial pH of 5 [2].
Therefore, the initial pH tested in this study was in the range of 6.5–7.5. There
were several temperature ranges for photo hydrogen production. For example, the
temperature range of hydrogen production by Rhodobacter sp. was between 31–
36 °C [2] and 27.5–32.5 °C for Rp. palustris CQK 01 [3]. Thus, in order to cover
the optimal temperature possible for hydrogen production by strain KKU-PS1, the
fermentation at 26–34 °C was studied. Cumulative maximum hydrogen production
(Hmax) was chosen as the desirable response in batch culture (Table 60.1).

A quadratic model has been used to optimize key environmental factors.

Yi = β0 + Σβi Xi + Σβi i X
2
i i + Σβi j Xi X j . (60.1)

where Yi is the predicted response (Hmax ), β0 is a constant, βi is the linear coefficient,
βi i is the square coefficient, βi j is the interaction coefficient, and Xi is the variable.
The response variables (Hmax ) were adjusted using a predictive quadratic polyno-
mial equation to coelate the response variable to the independent variables. The test
conditions were designed with experimental data. A differentiation calculation was
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Table 60.1 Central
composite plan

pH Temperature (°C) Hmax (ml/L)

7 30 1122.4

6.5 26 1232.5

7.5 34 714

6.5 34 916.5

7.5 26 1048

7.5 30 690.5

then used to predict the optimal values of the different factors maximizing Hmax of
the new isolate in the batch fermentation.

60.3 Results and Discussion

The effects of initial pH (X1) and incubation temperature (X2) on Hmax were studied.
The regression model is shown in Eq. (60.2).

Hmax = −51,750.62+ 18,642.40X1 − 739.25X2

− 1340.60X2
11 + 11.91X2

22 − 2.25X1X2 (60.2)

The results indicated that an increase in initial pH and incubation temperature
resulted in a substantial decrease in Hmax . A maximum value of 1623 ml H2/L at an
initial pH of 7 and an incubation temperature of 25 °C was observed. pH is a very
important factor that influences themetabolism. The active site and the characteristics
of the biochemical reaction of the enzyme nitrogenase, the enzyme responsible for
the production of hydrogen, have been affected by its ionic form at different pH
values in the culture medium [4].

Temperature has an important function of moving metabolic pathways towards
photo-hydrogen production. It affects cell synthesis, the rate of hydrogen production
and the conversion efficiency of substrates of photo-hydrogen-producing bacteria.
The optimal initial pH of 7.0 in our study was consistent with other reports [5]. The
optimal temperature in our study was slightly lower than other reports, where the
optimal temperature range of Rhodobacter sp. was between 30 and 32 °C [6]. In
contrast, Wang et al. found that the optimum temperature for Rp. palustris CQK 01
was between 27.5 and 32.5 °C [3] (Fig. 60.1 and Table 60.2).
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Fig. 60.1 Effect of pH and
temperature on hydrogen
production
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Table 60.2 Confirmation of
photo-hydrogen production
experiences

Condition pH Temperature (°C) Hmax (ml/L)

Optimum 7 25 1623

Bottom 6.5 26 1232

Center 7 30 1122

Top 7.5 34 714

60.4 Conclusion

KKU-PS1 strain effectively used ten carbon sources for hydrogen production. Malic
acid was a preferred carbon source for hydrogen production. The initial pH and
incubation temperature had a significant effect on Hmax , but there were no interaction
effects between the initial pH and the incubation temperature. Maximization of Hmax

occurred at the optimal initial pH of 7 at an incubation temperature of 25 °C. Under
these conditions, a maximum value of Hmax of 1623 ml H2/L was obtained.
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Chapter 61
Estimation of Hydrogen Production
in Three Cities in the North of Algeria

Ilyes Nouicer , M. R. Yaiche, Sabah Menia , Fares Meziane ,
and Nourdine Kabouche

Abstract Great increasing interest in both commercial community and research
on the production of hydrogen in the energy sector as an energy carrier. In addi-
tion, protecting our earth from global warming and the depletion of crude oils and
gasses are the main objectives for our energy strategies worldwide. The Westing-
house Corporation proposed a new method known as the Hybrid Sulphur (HyS)
cycle, which forms part of the so-called thermo-chemical cycles. Two sub-reactions
in this system are used to complete the functionality of this process: thermochemical
and electrochemical reactions. In the second sub-reaction, several parameters can
affect the electrochemical reaction and electrolysis efficiency such as: cell tempera-
ture, membrane thickness and catalyst loading … etc. This study will focus on the
influence solar irradiation and ambient temperature on hydrogen production in three
cities in the north of Algeria. According to the study, it was found that the power
consumption to produce a flow 8 Nm3/h is 31 kWh for Algiers and 32 kWh for
Constantine and Oran.

Keywords Solar hydrogen production · SDE · Photovoltaic system

61.1 Introduction

Searching for energy security, the depletion of crude oils and gasses and protecting
our earth from global warming are the main objectives for our energy strategies
worldwide. The best solution is to search for new sources of energy that can be
sustainable and environment friendliness. Renewable energies can play an important
role to resolve this problem especially hydrogen. However, hydrogen doesn’t exist
directly in nature, the best way is to produce it. Three ways available used to produce
hydrogen: fossil fuels, nuclear power, and renewable energy sources [1]. But, three
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Table 61.1 Description of the three studied sites located in the north of Algeria

City
number

City Town Latitude (°) Longitude
(°)

Altitude (m) Slope angle
(°)

25 Constantine Airport 36.28 6.62 690 36

16 Algiers Algiers port 36.79 3.07 12 36

31 Oran Arzew 35.82 −0.27 4 35

criteria must be followed for the hydrogen production to be profitable, environmen-
tally and economically viable: Competitiveness, Optimum energy efficiency and
Environmental considerations [2]. The main approach is going to be green methods
for clean hydrogen production such as the Westinghouse Process [3, 4]. This study
focused on the influence of solar irradiation on tilted surface and ambient temperature
on hydrogen production in three cities in the north of Algeria using SDE electrolyzer
in Westinghouse Process.

61.2 Proposed PV/SDE System Components

61.2.1 Presentation of Liu and Jordan Model

The estimation of global solar radiation on horizontal and inclined surface using Liu
and Jordan model [5]. The generalized equation of Liu and Jordan is given by the
following equation:

SRI = SRhRb + Hd

(
1+ cos(β)

2

)
+ ρSRH

(
1− cos(β)

2

)
(61.1)

SRI Global solar radiation on inclined surface.
SRH Global solar radiation on horizontal surface.
SRh Direct solar radiation on a horizontal surface.
Hd Diffusion solar radiation on a horizontal surface.
Rb Tilt factor.
β Slope angle (Table 61.1).
ρ Albedo of the underlying surface (unit less).

61.2.2 Proposed PV/SDE System Components

A schematic representation of PV/SDE systems based on SO2 depolarized elec-
trolyzer (SDE) is given in Fig. 61.1. It includes:
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Fig. 61.1 Schematic diagram of the solar hydrogen production system

1. PV array to convert solar radiation into electricity (Model type: KC200GT (54
cells connected in series), conversion efficiency: 16%).

2. An MPPT (Maximum Power Point Tracker) to optimize the generated power
from PV.

3. All the energy produced from PV was transferred to the SDE electrolyzer with
direct coupling through MPPT.

4. SDE stack system based on SO2 Depolarized Electrolyzer (Membrane N212,
membrane surface: 1 cm2, membrane pressure differential �P= 6 bars, catalyst
loading: 1.5 mg/cm2).

5. The produced H2 from electrolyzer was stored in storage tanks.

61.3 Results and Discussions

61.3.1 Modeling of Photovoltaic Modules

This studywas conducted for three place (Table 61.1) in the north ofAlgeria:Constan-
tine, Algiers and Oran on tilted PVmodule. The location of the system design where
the study will be realized in three different sites (Fig. 61.2) in the north (east, center
and west) of Algeria.

The electrical power available from a photovoltaic device can be modeled with
the well known equivalent circuit shown in Fig. 61.3. This circuit includes a series
resistance, a diode in parallel with a shunt resistance and current generator. The
validation model was presented in previous work [3].

The daily hydrogen requirement can be produced from the change in power gener-
ated by the photovoltaic modules. Figure 61.4 shows the monthly energy production
from horizontal and tilted PV array in three places in Algeria.

Several parameters must be known in order to determine the power generated
from PV modules to the SDE electrolyzer. We can quote here: the light current IPh,
the diode reverse saturation current I0, the series resistance Rs, the shunt resistance
Rp, and the ideality factor a.
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Fig. 61.2 The north of Algeria map and location of the three studied cities

Fig. 61.3 Equivalent circuit
representing the
five-parameter model

61.3.2 The Daily Energy Production of PV Module for SDE
Electrolyzer

The daily-calculated power generated us a function of global irradiation and ambient
temperature for the three sites are represented in Fig. 61.4. However, all annual
irradiations measurement has been taken from Ref. [6].

The lowest ambient temperature was obtained over the year is 5.4, 7.2,−2 °C and
the highest value is 36, 38, 44 °C for Algiers, Constantine and Oran respectively.
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Fig. 61.4 Daily energy production from tilted PV array

61.3.3 Daily Hydrogen Production from SDE Electrolyzer
in the Three Cities: Constantine, Algiers and Oran

According to the modeling results, the optimal hydrogen production from the SDE
electrolyzer is represented in Table 61.2 (determined by Faraday’s law). These total
quantities of hydrogen production are given during the year. It has been conclude
that the optimal hydrogen production is almost the same in the north of Algeria. Our
results are lower than found in the work of Little et al. [7] (Fig. 61.5).

Table 61.2 Description of the three studied sites located in the north of Algeria

City number City Town Cell temperature
(°C)

SDE efficiency
(%)

Optimal
hydrogen
production
(kWh/Nm3)

16 Algiers Algiers port 80 60 3.193

25 Constantine Airport 80 60 3.203

31 Oran Arzew 80 60 3.206
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Fig. 61.5 PV array coupled
to SDE electrolyzers with a
30 series/8 parallel cells
configuration

The power consumption to produce a flow 8 Nm3/h of hydrogen is 34 kWh. In
our case, it has been found that the power consumption to produce a flow 8 Nm3/h
is 31 kWh for Algiers and 32 kWh for Constantine and Oran. Certainly, several
parameters can affect the energy demand such as: types of sky, Sunshine duration,
site location, solar radiation and temperature … etc.

61.4 Conclusion

Different components of a detailed modeling approach have been used to estimate
hydrogen production in three sites. In the first part, a method ofmodeling and simula-
tion of a photovoltaic module using a five-parameter model to predict the maximum
power output as a function of any operating conditions (ambient temperature, solar
radiation … etc.). A validation model with experimental data of a photovoltaic
module manufacturer has been determined. The second part, the estimation equa-
tion using Faraday’s law for hydrogen production of SO2 depolarized electrolysis
as a function of current consumed was presented. The coupling of these two parts
allows us to estimate hydrogen production rate as a function of power consumption
of PV systems in three sites. It has been found that the hydrogen production is impor-
tant compared to other systems of hydrogen production, but the optimal hydrogen
production is almost the same at each location.
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Chapter 62
Comparative Study of Different PV
Systems Configurations Combined
with Alkaline and PEM Water
Electrolyzers for Hydrogen Production

Nourdine Kabouche , Fares Meziane , Ilyes Nouicer ,
and Rafika Boudries

Abstract Algeria is endowed with one of the world’s largest solar potential. There-
fore, photovoltaic effect is one of the most common techniques used in exploiting
this huge potential. Nevertheless, the amount of energy generated by solar PV panels
is influenced by several factors. Indeed, PV cells technologies, site location and
weather (solar radiation, temperature and wind speed) and system design (tracking
and orientation) determine the output power of PV solar systems. This paper inves-
tigated PV-Hydrogen production by two water electrolyzers technologies, alkaline
and PEM. Indeed, four different PV systems configurations, two fixed PV panels and
two solar tracking system, have been considered. All these cases are studied using
meteorological data of the site of Ghardaïa, in the south of Algeria. Thus, a photo-
voltaic system of about 1.6 kW supplies an electrolysis system of about 1.35 kW
across anMPPT (Maximum Power Point Tracking) and buck DCDC converters. The
annual hydrogen production shows the advantage of PEM technology in hydrogen
production as well as that of sun trackers for PV systems.

Keywords Hydrogen production · Water electrolysis · Solar tracking

62.1 Introduction

The ceaseless progress in the use of renewable energy is due to the challenges facing
the world such as climate change, environmental pollution and its impacts on public
health and the unavoidable depletion of hydrocarbons. Renewable Energy entails
sources that do not deplete, namely, solar, wind, biomass, geothermal, marines and
hydropower. In 2018, the total capacity of renewable energy worldwide was about
2350 GW of which about 20.5% are Photovoltaic [1]. Photovoltaic conversion is one
of themost importantmeans for sunlight exploitation aswell as the pathway to energy
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transition. In fact, about 99% of the world’s installed solar energy capacity is solar
PV; the rest is mainly concentrated solar power (CSP). However, the exploitation of
solar energy by PV panels remains insufficient due to several technical, political and
economic problems.

The irregular availability of sunlight along the year and its unavailability during
the night, are limiting the expansion of PV integration rate. Converting PV electricity
into hydrogen through water electrolysis is therefore one among many intermittent
energy storage solutions. In fact, hydrogen is a promising energy carrier because
of its diverse sources of supply (fossil fuels, biomass, industrial crops, nuclear and
renewable energies) and its numerous uses (energy storage, fuel cell cars, chemical
and the petrochemical industry, injection into the natural gas network, etc.).

Thus, several studies have been conducted on hydrogen production from water
electrolysis and PV systems in Algerian sites. Boudries and Dizene studied the
hydrogen production potential in eight Algerian sites using three PV array configu-
rations, it has been found that N/S tracking allow much more hydrogen production
than E/W tracking. Thus, they predicted a reduction of 57.5% and 58.2% in the cost
of hydrogen production in the case of an N/S tracking and a tilted plane, respectively
[2, 3]. Tebibel and Labed studied hydrogen production intended for HCNG fuel
mixture [4]. They found that PEM water electrolysis supplied by a grid connected
PV system leads to the production of 15 g/m2 day of hydrogen [5]. Ghribi et al. found
that about 29 m3/year of hydrogen could be produced by a PVmodule of 60W and a
PEM electrolyzer of 50 W in Tamanrasset, south of Algeria [6]. Laoun et al. studied
the hydrogen production system using direct and optimal coupling of PV array and
PEMwater electrolyzer. They found that the largest solar to hydrogen efficiency was
about 10.8% at 9 a.m. and 4 p.m., with the production rate reaching the maximum of
0.08 Nm3/h at midday [7]. Saadi et al. studied hydrogen production using PV-PEM
electrolyzer in the southeast of Algeria. Their results have revealed that a PVmodule
of 190 W produced 2.39 m3/day [8]. Mraoui et al. found that direct-coupling PV-
PEM electrolyzer system, in Algiers site allowed a maximum hydrogen production
rate of 0.033 ml/s hydrogen flow between noon and 1 p.m. [9].

In the current work, we have investigated hydrogen production via two elec-
trolytic hydrogen productions technologies and different PV system configurations.
The hydrogen production technologies considered are water alkaline and PEM elec-
trolyzers. Alkaline technology is a mature technology that is widely used in the
industry mainly for large systems. PEM (Proton Exchange Membrane) electrolysis,
pricey but operate at high-current densities and can be used for small scales appli-
cations. Direct current (DC) produced by the PV source supplies the electrolyzers’
cells through two DC–DC converters. Since solar tracking, orientation, and tilt of PV
panels are among a number of available means used to increase PV systems output,
we have considered four case studies with solar tracking and fixed PV modules.
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62.2 Materials and Methods

The present study is carried out at a site located in Ghardaïa (Latitude 32.47 °N,
Longitude 3.68 °E, 549m), an arid region located in the north-central of Algeria. The
proposed study is conducted using one-hour time resolution data of a typical meteo-
rological year (TMY). In fact, 8760 data of the principal meteorological parameters,
obtained from Meteonorm have been used. Thus, the studied site is characterized
with an annual average temperature of about 22.5 °C (ranging from 2 to 46 °C),
an average annual wind speed of about 3.6 m/s and an annual global horizontal
irradiation of about 2.2 MWh/m2.

Instead of reporting the large and unclear hourly data, we preferred to use the
cumulative distribution function (CDF) that shows the percentage of data points less
than or equal to a certain value (F(x) = P(X ≤ x)). From Figs. 62.1 and 62.2, we can

Fig. 62.1 Cumulative
distribution function for the
hourly air temperature

Fig. 62.2 Cumulative
distribution function for the
hourly GHI



484 N. Kabouche et al.

Table 62.1 PV module and
electrolyzer characteristics

Cell number Nominal power Total power

PV module 07 228.7 Wp 1601.3 Wp

PEM
electrolyzer

17 78.7 W 1337.9 W

ALK
electrolyzer

01 1350 W 1350.0 W

notice that about 79% of time (6920 h), the temperature is between 10 and 35 °C,
corresponding to a mild temperature. In addition, about 56% of time (4900 h), the
global horizontal irradiation (GHI) take a zero value (night time, no solar radiation)
or insignificant value (lower than 100 Wh/m2). Therefore, these statistics show that
this site is broadly acceptable for an optimal and efficient PV panel output.

The studied standalone system consists of a PV system that powers an electrolyzer
system through twoDCDC converters, anMPPT device and a buck converter. In fact,
seven PVmodules of about 1.6 kW have been considered to supply two types of elec-
trolyzers PEM and alkaline with nominal power of about 1.35 kW each. The DCDC
conversion block leads to a loss of power of about 16%, the power difference between
the nominal power of the PV source and the load (electrolyzers). The characteristics
of the different components of the system are reported in Table 62.1.

Taking into account PV tracking and orientation, four different cases are consid-
ered. Then, the SAM “System Advisor Model” software has been used to determine
the energy produced by the four PV system configurations. The configurations differ-
ence is in the type of solar tracking and orientation. Thus, these four case studies are,
namely:

• two axis solar tracking: PV modules rotate from north to south to follow the
seasonal movement of the sun throughout the year, and from east in the morning
to west in the evening to follow the daily movement of the sun in the sky.

• one axis solar tracking (east-west): PV modules are fixed at an angle to the hori-
zontal (after several tests the optimized anglewas found equal to 30.8°) and rotates
around the inclined axis from east in the morning to west in the evening to follow
the daily movement of the sun across the sky.

• an optimal annual tilt angle, found after tests, equal to 30.62°.
• a fixed tilt angle equal to the site latitude (32.47°), several studies have claimed

that the optimal annual tilt angle is equal to the site latitude [10].

62.3 System Modeling

62.3.1 Electrolyzers

Hydrogen production via alkaline electrolysis technology is widely used than PEM.
In fact, it is more economic, more mature, does not need a noble catalyst and its
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power range in MW. However, besides its fast response, PEM technology allows
high current densities and a high purity of gases besides. Thus, each technology has
a specific application.

In our case, the alkaline electrolyzer consists of a 0.25 m2 cell with a nominal
power of 1350W.We have used the Ullebergmodel to investigate the performance of
this type of electrolyzer. The current-voltage characteristic of an alkaline electrolysis
cell as a function of temperature, is given by [11]:

V = Vrev + r ′

A
IE + S′ log

[
t ′

A
IE + 1

]
(62.1)

where r′ is due to resistance in the electrolyte, S′ and t′ are due to the electrodes
overvoltages (overpotentials), A is the active area of the cell.

Hydrogen production rate is given as a function of the current flowing through
the electrolyzer cell, IE, and of the Faraday efficiency, ηF, by [11]:

ṅH2 = ηF NC IE
nF

(62.2)

The PEM electrolyzer consists of 17 cells of 27 cm2 and a nominal power of
78.7 W each, the stack total power is 1337.9 W. A semi-empirical model of the
hydrogen production rate as a function of the power supplied has been used [5]:

ṅH2 = −4.32 10−5P2
el + 2.39 10−2Pel − 1.43 10−3 (62.3)

62.3.2 PV Module

The photovoltaic module considered in this study is a multi-crystalline module
(Hyundai Heavy Industries HiS-M228MG) with 60 cells in series and 1.617 m2

of area. The remaining module parameters are shown in Table 62.2.
The DC output power of the PV system is estimated, using SAM (SystemAdvisor

Model) software. The CEC (California Energy Commission) performance model
with module database has been selected; it is an implementation of the one diode
equivalent circuit model and an extension of the five-parameter model described by

Table 62.2 PV module
characteristics at reference
conditions

Parameter Value Parameter Value

Iref (W/m2)
Tref (°C)
Pmp (W)
Vmp (V)
Imp (A)

1000
25
228.76
30.1
7.6

VOC (V)
ISC (A)
α (A/°C)
β (V/°C)
TNOCT (°C)

36.8
8.1
0.004
−0.118
46.2
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[12]:

I = IL − I0

[
exp

(
V + I Rs

a
− 1

)]
− V + I Rs

Rsh
(62.4)

Thus, the PV module output power is given by P = I V. Both the site temperature
and the amount of solar irradiation received by PV modules influence this power.

62.4 Results and Discussion

Figure 62.3 represents the evolution over the year of themonthly PVproduced power,
for the four studied cases. First, it is shown that solar trackers allow the production
of much more power than fixed PV systems, within a range from 16.9 to about 50%.
Then, while a tilt angle equal to 30.62° leads to lightly more annual power, a tilt angle
equal to the site latitude leads to more power on vulnerable months, from October
to March. Finally, PV system with the 2-axis solar tracker allow the production of
about 5.3% of annual power more than that with the 1-axis solar tracker.

Figures 62.4 and 62.5 represent themonthly hydrogen production rate, for the four
studied cases and for the two electrolysis technologies. These curves follow perfectly
those of monthly PV power on Fig. 62.3. It is shown that the PEM technology
produces more hydrogen than alkaline technology; this production ranges from 5.06
to 8.4 kg for the first one and from 3.97 to 6.95 kg for the second. In fact, if we
consider the monthly mean daily rate of hydrogen, the lowest results are obtained,
in the four cases, for the month of December while the highest results are obtained

Fig. 62.3 Monthly PV produced power
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Fig. 62.4 Monthly hydrogen production by PEM technology

Fig. 62.5 Monthly hydrogen production by alkaline technology

for the month of April except for alkaline technology with fixed PV modules (tilt =
latitude and tilt = 30.62°) the best month is March.

Figure 62.6 summarizes the annual hydrogen production rate, in kilograms, for
the eight cases. The importance of solar tracking over fixed PVmodules and of PEM
electrolysis over alkaline technology are very clear. Indeed,while the power produced
by PVmodules inclined at 30.62° is 1.03%greater than that produced by PVmodules
inclined at site latitude only 0.36% and 0.11% amount of hydrogen is gained for,
respectively, alkaline and PEM technologies. As for PVmodules with solar tracking,
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Fig. 62.6 Evolution of the annual hydrogen production

while 5.34% of more power is produced by the 2-axis system, 5.38% and 4.7%
amount of hydrogen is gained for, respectively, alkaline and PEM technologies.

62.5 Conclusion

The sustained interest for hydrogen results from its diverse applications, the variety
of processes and sources of its production as well as its importance in the future
energy system, with low conventional resources and 100% renewable energy trend.
Currently, the primary market for hydrogen is industrial applications such as
petroleum refining and fertilizer production. However, it can be used in the transport
field either in electric vehicles based on fuel cells or in internal combustion engines. In
addition, an important integration rate of renewable energies in the electrical network
could be reached through the storage of the excess of these intermittent energies as
hydrogen.

Nowadays, hydrogen is produced mainly using the exhaustible and polluting
hydrocarbons. While the combination of two abundant sources, water and the sun,
allows the production of sustainable hydrogen. Indeed, alkaline or PEM water
electrolysis technologies combined to PV panels produce a green and high purity
hydrogen. Thus, the theoretical study of such a system has shown the advantage of
PEM electrolysis over alkaline electrolysis, mature and available on a large scale, in
term of hydrogen production. In fact, it has been found that PEM water electrolyzer
produces between 20.25 and 25.86% more hydrogen than alkaline electrolyzer, this
is due to higher current densities in PEM electrolyzer. Then, PV-Hydrogen system
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with sun trackers allow between 26.4 and 38.6% more hydrogen production than
fixed PV systems.
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Chapter 63
Wind Power System for Large-Scale
Energy and Hydrogen Production
in Hassi R’mel

Fares Meziane , F. Chellali, K. Mohammedi, Nourdine Kabouche ,
and Ilyes Nouicer

Abstract Wind energy is one of the most competitive renewable energy sources
for providing energy to isolated area where the extension of the national grid is
prohibitively expensive, or fossil fuel supply is difficult. The present work aims to
evaluate the amount of energy and hydrogen produced from wind energy source
over the site of Hassi R’mel, using hourly wind data (speed and direction) stretching
from 2003 to 2017. As well as, estimating the cost of energy and hydrogen for large
wind turbines. To this end, a model of wind-hydrogen system has been developed
under Simulink environment, the main components are, a wind turbine to produce
electricity from wind energy, an electrolyzer unit to produce hydrogen from the
produced electricity by electrolysis technique, and a tank for hydrogen storage. The
study pointed out, that the site of Hassi R’mel has an important wind potential with
mean speed exceeding6m/s, andmore profitable and adapted forwind energy conver-
sion systems installation. The low cost of energy and hydrogen of 0.053 $/kWh, and
25.27 $/kg H2 respectively, is obtained by the Nordex N100 wind turbine at 100 m.

Keywords Wind energy · Hydrogen · Cost · Hassi R’mel

63.1 Introduction

Windenergy is oneof themost available renewable sources inAlgeria [1], particularly
the southern regions with significant wind speed exceeding 6 m/s at 10 m [2].

This important wind potential allows solving global energy problems and
providing energy to its remote locations. Due to the intermittent nature of this energy
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Table 63.1 Geographical coordinates of Hassi R’mel

Site Longitude (°) Latitude (°) Altitude (m) Period

Hassi R’mel 3.28 °E 32.93 °N 764 2003–2017

and mismatch between demand and offer, storing the excess of energy in the form
of hydrogen proves to be a long-term sustainable solution for these remote areas.

However, wind-to-hydrogen based systems constitute an interesting option for
energy and hydrogen production using wind energy [3–6]; it consists of supplying
the excess electrical power produced by wind generator to an electrolyzer to produce
clean and sustainable hydrogen through electrolysis. The cost is a very important task
for energy and hydrogen production and their application for a given region [7, 8];
it allows not only to locate the most promising sites, but also to optimize the choice
of wind energy systems. In Algeria, few studies dealing with the energy, hydrogen
potentialities and feasibility were carried out [9–11]. Some works concerned wind
hydrogen system and power supplying remote areas [12, 13].

The present work aims to evaluate the wind potential and estimate the cost of
energy and hydrogen produced based on Alkaline water electrolysis technology over
the site of Hassi R’mel, using data stretching from 2003 to 2017 provided by the
National Office of Meteorology (NOM), and prospecting the unit cost of energy and
hydrogen using large-scale wind turbines.

63.2 Site Description and Wind Data

The site of Hassi R’mel is situated in the north of Sahara of Algeria, between saharian
and continental climates. Characterized by heavy and storms, it is poorly developed,
and suffer from very poor communication means, and very limited connection to the
national electricity grid. The hourly wind data stretching from 2003 to 2017 provided
by the National Office ofMeteorology were used. Table 63.1 shows the geographical
coordinates of the site of Hassi R’mel and wind data.

63.3 System Description

The wind-hydrogen based system considered in this study is developed under
Simulink environment. The system is mainly composed of a wind turbine (WT), an
Alkaline electrolyzer (EL), and storage system (SS) (Fig. 63.1). It has been assumed
that the power output of the wind turbine is used to provide the electrolyzer for
hydrogen production. The technical data of the two selected wind turbines Nordex
N54, and Nordex N100 with 1000 kW, and 2500 kW rated power respectively are
presented in Table 63.2.
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Fig. 63.1 Schematic
diagram

Table 63.2 Wind turbines
characteristics

Heading level Nordex N54 Nordex N100

Hub height (m) 60 100

Rated power (kW) 1000 2500

Cut-in speed (m/s) 3.5 3

Rated speed (m/s) 14 13

Cut-out speed (m/s) 25 20

Rotor diameter (m) 54 100

Fig. 63.2 Electrolyzer cell
voltage-current density curve

The cut-in speed for both wind turbines are 3 m/s, and 3.5 m/s, and the cut-out
speeds are 25 m/s, and 20 m/s respectively.

The polarization characteristics of the electrolyzer depend mainly on voltage,
current and temperature, the cell current-voltage characteristics for the temperature
of 80 °C is plotted in Fig. 63.2.

63.4 Modeling

The Weibull distribution used to describe the wind speed distribution is defined by
the following equation [13]:

f (V ) =
(
k

V

)(
V

C

)k−1

− exp

[
−

(
V

C

)k
]

(63.1)
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where C is the scale parameter (m/s), k is the shape parameter (dimension-less), and
V the mean wind speed (m/s). If the mean wind speed, and variance are known, the
Weibull parameters c and k can be done as follows:

k =
(

σ

V

)−1.086

(63.2)

where σ is the standard deviation.

C = V

Γ
(
1+ 1

k

) (m/s) (63.3)

where � is the gamma function.
The capacity factor based onWeibull parameters and wind turbine characteristics

can be determined as follow [13]:

CF =
exp

[
−( Vcin

C

)k] − exp
[
−( Vr

C

)k]
( Vr
C

)k − ( Vcin
C

)k − exp
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(
Vout

C

)k
]

(63.4)

Vcin, Vr, Vout are cut-in, rated, and cut-out speed (m/s).
Equation (63.5) gives the yearly energy produced by the wind turbine [13]:

Eprod = CF × Pr × 8760 (MWh/yr) (63.5)

The energy generated by the wind turbine is converted to hydrogen through
electrolysis, the amount of hydrogen mass (MH2) estimated is given as follows [13]:

MH2 = ηel × Eprod

LHVH2
(kgH2/yr) (63.6)

where ηel is the electrolyzer efficiency (%), LHVH2 is the lower heating value of
hydrogen (MJ/kg).

The cost of energy (COE) depends on the yearly energy produced (Eprod), the
operation maintenance and repair costs (Comr), the initial investment cost (IC), the
inflation rate (i) and interest rate (r)whichwere taken to be 15%and12% respectively.

COE = 1

Eprod
×

(
IC + Comr ×

[
1+ i

r − i

]
×

[
1−

(
1+ i

1+ r

)t]

−S ×
(
1+ i

1+ r

)t) (
$/kWh

)
(63.7)

The cost of hydrogen (COH) is calculated based on electrolyzer cost (Celec), wind
turbine cost (Cwt), and the amount of hydrogen produced (MH2), during life time (t)
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as follows:

COH = Celec + Cwt

MH2 × t

(
$/kg

)
(63.8)

63.5 Results and Discussions

Figure 63.3 shows the monthly average wind speed for the location of Hassi R’mel,
it can be seen that the highest speed value is determined as 8.51 m/s inMay, while the
lowest average wind speed of 4.97 m/s occurred in July, with significant shift in wind
speeds exceeding 3.5 m/s. The high wind speeds are recorded during the months of
March, April, and May. The annual average wind speed is 6.37 m/s at 10 m.

The evolution of the annual average wind speed for hub heights ranging from 10
to 100 m is shown in Fig. 63.4. We can notice that the rate of increasing is significant
between 100 and 10 m with a difference of 3.96 m/s.

Table 63.3 shows the capacity factor, the energy and hydrogen produced for
both used wind turbines (Nordex N54, and Nordex N100). The analysis shows
that, the energy produced by Nordex N54 at 60 m, and Nordex N100 at 100 m
are 2771.5 MWh/yr, and 9128.1 MWh/yr respectively. Besides, it is found that the
amounts of hydrogen produced by Nordex N54 at 60 m, and Nordex N100 at 100 m
are 34.893 tH2/yr, and 114.92 tH2/yr respectively. In term of production, at 100m, the
Nordex N100 wind turbine produces more than three times the quantities of energy
and hydrogen produced by the Nordex N54 at 60 m.

Table 63.4 depicted the cost of energy and hydrogen produced by the used wind
turbines.

In term of cost, the low cost of energy and hydrogen are occurred by the N100
wind turbine at 100 m, with 0.0533 $/kWh and 25.27 $/kg respectively.

Fig. 63.3 Monthly wind
speed at 10 m
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Fig. 63.4 Wind speed
evolution with heights

Table 63.3 Energy and
hydrogen production

Heading level Nordex N54 Nordex N100

Hub height (m) 60 100

Capacity factor CF 31.0 41.6

Energy production (MWh/yr) 2771.5 9128.1

Hydrogen production (tH2/yr) 34.893 114.92

Table 63.4 Cost of energy
and hydrogen

Heading level Nordex N54 Nordex N100

Hub height (m) 60 100

Energy cost ($/kWh) 0.0702 0.0533

Hydrogen production ($/kg H2) 33.21 25.27

63.6 Conclusion

This study relates to large-scale energy and hydrogen production using wind energy,
it can be considered as preliminary results to estimate the amount of energy and
hydrogen that can be generated from wind energy in the site of Hassi R’mel. The
economic aspect in terms of unit cost of energy and hydrogen had prospected for both
selected turbines. The yearly energy produced was 2771.5MWh/yr, 9128.1 MWh/yr
for Nordex N54 and Nordex N100 respectively. Besides, the amount of hydrogen
produced by N54 and N100 wind turbines was 34.893 tons/yr and 114.92 tons/yr
respectively. The study pointed out that the large-scale range wind turbine N100 is
more suitable for energy and hydrogen production in the region of Hassi R’mel with
low costs.
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Chapter 64
Analysis and Design of PEM Fuel
Cell/Photovoltaic System to Supply
a Traffic Light Signals in Ouargla City
Based on Field Experience

Abdelmoumen Gougui, Ahmed Djafour, Taha Hamidatou,
S. Eddine Khennour, and Mohammed Bilal Danoune

Abstract This paper seeks to address an application using a small PEM fuel cell
system (Heliocentris FC50), this one uses a solar hydrogen fuel in order to power a
known electric load, hence, a series of experiments have been conducted in LAGE
Laboratory at Ouargla University, that the effect of operating temperature on (I-
V) fuel cell characteristics have been investigated, another tests were conducted to
determine the relation between the hydrogen input flow and the available output
power from the fuel cell, hence the photovoltaic-hydrogen system components are
properly sized in order to fulfil the daily cycle energy needs, a computer program
also has been developed to size system components in order to match the load of the
site in the most effective way. Consequently, one scenario configuration is proposed,
which covered the right balance and no power supply interruption to the proposed
load.

Keywords Solar energy · Photovoltaic · Fuel cell · Solar hydrogen · Design ·
Scenario

64.1 Introduction

Environmental eco-systemconcerns dominate theworld today, especiallywith global
problems like ozone layer expansion. Therefore, experts are trying to solve these
issues in different ways, among their contributions is directed toward curtailing the
use of fossil fuels, and replacing them with alternative sources [1], the photovoltaic
is being considered as a promising technology, on the one hand, solar energy is the
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most non-conventional energy source gaining interest throughout the world cities,
however, one of the PV system’s disadvantage is the unexpected fluctuation of yield
electric power owing to the unstable solar radiation and surface temperature [2] for
this reason, it is worthwhile to asylum the hybridization of multiple sources in order
to improve system efficiency and the accuracy of the supply [3].

The traffic road signals are a promising method for facilitating road comfort and
human being security, unfortunately, in most cases, they are supplied by the utility
grid, this one is unpredictable repeated power failure, which arises due to lack of
fossil fuel at generation stations [4], in spite of, the traffic light system is considered
to be one of the most critical applications that can solve the congestion problems of
the streets. In this regard, the photovoltaic system is one of the optimum solutions for
these systems, but there are still two principal hurdles to the use of PV systems: the
high installation cost and the low energy conversion efficiency. Omran et al. [4], the
objective of this paper is to promote the use of hybrid system, that the key components
include a PV modules as a primary source, while the fuel cell, the electrolyzer, and
hydrogen tanks are used as a backup and a long-term storage system, that most of
these above-mentioned components are probably sized. Meanwhile, an experimental
studies have been carried out to verify the electrical power output of PEM fuel cell
according to V–I curve, in line with this another experimental results such as the (I,
H2) and (P, I) characteristics when the fuel cell supplies the traffic light signal panel.

64.2 System Description

The test bench is mainly constituted by a PEM fuel cell (FC50), which contains a
10 single cells lumped together, the produced hydrogen stored in a metal hydride
canister with 225Nl at 10 bar type OvonicTM, a low-pressure regulator valve placed
between the fuel cell and the storage bottle in order to maintain replenishes hydrogen
adapted for fuel cell stack.

64.2.1 Conducted Tests

Two-fold tests have been conducted, firstly, the fuel cell was extensively tested at
variousworking temperatures, that the current-voltage characteristics at each temper-
ature were determined, the second fold of experiments is consisted of powering one
traffic light signals module by the 50W PEM fuel cell via a DC-DC converter, hence
one lighting cycle has been identified, furthermore, the rated hydrogen flow adequate
to feed the traffic light equipment have been determinate through (Figs. 64.1 and 64.2)
which obtain during supplying a variable DC load.
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Fig. 64.1 (Q-I) Graph of a
fuel cell

Fig. 64.2 (P-I)
Characteristics of the fuel
cell
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64.2.2 The Considered Powered System

In this section, we consider a crossroad of two two-way streets, there are four lanes
on each corner of this intersection there is a traffic light module, for each module,
there are three subsequent phases, green, amber, and red colour.

The average cycle load for one traffic light module was obtained from the study
conducted at LAGE Laboratory, as shown in Fig. 64.3. The generation and load are
assumed to keep constant in each cycle interval, further the switching time sequence
and consumption power of each traffic colour illustrated below:

TAmber = 3 s with P = 2.3 W. TRed = 18 s with P = 2.5 W. TRed-Amber = 3 s with P
= 6.5 W. TGreen = 18 s with P = 1.2 W. Thus, the total rated cycle time about 42 s
and the average power cycle is 2.22 W.
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Fig. 64.3 Load profile
during two cycles period

64.3 Experimental Results and Discussion

Oneof the experiment goals is to assess the influence of the fuel cell stack temperature
on the polarization behavior (Fig. 64.4), from the illustrated curves we can see that,
the trends show a similar behavior variations of (I-V) characteristics, along with the
sharp break of the polarization curves are similar form in the whole temperature
range investigated (39–26 °C). In particular, the polarization curve at 39 °C shows a
high open-circuit voltage with 8.8 V, this result was expected, that the activation of
the reactions is facilitated at higher temperatures, in turn, the sudden voltage drop is
mainly due to a low ionic conductivity of the membrane [5].

The second experimental goal is to determinate the electrochemical relationship
between the current consumption from the load and the input hydrogen flow to the
fuel cell through Figs. 64.1 and 64.2, that the FC stack consumes hydrogen according
to the power demand with linear relation as presented in Fig. 64.1 like mentioned by
[6].

Fig. 64.4 Experimental
polarization curves point for
PEMFC stack at different
temperatures
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64.3.1 Sizing of Experimental System

An individual traffic light signal module is tested in real-life conditions at LAGE
Laboratory, which the load cycle power based on field measurement, that the load
average power is 2.22W, which represents a daily energy consumption of 53.28Wh,
that high frequencies cycles above 2057 cycles/day.

64.4 Process Scenario Configuration of the Studied System

During the morning time, the solar panels feed-in priority the required load and the
rest of the energy would be adapted to charge the batteries, when these batteries
are not be fully charged hence the SOCb < SOCMax. In the other situation, when
energy produced by PV source is smaller than the load demand, the batteries would
support the principal power source by supplying the power lack to the load, the link
between the PV panels and above-cited elements are ensured with a bi-directional
converter type PR2020 based on PWM strategies, in this analysis, the electrolyser
was turned on to begin producing hydrogen, which is delivered to the hydrogen
storage tanks thereby, the storage tanksmagnitude are calculated, the calculation was
done for a longer period of hydrogen production, hence the electrolyser operating
in the extra operation hours after sunset, obviously, in order to size the installation
appropriately, the amount of hydrogen produced by the electrolyzer must be equal
to or greater than the daily amount of hydrogen used by the fuel cell, whilst, in the
night time, the FC50 fuel cell will operates automatically to supply the traffic light
devices with necessary power, that it consumes the hydrogen produced by the PEM
electrolyser, that the evaluation of hydrogen amount according to experimental results
which are represented in Figs. 64.1 and 64.2. A self-designed DC-DC converter
was interconnected between the PEM fuel cell system and the load, however, in the
typical autonomy days, the batteries are supplied the traffic light signals and the PEM
electrolyser, in turn in the night time, the fuel cell will assume a reliable electricity
supply to feed the proposed load.

64.4.1 Sizing Process Calculation

The total amount of electrical energy consumption from the PEM electrolyser and
the four traffic modules during a day, which is calculated by the following equation:

EC = T (ele) ∗ C(ele) + T (ts) ∗ C(ts) (64.1)

T(ele) the operation hours of the electrolyser with 8.9 h.
C(ele) the PEM electrolyser rated power consumption.
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C(ts) the power consumption of traffic light signals, which is 8.7W for each panel.
T(ts) the operation hours of the light signals in 24 h.

The generator required power (PG) in kW can express followed [8]:

pG = Ec

Hd ∗ K
(64.2)

With,

Ec is the energy consumed per day (kWh/day).
Hd is the average daily sunshine hours in our case equal to 8.9 h/day [7].
K Correction coefficient for systems with batteries. The value used in our

calculations is equal to 0.68 [8].

The required number of modules NT is calculated as follow:

NT = PG
Pumodule

(64.3)

With, Pumodule: the unit power of the module, it can be expressed as:

Pumodule = Es ∗ S ∗ η

DdAV
(64.4)

Es the annual average value of solar energy, in our situation Es = 5880 Wh/m2

day.
DdAV average day duration (hours). In our case, DdAV = 8.9 h/day [7].
S module surface (m2) and η module efficiency, we choose photovoltaic

module A120 (mono-crystalline), the technical specification of this module
mentioned in [9].

The storage capacity in C20 that is necessary is calculated by [10]:

C20 = Ec/day ∗ DAut

RT ∗ Pd ∗ V
(64.5)

With,

RT temperature reduction coefficient (%).
Pd Maximum authorized depth of discharge (%).
V Working voltage (V).

We choose Banner C20-963.51 battery of 12 V, 180 Ah in C20 with RT = 0.9 and
Pd = 0.8 [11].

In this case during the night, the fuel cell net power of 40 W and considering
auxiliary systems consuming 17% of this power, which meet the need energy for
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Table 64.1 System sizing
results

Parameters Resultants

The consumption EC/day [Wh/d] 1284

Generator power PG [W] 94

Number of module 1

Module surface [m2] 1.46

Storage battery capacity in C20 342.6

Number of battery branches 2

Number of battery in series 1

Hydrogen generator number 1

Fuel cell 50 PEM number 1

Hydrogen tank [l] 64.52

the operation of the system. In view of the experimental data, the fuel cell generates
a current of 1.8 A with 8.9 W to feed the fourth traffic signal panels according to
Fig. 64.3 in this case, the fuel cell consumes 110 ml/min, thus 6.6 l/h according
to the trends Fig. 64.3, from these values, the choice of the hydrogen tank, it was
considered four bottles of 20Nl type MH-20 tank [12], the second load device is the
electrolyser chosen, this one type 1000 PEM electrolyser, its lifetime assumed to be
20 years according to the manufacturing data [13].

64.4.2 System Sizing Results

The sizing results are calculated from the mathematical program developed in
MATLAB environments are shown in Table 64.1.

64.5 Conclusion

In this work, we have presented a design of photovoltaic-hydrogen-powered four
traffic light signal, this design followed by a number of experiments conducted on
a PEM fuel cell FC50, a configuration mode is recommended to supply of whole
proposed system, wherever satisfy the required power demand at all time throughout
the day, in such away the proposed sizing systembasedonbothMATLABsimulation,
and also laboratory field tests, the PV system represents the smallest surface of
1.46 m2 for only one street intersection. As experimental results, the polarization
curves of the fuel cell at various operating temperatures highlighted that the PEM
fuel cell performance was improved with increasing operating temperature from 26
to 39 °C, another finding from these results is that the FC stack consumes hydrogen
according to the power demand with a proportional relationship, in view of close to
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reality, the proposed configuration requires a switching algorithm control, which is
the principal advantage to manage energy in hybrid power systems, for this a future
work will focus on this sector.
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Chapter 65
Assessment of Hydrogen Production
from Geothermal Thermoelectric
Generator

M. M. Hadjiat , S. Ouali , K. Salhi, A. Ait Ouali ,
and E. H. Kuzgunkaya

Abstract In this paper, a novel system for hydrogen production is presented.
Usually, an Organic Rankine Cycle (ORC) machine driven by geothermal energy
is used to produce electric energy and then hydrogen. This method is efficient for
high geothermal enthalpy only. In our system, we use thermoelectric generators TEG
instead of ORC machine. For low geothermal temperature resources, (temperature
below 100 °C), the thermoelectric generator TEG can provide electricity with a low
heat source temperature, it has no moving parts, and is compact, quiet, highly reli-
able and environmentally friendly as it has no greenhouse gas emissions. Therefore,
the system can operate over an extended period with minimal maintenance. This
new model of electric generator allows us to configure the voltage and the current
according to the type of electrolyze by using some TEG connected in parallel and in
series. For this study, we used the thermoelectric module TEC1-12706. The simula-
tion of the system show that the production of hydrogen depend of the temperature
difference between hot side and cold side of the thermoelectric module. As example,
the result show that for �T = 40 °C, produced hydrogen is 0.02 m3/h.

Keywords Thermoelectric generator · Geothermal · Seebeck effect · Energy
efficiency

65.1 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. It is therefore urgent to find alternative energies. Several solutions
exist and each solution has its advantages and disadvantages. Hydrogen represents a
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promising energetic vector if it is produced by renewable energy. In fact, the produc-
tion of hydrogen by electrolysis of water using geothermal energy is a non-polluting
and environmentally friendly process, this method has many advantages. Indeed,
geothermal energy is provided in the form of heat constantly and durably. This energy
is converted by ORC machine into electricity and then hydrogen. The hydrogen can
be stored and transported easily, and this is a huge advantage of this process. The
production of hydrogen by geothermal energy has been widely discussed among
researcher in the word. Ouali et al. [1] propose to produce hydrogen from hydrogen
sulfide in geothermal area. It is a cost-effective process because it need low energy
than production hydrogen by electrolysis. Balta et al. [2] analyzed high-temperature
electrolysis process where geothermal water is used as the heat source. The same
group [3] investigated various options for geothermal-based hydrogen production
systems and their technical, operational and efficiency aspects. Kanoglu et al. [4]
developed four models for hydrogen production by geothermal energy and analyzed
these models thermodynamically. Yilmaz et al. [5] considered seven models for
hydrogen production and liquefaction by geothermal energy, and their thermody-
namic and simple economic analyses were performed. It is estimated that the cost
of hydrogen production and liquefaction ranges between 0.979 and 2.615 $/kg H2

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 efficient for high enthalpy geothermic. In Algeria, the geothermal energy
can be considered as low enthalpy, the temperature of the most of hot spring is situ-
ated in the range of 30 and 70 °C. Therefore, all system based on ORCmachine is not
cost effective. Holdmann [6] reported ORC in ChenaHot Spring, Alaska, geothermal
heat sources with temperatures 73 °C, can produce a capacity of 210 kW and an effi-
ciency of 8.2%, however, water cooling fluid temperature is 4.4 °C during all the
year and this, water cooling temperature at 4 °C in Algeria is not available. In this
paper, we propose a new model based on Thermoelectric Generator TEG to produce
hydrogen from geothermal energy at low enthalpy. Thermoelectric devices possess
various advantages compared to other power-generation systems. TEGs are branded
attractive power-generation systems, because they are silent solid-state devices with
no moving parts, environmental friendly, scalable from small to giant heat sources,
and highly reliable. They also have extended lifetime and ability to utilize low-grade
thermal energy to generate electrical energy [7].

65.2 Description of the System

In this study, a thermoelectric module is considered as power generator for hydrogen
production by electrolysis. Figure 65.1 show the schema of the system. The
geothermal water is used as the heat source of the TEG hot side, the cold side is
cooled by cold water. Another part of geothermal water go to heat exchanger to heat
electrolysis water. The generated electric power is used to produce hydrogen with
PEM water electrolysis. The used thermoelectric module is TEC1-12706.
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Fig. 65.1 Schema of the hydrogen production system

65.3 Description of Thermoelectric Modules

Typical TE modules (also named Seebeck cells) are composed by a set of semi-
conductor components formed from two different materials. As shown in Fig. 65.2,
these components are connected thermally in parallel and electrically in series. Two
ceramic plates are stuck on each side for electrical insulation. The voltage is created
in the TE module when a difference of temperature appear between cold side and
hot side of the TE. The thermoelectric modules used in this work is TEC1-12706.
Table 65.1 shows the specifications of the thermoelectric module used in this study.

The behavior of a thermoelectric couple is determined by three essential parame-
ters:K the thermal resistance,R the electrical resistance andα theSeebeck coefficient.

Fig. 65.2 Cross section of TE module

Table 65.1 Specifications of TEC1-12706

Type N Imax (A) Vmax (V) Qmax (W) �T (K)

TEC1-12706 127 6 15.2 56.5 68
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Knowing that in a module there is N pair and assuming that all couples are the same,
the parameters of a Peltier module are [8]:

αm = αN (65.1)

Rm = RN (65.2)

Km = K N (65.3)

However, these coefficients can be calculated using parameters Vmax, Imax and
�Tmax, which are given by the manufacturer in Table 65.1.

αm = Vmax

Th
(65.4)

Rm = Vmax (Th − �Tmax )

ImaxTh
(65.5)

1

Km
= �Tmax

ImaxVmax

2Th
(Th − �Tmax )

(65.6)

TEG is characterized by numerous performance expressions, including heat
absorbed on the hot side, heat rejected on the cold side, power output, voltage induced
and current flowing in electrical circuit with load resistor. Expressions of heat flow
through the hot and cold junctions for N semiconductor thermocouples can therefore
be expressed as follows:

Qc = αm I Tc + 1

2
Rm I

2 + Km(Th − Tc) (65.7)

Qh = αm I Th − 1

2
Rm I

2 + Km(Th − Tc) (65.8)

For our research, we evaluate the current I (A) and voltage V (V) of the used TE
module experimentally, to supply heat energy to the hot side of TE module, electric
heater of 150 W is used. An aluminum heat sink fins was mounted on the cold side
of the modules. Temperature measurements were made with type K thermocouple.
The current and tension were recorded by using an EXTECH EX542 data logger.
Whereas the temperature were recoded with an EXTECH SDL200 data logger. The
power generated can be expressed as follows:

P = V I (65.9)
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65.4 Result and Discussion

Figures 65.3 and 65.4 show the variation of the voltage and the current characteristics
of the used TE module respectively as a function of the temperature difference
(�T). Thus, we can verify that the voltage and current increase when the difference
between the hot and cold side of the TE module increase [9]. To produce hydrogen
by electrolysis, its requires a voltage greater than or equal to 1.8 V and a current
greater than 6 A, this is possible if we use several modules. If one TE module at
�T generate a tension V and current I, then for a system of N modules connected
in parallel, the tension remain equal to V and current is equal to N × I. and for N
modules connected in series, the tension is equal to N × V and the current remain
equal to I.

Figure 65.5 show 2N module connected in series and parallel. As shown in
Figs. 65.3 and 65.4 one module TEC1-12706 at �T equal to 30 °C can produce

Fig. 65.3 Voltage of TE
module

Fig. 65.4 Current of TE
module
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Fig. 65.5 Schema of 2 × N
modules connected in series
and parallel

tension V = 1.4 V and current I = 0.4 A. Then, according to Fig. 65.5, for a system
of 60 (N = 30) modules the tension produced is 2.8 V and current is 12 A as shown
in Fig. 65.6a, b.

Yilmaz and Kanoglu [10] reported that under realistic operating conditions,
3810 kWpower could be produced in a binary geothermal power plant. The produced
power used for the electrolysis process canproducedhydrogen at a rate of 0.0340kg/s.
based on this result and according to the power generated by our system as shown in
Fig. 65.6c, we had determine the produced hydrogen as function of�T and presented
in Fig. 65.6d.

Fig. 65.6 TEGcharacteristicswithN=30.aVoltage,b current, c power and d hydrogen production
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65.5 Conclusion

A hydrogen production system has been developed for the production of hydrogen
by electrolysis of water powered by geothermal energy. For a simple and low cost
application, commercially available modules have been tested. The performance of
energy conversion of Bismuth Telluride TE modules has been evaluated experimen-
tally. The results show that when the temperature difference between hot side and
cold side of the TE module increase, the production of hydrogen increase also. The
system provides a viable option for renewable energy powered hydrogen production.
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