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SUMMARY
|. INTRODUCTION

Total energy consumption grows every year, and more than 80 % of the total energy demand is
still cover by fossil fuels such as dpail and natural gas. This dependence has important
economic and environmental implications. From an economic point of view, it is noteworthy that
the production is located in certain areas of the world which results in volatile and high prices
governedby political factors. In addition, due to the absence of other viable alternatives, the
depletion of oil reserves will result in a progressive rise of the prices that will change the overall
economic development. On the environmental side, the combustioa fossil fuels is the main

cause of the greenhouse gases emissions) (€&9ponsible for the global warming effect to our
planet!

These problems make the situation unsustainable in the medium term, so they have motivated the
research of other alteatives and energy sources. Among the different possibilities, hydrogen has
been proposed for decades as a very promising energy carrier for a future low carbon energy
economy. Nowadays, there are many different ways to obtain hydrogen, but most of tmem do
release the world form the fossil fuel dependénireaddition, those systems require a carbon
sequestration to purify the obtained hydrogen, so it is evident that a massive use of hydrogen is
reasonable only if renewable energy sources are useidsf@roduction, although current

renewable energpased hydrogen production methods are expensive and underdeveloped.

Among all the possible renewable hydrogen production processes, direct splitting of water using

concentrated solar energytie cleaneshe most direct method to obtain it (R1).
0600 -0 (R1)

From a practicapoint of view thisprocess is hindered lblge high tempetaresrequired(> 4000

°C)* asmodern solar concentrating systems only temperataeeharound 2700C°. There are

also other problems associated to this technglsggh as the huge radiation losses which are
proportional to the fourth power of abs@utemperature, and the need to separate the hydrogen

and the oxygen to avoid explosive mixtures at lower temperatures. For those reasons, water

1 BP, BP Statistical Reviewf World EnergyBP Statistical Review of World Energg2016).

2 M. Roeb, N. Monnerie, A. Houaijia, D. Thomey and C. Satiénapter 4 Solar Thermal Water SplittindRenewable Hydrogen
TechnologiegElsevier, 2013) .

% P. Nikolaidis and A. Poullikkag) ComparativeDverview ¢ Hydrogen Production Process&enewable and Sustainabinergy
Reviews67 (2017), 59i7611.

4 C. Perkins and AW. Weimer, Likely neafTerm SolasThermal Water Splitting Technologidsternational Journal of Hydrogen
Energy 2915 (2004), 158i71599.

5 L. Xiao, S. Ying Wu and Y. Rong LiAdvances in Solar Hydrogen Productiora Viwo Step WateiSplitting Thermochemical
CyclesBased on Metal Redox ReactipRenewable Energyl (2012), 112.
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splitting by solardriven thermochemical cycles represents a promising technology to solve all

these problems.

Thermochemical cycldsave aset result the dissociation of water (Rdlthough througla serie

of two or more endoand exothermic reactions with lower temperature requirefmérisre are

a huge number of cycles reported in the literdfimet among &lof them, the metal oxides cycles

of 2 or 3 steps have been the most attractive oneleiog coupkd with concentrated solar
thermal enerdy It has been demonstrated that thermochemical cycles based on more than two
steps require lower operational teengture$ So, here are many-8teps thermochemical cycles
reported in literatuf® but MnOs/MnO cycle, which was proposed by Sturzenegger and Nuiesch
in 1999, is the most studied dheThis cycle consists of three steps (reactiondRRRin which

the MnOsz is reduced to MnQthat can react with NaOH, releasing &hd producing NaMn©

The final stegs the regeneration of the initial oxide and the recpwd#rthe NaOH to close the

cycle.
DELVL ©O¢bel -0 xpomm (R2)
C0ED qUOWO OO WOE OXx @m3t (R3)
0O0E ™O0°-0&80 OUOOO @mms (R4)

The reduction reactiofR2) occurs through twaonsecutivereactions, being the M@; first
reduced to MgO, at 800°C, and then reduced to MnO at 16802, which difficulties the
chemistry of the process. In addition, although the required reduction temperature is lower than
the ones needed by other materials reported in literature, this temperature is still mgicand
higher tharthe one required by the oxidation react{6@0°C) which limits theexergyefficiency

of the procesd. Based on thisndthe difficulties associated to working with NaOH (corrosion
problems and recowenof the materials)the researchetsave diverted their attentiadowards2-

steps thermochemical cycléBhese cyclesnvolve a first reaction in which the metal oxide is

6 C. Agrafiotis, M. Roeb and GSattler, A Review on Solar Thermal Syngas Production via RedoyBBa&d Water/carbon Dioxide
Splitting Thermochemical CycleRenewable and Sustainable Energy Revid&g2015), 25#285.

"R. FernandeBaavedra, Revision Bibliograh Sobre La Produccion de Hidrégeno Madiante Ciclos Termoquimicdsformes
Técnicos Clemaf2007), 1i 16.

8 C. Sattler and MRoeb, Thermochemical CycleReference Module in Chemistry, Molecular Sciences and Chemical Engineering,
Encyclopedia of Electrochemical Power Sour¢2809), 384393.

® P. Charvin, S. Abanades, F. Lemont and G. Flandydrogen Production by Thregtep Solar Thermochemical Cycles Using
Hydroxides and Metal Oxide Systenpfnergy and Fuel215 (2007), 29192928.

10p, Charvin, S. Abanades, E. Beche, F. Lemont, G. FlarHgdtogen Production from Mixed Cerium Oxides via Th8eep Water
Splitting CyclesSolid State lonigsl80;14i 16 (2009), 100B1010.

11 M. Sturzenegger and Riiesch, Efficiency Analysis for a Mangane®gideBa s ed Ther mo cEnegyR4dh(1999Gy cl e o
959 970.

12N. R. Rhodes, M. M. Bobek, K. M. Allen, D. W. HaHnyestigation of Long Term Reactive Stability of Ceria for Use in Solar
Thermochemical Cyclegnergy 89 (2015), 924931.

BF. Shenouda and S. ixzEquilibria and Hysteresis in theg&em MnO;-Mn30,4-0,, Journal of Applied Chemistnl7 (1967), 258

262.
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reduced at high temperature releasing oxygen and a second step in which the reduced metal oxide

reacts with water to forni,, regenerating the initial matert&t®>. ZnO/Zn, Sh@SnO and
FesO4/FeO are examples of redox systems which have been widely studied in the Iitéfattte

However, despite their simplicity, the temperatures requirement for the reduction stepyare ve

high (16302270°C), so the researchers have focused their attention to decrease the temperature

of the reduction step\s an alternative, nestoichiometric oxides have been proposed as potential
materials for solar thermal hydrogen production at loweerational temperatures. The
advantageous properties of these-stmichiometric oxides are the large degree of reduction at
moderate temperaturesfast oxidation and reduction kinetics, favourable oxidation
thermodynamics and stability at high temper@dd. In this context, perovskites oxides have been

recently proposed as potential materials for this putfose

The redox properties of perovskitémsed on their particular structuhsve been demonstrated

in multiple applications such as solid fuells® or as heterogeneous catatysPerovskites are
oxides with ABQor A:BO, type structure (A: large cation such as La; B: smaller cation, such as
Fe, Mn, Co)that allows the introduction of different metal ions into its structural framework.
Moreover,t he cati on at both A and B site could
without destroying the matrix, allowing the creation of oxygen vacancies or the controlled

alteration of the oxidation state of cations in order to keep the electrorstateaFigure 1),

14 A, Steinfeld, Solar Thermochemical Production of Hydrog&rReview, Solar Energy785 (2005),603 615.

15D. Yadav and R. Banerjee, A Review of Solar Thermochemical ProcBesesyale and Sustainable Energy Revie®s (2016).

16 M. Roeb, M. Neises, N. Monnerig,F. Call, H. Simon, C. Sattler, M. SchmiiBkePitzPaal MaterialsRelated Aspects of
Thermochemical Water and Carbon Dioxide Splitting: A Revidaterials, 5,11 (2012), 20162054.

17S. B. Han,T. B. Kang,0. S. Joo,K. D. Jung, Water Splitting for Hydrogen Production with F&wimsEnergy81,5 (2007), 623

628.

18p, Furler, J. Scheffe, M. Gorbar, L. Moes, U. Vogt, A. Steinfétdar Thermochemical GGplitting Utilizing a Reticlated Porous
Ceria RedoxSystem Energy and Fuel26,11 (2012), 705017059.

1% J. R Scheffe, D. Weibel and A. SteinfeldanthanuriiStrontiuni Manganese Perovskites as Redox Materials for Solar
Thermochemicabplitting of HO and CQ, Energy & Fuels278 (2013), 42504257.

23, p. JiangPevelopment of Lanthanum Strontium Manganite Perovskite Cathode Materials of Solid Oxide Fuel Cells: A Review
Journal of Materials Scien¢d3,21 2008, 67996833

21J.Zhu and AThomas, Perovskit&ype Mixed Oxides as Catalytic Material for NO Remoxadplied Catalysis B: Environmental
923i 4 (2009), 225233.

be
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R S— o O
) A cati
) . . cation
o 0 e
e o8 . cation
o k. B cation
‘ . ‘.D. . a Oxygen vaccancy
() [

Figurel. Substituted perovskisapdsb)BRRAAOES type a)

A thermochemical cycléor a perovskite type materiabuld be proposed as follows, fissthe
perovskite is thermally reduced releasing oxygen (R5) and then the reduced perovskite react with
water to produce hydrogen and regenerate the initial material (R6).

& badl 08 BB Y (R5)
LB o q d( /9! tedl o d( (R6)

On the other hand, it is remarkable that ceria and doped ceria are thichiometricoxides

that have been widely investigated as materials for solar hydrogen prod@zionmaterial
requires a temperature of 208D to be reduced to @&; and it is difficult to achieve such a high
temperature using the current solar technology. Howeesia can be partially reduced at high
temperature’$ with very fastkinetics®, following a nonstoichiometric reduction step at lower
operational temperatures (R7). During the oxidation step (R8) the Ca® reacts with water at
temperatures lower than 1080. In addition, the presence of different rginichiometric states

(U) during the reaction, leads to the formation of oxygen vacancies that improve the mobility of

oxygen atoms through the material.
6 QP 6 Q0 -0 (R7)

6Q0 1060 8Q0 10 (R8)

223, Abanades and G. Flamant, Thermochemical Hydrogen Production from &t&w&olaiDriven WaterSplitting Cycle Based
on Cer i u8olaDEnergy80sld (2006), 1611623.

Z B. Bulfin, A. J. Lowe, K. A: Keogh, B. E. Murphy, O. Liubben, S. A. Krasnikov and I. V. Shvets, Analytical Mbd@#Q
Oxidation and Reductiodpurnal of Physical Chemistry,@17,46 (2013), 241224137.
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In these redox cycles, the fluorisgructure of the ceria phase maintains its structure in a wide
range of oxygen stoichiometrti() maki ng it a stabl et materi al

In spite of the advantages presented by thestaichiometric ceria, the temperaturequiredfor

the eduction step and the low hydrogen production aretk#limostserious drawback Thus,

the researchers have shifted their attention tedbfeed ceria materials in order to decrease the
reduction temperature to a value lower than 180@nd to improvehe hydrogen production

during the oxidation stép

It is well known that the redox properties of Ge¢an be modified by replacing some of the
cerium cations in the fluorite type structure with other metals. Particularly, it has been reported
that the adition of ions (Mé&*) that have the same valence but lower ionic radius than ceria, such
as Zf*, can improve the reducibilit§?’. Consequently, it should increase the overall efficiency

of the thermochemical cycle, since the reduction of 48@n energyntensive stef. In case of
doping withmetals ions with valences lower than that of th& @ms, such in the case of Fe, Mn

or Co, the Medoped ceria material will form a number of lattice defects as oxygen vacancies in
order to keep the electro neuiralof the material. The presence of these defects enhances the
release of oxygen from the cerium oxide during the reduction step, which could contribute to
increase the production of hydrogen during the oxidation step in comparison to that of the un
dopedcerig*.

Based on the aboythe mains objectives of this work are:

1. To studythe applicationof Mn and Co spinels (MnCoQOs) redox cycle for water
splitting, evaluating the required temperatures for the reduction and oxidation steps, their
viability for hydrogen production and tiheyclability.

2. To evaluate the hydrogen production by water splitting using different perovskite
materials(LaixSrMeOs ) as thermal redox materials. The selected perovskites have
different proportion of strontium, thus allavg evaluating the influence of the dopant in
the operational conditions of the cycle. In addition, the materials have different metal in

position B (Mn, Fe and Co), which allows evaluating the influence of this metal in the

2 N. Gokon, T. Suda and T. Kodama, Thermochemical Reactivitylsf ®Mol% Fe,Co, Ni, Mn-Doped Cerium Oxides in TwBtep
WaterSplitting Cycle for Solar Hydrogen Productidfhermochimica Acte617 (2015), 179190.

% Q. L. Meng, C. I Lee, T. Ishihara, H. Kaneko and Y. TamauraReactivity of-Ba§ed Ceramics for Solar Hydrogen Production
via a TwaStep WateiSplitting Cycle with Concentrated Solar Energyyternational Journal of Hyrbgen Energy 36,21 (2011),
13435 13441.

% A, Le Gal and S. Abanades, Catalytic Investigation of C&irieonia Solid Solutions for Solar Hydrogen Productimernational
Journal of Hydrogen Energy6,8 (2011), 47391748.

27 A. Le Gal and S. Abanades, Dopamtorporation in Ceria for Enhanced Wagyplitting Activity during Solar Thermochemical
Hydrogen Generatiodournal of Physical Chemistry,2012), 1361613523.

2Y, Hao, C. K. Yang and S. M. Haile, CeiZirconia Solid Solutions (G&ZrO2y, x<0.2) for Solar fiermochemical Water

Splitting: A Thermodynamic Stud¥;hemistry of Materials26,20 (2014), 607%5082.

or



u Universidad Rey Juan Carlos Summary

requiredtemperaturéor the reluction ste@ndin the amount of produced hydrogen. The

cyclability behaviour is alsevaluated.

3. To evaluate the hydrogen production and the cyclability behaviour of ceria doped
materialspreparedwvith 10 % mol and 50 % mol of Me (Me = Fe, Co, Mn and Zwo
different synthesis methods were selected in order to evaluate the influence in the

obtained materials and the final respfiysical mixture and eprecipitation

4. To analyse the solar to fuel efficiency and the exergy efficiency of the studiedscycle
(Mn3xCo,04 spinel, LaxSrkMeOsq sperovskites and GgMeOy) as compared to other

thermochemical cycles commonly reported in the literature.

Funding for this research wasovidedby Madrid Regional Government through the project
6Storage an donCentrate® o Is @ 0 n E CEONES §2013/MAE2985).

. METHODOLOGY

[1.1 Equilibrium calculations

In a first approach, theoretical determination of the required temperatures for each staption
of the cyclswere performed by calculation of the corresponding Gibbs free eneYiies ¥ O

was determined from the standard enthalpies and entropies of form¥&@omifdY"Y) and the

temperature dependence of the specific heat'f) according to the following equatidiis

YO YO WY (1)
yo YO _ Yo "YQ'Y 2)
yY YY | —YQ'Y (3)
YO B , Yo B ., YO (4)
YY B ., YY B A (5)
Y6 Y B ., 6 Y B ., 6y (6)
0 Y 0 6 pm’Y 6 pmwY O pmyY @

where , represents the stoichiometric coefficients according to risections of the

thermochemical cyclédeing, > 0 for the products and < O for the reactant€oefficients for

29 J. Marugan, J. A. Botas, R. Molina, C. Herradon, Study of the First Step of @/MnO Thermochemical Cycle for Solar
Hydrogen Productiorinternational Journal of Hydrogenrtergy, 37,24 (2011), 7017025
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the temperature dependence equation of specific heat at constant piegsamd (alues for the
standard enthalpies of foation (/'O ), standard entropies of formatio¥'y ), and the derived
standard Gibbs energies of formatiofi@) of Mn-Co oxides (mixed oxide was assumed) were
obtained from théHSC Chemistry 6.0 software from ©Outotec Research T data for the

mixed Mn-Co oxides were determined using the NeurAdopp Rule (NKR) for mixed oxides,

following the procedure for complex mixed oxides described elsethere

Equilibrium compositions as a function of the temperature have been calculatedinigllo
standard thermodynamic methods. Equilibrium constaity ¢f the reactions at constant
pressure as a function of temperature were calculated from the values of Gibbs energy of the
reactions ¥'O) calculated from the standard enthalpies and entropies of formation and the
temperature dependence loétspecific heat of the specias explained above.

0 Qor— Qopr—l— (8)

Once calculated,, the evolution of thenitial mixture to the equilibrium compositions at a
constant pressur® () has been calculated. The molar amount pbOH, formedthrough the

reaction0 or 0  were obtained from the difference between the initimant of @ 0
orH, 0 andits equilibriumamounh or 0 , calculated from the reaction equilibrium
constant through the partial pressure and the gas composition at equilibriuand ©0  or

0 andw respectivelygs follows:

VI 9)
o  — (10)
T — (11)
60 6 (12)

Finally, the molar amount of the solid phases at the equilibrium has been computed from the
reacted @ or H, according to the stoichiometry of the reaction. For instance, the following

equations have been used:

0 0 — 0 (13)

o (14)
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[1.2. Materials

a) Manganese and Cobalt mixed oxides

Mn and Co mixed oxides (MRCo:Os) were synthesized by physical mixture of the respective
pure metal oxides (M. with a particle size of4lem, and CegO,4 with a particle size of 3gm)
purchased from Sigmaldrich and Alfa Aesarrespectively. The mixture was hedtup to 800
°C with a rate of 10C/min and calcined at that temperature during 5 h under air flow of 100

mL/min%C.

b) Perovskites oxigks

Commercial perovskites with structures ABOLSM-20 (LasSh MnOs.y), LSM-35
(Lao.e5S10.33MNOsy), LSF (LaeSh.aeQ.y) and LSC (LasSrh.Co0s.s), were purchased from

Sigma Aldrich. In these materials, the large cation (A: La) has been partibByitsted by
strontium, whereas the U symbol represents the
strontium doped materials at elevated temperatures under an inert atmosphere. Thus, the general
structure can be expressed asyA%BOgz.i )

c) Ceria-based materials

Me-CeQ.; basedmaterials were synthesized following two different methodologies. On one
hand, the materials were obtained bypcecipitation solutions of Ce(N3-6 H,O and Mn, Fe,

Co and Zr nitrate metal sources (Co@ib H,O, Mn(NG).-6 H0O, Fe(NQ)s-9 H.O and
ZrO(NGs)2-6 H,0) following asynthesismethod described elsewhé&eEach metal precursor
was dissolved in deionized water at a fixed concentration of 0.02 mol/L. After that, the two
solutions were slowly mixed thoroughly inetldesired proportion (Me:Ce molar proportion of
10 %:90 % and 50 %:50 %) at room temperature under continuous stirring. The solution was
basified up to pH of 10 with ammonium hydroxide (5 mol/L) in order to facilitate the precipitation
of the mixed oxids. The resultant solid was washed with acetone and water, dried ‘@ 160

24 h and finally calcined at 50C for 3 h under air atmosphere. On the other hand, materthl

the same Me:Ce molaatioswere prepared by physical grinding and mixinghe pure oxides.

The resultant powders weheatdup to 800°C with a heating rate of 1T/min and calcined at

that temperature during 5 h under air flow of 100 mLAhin

30 C.C. Agrafiotis, C. Pagkoura, A. Zygogianni, G. Karagiannakis, M. Kostoglou, A. Konstandopoulos and G. Athanasios, Hydrogen
Production via SolaAided Water Splitting Thermochemical CycléSombustion Synthesis and Preliminary Evaluation of Spinel
RedoxPair Materials|nternational Journal of Hydrogen Energ97,11 (2012), 89648980.
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11.3. Samplescharacterization

The materials were characterized by different temings. The elemental composition of the
materials was determined layVarian Vista AX inductive coupled plaskaomic emission
spectrometer (ICRAES), and their crystal structure by-Ray diffracton (XRD) using a
PW3040/00 X'Pert MPD/MRD equipment. Morpbgy of materials was observeg Scanning
Electron Microscopy (SEM) using a Philips Scanning Electron Microscope XL30 FEG with an
accelerating voltage of 5.0¢/ and a magnification of 60,000.

H.>-TPR experimentsf the studied materials and the pure metatleswere performed by a
Micrometrics (Norcross, GA, USA) Autochem 2910 equipment. The samples were previously
degasified in flowing argon (35 mL/min) for 2 min at 1%D with a heating rate of 8/min.
Afterwards, the HTPR profile was obtained bydilving 10 % H in Ar (35 mL/min) from 100

°C to 1000°C with a heating rate of 1T/min.

I1.4. Thermogravimetric measurements

An evaluation of the redox properties of the materials was performed by thermogravimetric
analysis (TGA) carried out in a TG apptus model TGA/ DSC1 STARe System (Mettler,
Toledo) with a maximum operation temperature of 1800Severalcycles were performed to
evaluate the rexidation capacity of the materials under air flow (5G/anm) conditions around

the sample (50 mg) plad in a platinum crucible of 0.15 émf total volume. The samples were
heaedup from 40°C to 1400°C with a heating rate of 1%/min, and then were cooled to 4D

with a cooling rate of10 °C/min. The weight losses and gains are consequence ofettmaath
reduction of the material and the consecutivexielation of the metal oxides in contact with the

air flow.

I1.5. Reactions in a high temperature furnace coupled to a gas analyzer

Having assessed the-ogidation capacity of each material by TGAgtavaluation of hydrogen
production was carried out on a high temperature tubular furnace coupled to a gas analyser. In
this equipment, theamountof oxygen and hydrogen produced during the reduction and oxidation
processes, respectively, were measurdet/Rh crucible was placed inside the furnace as support

for the materialsin this case, a higher amount of solid reactant was placed as compared to the
previous TGA measurements (1.15 g in all the cases). To carry out the reductiomestep, t
temperature &s increased up to 1400 with a heating rate of 1T/min. The Q released was

continuously removed with a nitrogen flow rate of 50 L/h and carry to a paramagnetic gas analyser
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from Emerson XtreanmHjgure2 a). The analyser was previously calibrated using nitrogen as zero
gas and 5 % &N, as span.

For theoxidationstep by hydrolysis with water, a nitrogen flow rate (50 L/h) was saturated with
water at 8C°C before feeding the furnace. The other operating donditvere the same as for

the reduction step. The gas flow from the reactor goes through a moisture trap to remove water
that could interfere in the hydrogen detection. Then, part of the gas flow was released to the
environment Figure2 purge) whereas the other part was conditioned to a proper prasigure (

2 pump and recirculation) and cooled to°G to remove traces of wateFhe analyser was

calibrated using nitrogess zero gas amdixtures of5 % Q/N. and H/N; as span

MASS FLOW
CONTROLER
HIGH TEMPERATURE FURNACE HIGH TEMPERATURE FURNACE

’—C(l [C(E»i:oo\

—— : -y
0,&H, 1 0,8H,
ANALIZER PUMP : ANALIZER

* |
Purge 1N 3 Purge il
Recirculation ! Recirculation H

MOISTURE e MOISTURE i
TRAP TRAP

a) b)

MASS FLOW
CONTROLER

| Hw

]z

Figure 2. Schematic representation of the high temperature tubular furnace setup: a)
representation of the system for the reduction step and b) for the hydrolysis step.

In the case of using Mn and Co mixed oxides {Min.O4) the oxidation step was performed
with NaOH instead of wateiThe same Pt/ Rh (90/10) crucible, resistant to NaOH corrosion, was
placed inside the furnace as support for M xCoO4/NaOH mixtures. Tl reactants were
milled before the reactions toeld andhomogerousmixture. The other operating conditions
were the same as for the reduction step. In this case, an additydinalysis stefs requiredto
regenerate the initial material and recover taOH closing the thermochemical cycl&his
hydrolysis step was performed in two different ways, either washing the materials with water at

70°C during 2 h (Hydrolysisype A) or with water at room temperature for one day (Hydrolysis
typeB).

Ill.  RESULTS AND DISCUSSION

As it has been previously explained, the main objectives of this work are to evaluate the
temperature requirements and the hydrogen production activity of different thermochemical

cycles based on MRC0O4, La1xSrxMeQsi @and CexMe, Oy materials.
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l1l.1. Manganese and Cobalt mixed oxides

I. Thermodynamic study

The evaluation of noveMn1.,Co04 redox materials for thermochemical hydrogen production
has to be theoreticallgnalysedn advance to ensure the viability of tbycle and to determine
the range of required temperatures for the reduction and oxidation $Stepise best of our
knowledge, there are no previous thermodynamic studies of thaQd®s/MnszCoOs
thermochemical cycle and the thermodynamic data of peeiess involved are not available.

Therefore, in this work a thorough thermodynamic study of the process has been carried out.

Following the steps of the pure oxides cycles reported by CHaitvoan be assumed that the
cycle of the synthesized materigi®ceedshroughthe reduction of Mn and Co mixed oxides in

an endothermic reaction at high temperat&®){(
DeE O0€0 O0e 06¢€0 -0 (R9)

The theoreticaValues of theGibbsfree energies for the reduction step of each material and the
respective pure metal oxides are showFigure3. Resultsshows that thermal reductiaf the
Mn-Co mixed oxigdstakes place at temperatures between°Z7and 895C, depending on the
amount of manganese presented imtlagerial The higher the quantity of manganese, the higher
temperature is required agreement with the higher reduction temperaturth@pure Mn,Os
(1300°C%9) in comparison withhat of Co;04 (800°C3). The significantlecrease in the required
temperaturein theory leads ta much higher efficiency of the solar collector systeamd
consequently tan increase in the global efficiency of thele.

81 C. Agrafiotis, M. Roeb, M. Schmiicker and C. Sattler, Exploitation of ThermochemyctésCBased on Solid Oxide Redox
Systems for Thermochemical Storage of Solar Heat. Part 1: Testing of CobalBasield PowderS§olar Energy102 (2014), 189
211.
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Figure 3. Gibbs energy of the thermal reduction of different mixed oxides (MaxCoxO4) and the

respective pure metal oxides (G4 and Mn3O4).

Once calculated the required temperature for the reduction reabgornabilty of the oxidation

with water was studied={10).
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Figure 4. Gibbs energy of the oxidation reaction with wéer of different mixed oxides (Mns.xC0xOa)
and the respective pure metal oxides (G®4 and Mn3zOa).

The results shown iRigure4 indicate thathe oxidation with wateof the resulting material from
the reductiontep (MnxCoOs) is not feasible in thetudiedrange of temperatureshe reaction
between water anithe reduced oxide is thermodynamically possible only if the Gibbs energy of
the metal oxide redox pair is greater thandbeesponding for thevater rediction.Based on the
diagram shown ifrigure5, it can beconcludedhat watersplitting isnot possible with MnO or

Co0, so neither with a mixture of them

Xiii
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Figure 5. Gibbs energy of diferent oxides reduction reactions

The alternative consists of using@onge oxidizing compound such as the sodium hydroxide
(reaction 11).Figure 6 shows the results &f"O with the temperature for the generation of

hydrogen by reaction of MRCoOs;with NaOH.
DeE 00 ¢¢OOUO®OW & O¢€UL (O] (R11)
As it can be seen, the reaction wiBOH for hydrogen production is possible for all the studied
materials, and it takes place at temperaturesral900°C depending oMn/Co proportion The
required temperature for the process decreases with increasing the quantity of manganese

presentedh the material. This could be explained becdaiis® does not react with NaOH, so the
higher its content, the more difficutie oxidation step.

It is noteworthy that the required temperatures for the reduction and oxideusof the Mn

Co mixed oxids thermochemical cyclare very similar, improving the global efficiency of the
cycle.Theheat losses artiedifference betweethe temperatures of the reduction and oxidation
stepsare the main factors affecting to a reduction ingtkergyefficiency®, i.e. it is desirable that

the temperature at which the steps of the cycle take place are as much similar as possible

321, A. Weinstein, J. Loomis, B.Bhatia, D. M. Bierman, E.Wang abd GChen, Concentrating Solar Pow€hemical Reviews
115,23 (2015), 1279712838.
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Figure 6. Gibbs energy of the hydrogen formation by reaction of MRCo mixed oxides with NaOH.
Finally, a readbn to regenerate the initial oxide (Mi€o0O4) and to recover the NaOH is
necessary (R12). The hydrolysis reaction of theiaCo mixed oxide with water will close the

thermochemical cycléhe evolution of Gibbs energy with the temperature is showigure?.

As it can be seethis reactioris thermodynamically feasible even at ambient temperature for all

the studied materials.

GObE 880 O000E 80 cO OGO (R12)
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Figure 7. Gibbs energy of the recover step by reaction with water.

Summarizing these results, it can benadaded that the presence of cobalt has opposite

effects. On the one hand, the major presence of Co decreases the thermal reduction temperature.
On the other hand, its presence affects negatively the oxidation tempdratuttds reasarit is

necesary to reach a compromise on the amount of Co presented in the manganese and cobalt

mixed oxides.

Taking these results into accoumtgan be concluded that a complete thermochemical cycle for
hydrogen production based on M@EoOs materials is possiblavith operating temperatures
lower than 100C0°C, being very attractive for a fuficale application. Among all the studied
materials,Mn1 sC0, 504 and Mn.1Ca 04 are the most promisingnesdue to their operating

temperatures.

a. Evaluation of the influence of the operation variables on the
equilibrium temperatures

Equilibrium temperaturegre strongly influenced by the operation variap#esin this work an
equilibrium study of different key variables of the process has been performed following the
methoddescribed in section Il. Eigure8 shows the influence of the total pressomehe process

for the material MpsCo..504, while Table | summarizes tlestimated values for themperature
required for the reduion gep As it can be seen, the lower the pressure, the lower the required

reaction temperatureanging values between 790 and 8Z0Particularly, the temperature value

XVi
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necessary for the reduction reaction at 0.1 atm C36wer than the needed htatm, whereas

a similar shift to higher temperatures is obtained at 10 atm. Similar behaviour was reported by
Marugéan et af’ and by Charvin et dlfor the MnROs/MnO thermochemical cycle, although in

that cases the effect was even more significantttieaobservedn the present study. In the case

of the oxidation reaction the same behaviour has been observed altueughthe higher values

of the stoichiometric coefficient anide equilibrium constant the effectéyen morgoronounced

In this casehe reaction temperature goes from 854 to 1W@&pproximately.

Mn, .Co, .0, ->Mn, Co, 0, +1/20, Mn, .Co O, +2NaOH —>NaMn_ .Co O, +H
0.010 15 1573 2 15 1575 2
0.005 | 00094  NaOH b)
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Figure 8. Influence of total pressure on the thermodynamic equilibrium of the solid phases of the
Mn1.5C01.504 thermochemical cycle at a ratio N/ Mn1.5C01.504 of 1.

Table I. Operational temperatures for different operational pressures in a MrCo mixed oxide
based thermochemical cycle.

Tred (°C) Tox (°C)
P =0.1 atm P =1 atm P=10atm | P=0.1 atm P =1 atm P =10 atm
791.5 829.0 869.5 854.5 926.5 1006.0

From a practical point of view, it is common to @seinert gas as a carrigr remove from the
reaction mediunthe oxygerand the hydrogereleasedn the different steps of the cycl&hus,
the influence of the inert gas/solid molatio was evaluatedThe results are shown kigure9,

while a summary of theequiredtemperatures is shown in Table |

It is clearly evident that a shift to higher temperatures is obtained when the inertidasésat
ratio is lower. Thiseffectis similarto the oneobservedoy increasing the total pressure of the

systemin agreement with the expected effect on the partial pressures of hydrogen and oxygen on
the gas phase

In conclusion the reduction in theequiredtemperature achievable bydecreasing thé¢otal

pressure or increag) the amount of inert gasust beechnicaly and economic optimizedto
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determine the combination of both variables that minimizes de total cost, conside ngine

requrements of thevacuumsystemsand the production and recovery costs of the inert gas.

Mn, Co, O, = Mn, Co, O, +1/20, 0.010 Mn,Co,;0, + 2NaOH —>Na,Mn, .Co, O, + H,
Mn, Co, O Mn, .Co, O ’ J =T -
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Figure 9. Influence of gas/solid ratio on the thermodynamic equilibrium of the solid phases of the
Mn 15C01.504 thermochemical cycle at a toal pressure of 1 atm.

Table Il . Operational temperatures for different amounts of carrier gas in a MRCo mixed oxide
based thermochemical cycle.

Tred (°C) Tox (°C)
N2=0.1 N2=1 N2= N2= 10 N2=O.l N2=1 N2= N2= 10
mol mol 1.88 mol mol mol mol 1.88 mol mol
869.5 829.0 818.5 791.5 1006,0 926.5 905.5 854.5

A remarkable decrease the operatiorcostscould be achieved by substituting the uséneft
gas by airas carriergas Figure 10 shows the equilibrium calculations of the first step of the
studied mixed oxides cycle under the presence of prpra N-O; mixture (90 % N-10 % Q)

and air (79 % N21 % Q). Tablelll summarizes the required temperatures.
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Figure 10. Influence of the initial amount of oxygen on the thermodynamic equilibrium of the
solid phases of the reduction step of the MrCo1.504 thermochemical cycle at 1 atm of total
pressure and a ratio N/ Mn1.5C01.504 of 1.

Table Il . Operational temperatures as a function of the composition of the carrier gas for the
reduction step of a MnCo mixed oxide based thermochemical cycle.

Tred (OC)
100 % Nz- 0 % O> 90 % N>- 10 % O- 79 % N>-21 % O,
829.0 925.0 940.0

As it can beseen, the presence of oxygaduces aincrease in the temperature value in which
the reductiorreaction begins, but only a slight increase in the temperature for total conversion,
narrowing the temperature range in which the reaction takes place. iscctirdhis behavioyr

it is possible to substitute the ihgas by air as carrier gas

il. Characterization of Mns.xCoxO4 mixed oxides

TablelV shows the atomic ratio Mn/Co/O of the synthesizederials determinedy elemental
analysis from ICPAES measurementAs it can be seen, tlowmposition of the different samples
measured by ICRire similar to the expected or(@lecular formula)indicating that the oxides

were homogeneously mixed.

Table IV . Molar ratio of the synthesized MnCo mixed oxides by ICP.

Material Mn Co @]
10% Mn1 90 % Co | (Mno3C0,.704) 0.23 2.77 4
30% Mni 70 % Co | (Mng.¢C0,.104) 0.82 2.18 4
50% Mn i 50 % Co | (Mn15C01504) 1.44 1.56 4
70% Mni 30 % Co | (MNn21C0n.g0a4) 2.05 0.95 4
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Mn-Co mixed oxides anduremetal oxides (CgD4, Mn,Os and MrxOs) were characterized by
XRD in order to study their crystalline structure. The results are shokigunell. As it can be
seen, the ntarial with the highest cobalt content (10 % M80 % Co)shows a cubic CgDs
phase (ICDD 09080-1533) with no contribution of other crystal structures. As the manganese
content increases new diffracti@ignalsappear, indicating the presence of others@aline
phases. The material with 30 % of Mn and 70 % of Co presents mainly a cybicsfocture

with small contributions of tetragonal M. crystal phase (ICDD 6008-0017). The material
with 50 % of each metal oxide is formed by a mixture of cubitCelO, phase (ICDD 0@23

1237) and tetragonal M@8oQ, crystal structure (ICDD GD77-0471). This kind of mixture of
cubic and tetragonal spinels has been previously reported in the literature for materials with
similar composition$343%, Finally, the mateal with the highest amount of manganese (70 % Mn

T 30 % Co) presents mainly a cubic ¥ structure (ICDD 0041-1442) with small
contributions of tetragonal M@, crystal phase.

i T Co.0

o ‘ 374
1 i T .l l Jo
10% Mn - 90% Co

l;? A Il A l 1 k.
30% Mn -70% Co
JUSEINTY NS A

1 50% NIn - 50% Co

70% Win - 30% Cof

Intensity (u.a.)

20(°)

Figure 11. XRD spectra of the synthesized MyCo mixed oxides and the pure metal oxide
as knownCoz04, Mn203 and MnzOa.

3E. Vila, R. M Rojas, J. L. Martin de Vidales and O. GaiMatinez, Structural and Thermal Properties of the Tetragonal Cobalt
Manganese Spinels MB0;.x04 (1.4 < X < 2.0 ),Chemistry of material},15 (1996), 1078L083.

34H. Bordeneuve, SGuillemetFritsch, A. Rousset, S. Schuurman and V. Poulain, Structure and Electrical Properties e?ISisgle
Cobalt Manganese Oxide Spinels M80,0, Sintered Classically and by Spark Plasma Sintering (SR&)nal of Solid State
Chemistry 182.2 (209), 396 401.

35 A, J. Carrillo, J. Moya, A. Bayon, P. Jana, V. A. de la Pefia O'Shea, M. Romero, J. Géwagilez D. P. Serrano, P. Pizarro and

J. M. Coronado, Solar Energy Materials & Solar Cells Thermocheifaigalgy Storage at High Temperature via Redox Cycles of
Mn and Co Oxides : P u r 8olaPBnérgy daterialseandsSalar Cells23x(20Hh), 4057 e s 6
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SEM images were taken to better understand the structure and morphology of these materials. As
it can be seen iRigure12the morphology oftte synthesized oxides is formed by aggregates of
primary particles, which is typical of metal oxide powd&rbut each material has a different
specific morphology depending on the amount of each metal present in the sampszsnibllee

with 10 % Mni 90 % Co Figurel2a) has a uniform morphology, in agreement with the XRD

data showing a single crystalline phase. Furthermore, the material with 30 % Mn and 70 % Co
(Figure12 b) has two different morphologies, being the predominant morphology similar to the
previous one, but with other minor contribution of a tetragonal structure attributable;@.Mn

The sample with 50 % of each metkiqure 12 c) presents two types of morphology in equal
proportion, due to the two spinel phases {8 and MnCeQOy). Finally, the sample with 70

% Mn and 30 % CoRigurel12d) has two morphologies in differeproportions due to different
crystalline phases. It is notable that the particle size increases from the sample with the less
quantity of manganese to the sample with 50 % of each metal, and then it decreases again. This
implies that the higher purity dfhe material the smaller particle size is obtained, as reported by
Carrillo et al*®

- +
g <
S 2
+ }

Figure 12. SEM photographs of the four synthesized spinels: a) 10 % Mh 90 % Co, b) 30
% Mn 1 70 % Co, ¢) 50 % Mni 50 % Co and d) 70 % Mni 30 % Co.

The H-TPR results of the synthesized mixed oxides and the pure metal oxides are shown in
Figure 13. All the TPR spectra of the MBo mixed oxides present two peakgcept for the
sample with 10 % Mn anél0 % Co,which are due to the subsequent reduction of both cations

presented in the materials. The first peak, in the range 6837€C, is due to the reduction of
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Co (Il, 1) to Co (II), which is in accordance with the TPR obtained for thgdzand wth other
experimental studies for this oxi§¢’. The second peak with maximum at 53D °C is
attributed to the reduction of Mn (Ill) to Mn (l). This temperature is lower than the required for
the pure MpOs, placed on the left side of tlegure 13, and it is due to the presence of cobalt
cations with higher reducibility, so they promote the reduction of manganese cations at lower
temperatures. This effect has been previously reported in the litétamndehaseen attributed

to the high rate of metal cluster formation, which actseadresfor the reduction. An important
aspect is the fact that the lower the amount of Co present in the material, the higher temperature
is required for the reduction. It is alsemarkable that the first peak intensity decreases as the

cobalt content is lower while the second peak increases as the amount of manganese is higher.
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Figure 13. H2-TPR profiles of the synthesized MrCo mixed oxides and the pue metal
oxide as known CaO4, Mn203 and MnzOa.

36D. Klissurski and E. Uzunova, Synthesis and Features of Binary Cobaltite Spingetsal of Materials Scien¢®9,2 (1994), 85i
293.

S"D.D. Do S. Bhatia, J. Beltramini, Temperature Programmed Analysis and Its Applications in Catalytic Spataiysis Today
7,3 (1990), 300438.
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lii. Evaluation of the cyclability behaviour by TGA

The mass variation derived of the oxygen reldasehe reduction stegind subsequent uptake in
the oxidation step of thln-Co oxidesduring redox cycles undeair can be used to assess their
performance and cyclability. This mass variation during the thermal treatment can be easily

monitored using a thermobalance performing heating and cooling cycles under air flow. The

results obtained for the synthesized matsrare shown ifrigure14.
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Figure 14. Redox cycleg% weight versus temperature) of the synthesized materials (heating: 10

°C/min, Gas flow: 50 cni/min).

It is evident thadifferent poportions of manganese and cobalt oxides causes remarkable changes
in the cyclability of the synthesized materials for the reduction and oxidation procEgsesf

all, the material with the highest cobalt content (10 % M0 % Co) presents a loskayclability

in every cycle indicating that a large quantity of cobalt has a negative effect on the siitdity

rest of samples show a stable behaviour during the 3 consecutive cycles but they show significant
differences in the gains and losses ofghiei

The samples with 30 % and 50 % of manganese show similar mass variations (5 % and 4.5 %,
respectively) while the material with the highest manganese content (70 %) shows the smallest
weight variation (2 %). This fact indicates that the higher amotimhanganese the lower

variations of weight, being indicative of the maximum potential for hydrogen production per unit
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mass of material. The material with 10 % of manganese does not follow this trend due to its loss
of cyclability.

A relevant informationthat can be also extracted from these experiments are the required
operational temperaturesTable V compares the reduction temperatures calculated by
thermogravimetricanalysis with the theoretical values estimdteby the thermodynamic
calculationsComparing bothesults it can be noticed that the experimenalues are shifted to

higher temperatures in comparison with the theoretical ones. This fact can be attributed to the
kinetics limitations that usually appr in solidstate reactions, and are not considered in
theoreticalequilibrium calculation®.

Table V. Comparison of the reduction temperature values experimentally calculated by TGA and
theoretically estimations by thermodynamics.

Material -(I;tge; ;I;Z;
10 % Mn i 90 % Co 775 810
30% Mni 70 % Co 820 855
50 % Mn i 50 % Co 850 890
70 % Mn i 30 % Co 890 905

Ilv. Production of hydrogen and cyclability behaviour on a high
temperature furnace

Finally, in order to assess the fimlgy of these materials for thermochemical hydrogen
production, the synthesized Mo mixed oxides were tested in a high temperature tubular
furnace, coupled to a gas analyser, to measure the amount of oxygen and hydrogen released during
the reduction iad oxidation processegcording to reactions R9 and R1Ilhe results obtained

for the reductiorand oxidatiorreactions are shown Figurel5.

% J. Marugan, J. A. Botas, R. Molina, C. Herradon, Study of the Hydrogen Production Step of.@#vW® Thermochemical
Cycle, International Journal of Hydrogen Energ$9,10 (2014), 52746282.
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Figure 15. Evolution of the a) specific Q production in cm3 of Oz per gram of material and
operation cycle and b) specific Hproduction in cm3 of H2 per gram of material and operation cycle
(heating: 5°C/min, Nz flow: 50 L/h).

Regarding the results for the reduction stéjgre 15 a), it can be clearly noticed thatl the
materials require temperatures lower than 1400to be reducedin accordance with the
theoretical thermodynamic values and the experimental thermogravimetricpomasusly
showed These tempertures are lower thant the one needed by the pi@e dkide. A plausible
explanation is that during the thermal treatment soniédations that occupy the octahedral sites
in the CqO; structure partially occupy the sites of Min the maganese structure, resulting in

a shift to lower reduction temperatut®dt is also remarkable that there are clear differences
regarding the amount of oxygen released per gram of material andTdyisléact indicates that
both the composition of mangase and cobalt in theaterialsand the different crystalline phases
have a clear influence not only on the required temperatures but also on the degree of reduction
achievable.

Regarding the hydrogen production, it can be observedhhabaterial with 8 % of each metal
shows the highest hydrogen production and it requires the lowest tempelistuie its spinel
structure On the other handhe material with the highest cobalt content (90 %) is the one which
requires the highest temperature and predietlower kinetics which is due to the high presence

of cobalt. Moreover, materials with 30 % NIrv0 % Co and 70 % Mn 30 % Co show similar
behaviour regarding the required temperature and the kinetics, reaching similar hydrogen

productions.

It can benoticed that the materials with higher Co content give lower hydrogen productions.
Moreover this amount of hydrogen is significantly lower than the expected based on the oxygen
released during the first step of the cycle. The reason is that the colalidoes not react with
NaOH because it requiresserongeroxidizing compound, so a high amount of this element

hindersthe oxidation step although it has a positive effect in the required reduction temperature.
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Finally, it can be concluded that the maaewith 50 % of each metal shows the best resdiis

to the presence of both spinel phases.

From the XRD analysis wasconcluded that all the samples show diffracs@mnalsevidencing

the presence of cobalt oxide and/or both manganese oxide®{lsimd MryO.). However, the

sample with 50 % of each metal presents two different spinel phasgSo®rand MnCaO.. It

has been previously reported the effect of the different spinel phases regarding the decrease of the
operational temperature. For example;O4 requires around 200C to be reduced to FeO, while

the NiFeO, requires only around 90T, This is the same effect occurred in the case of the
Mn-Co material. The first step (lower slope) is due to the oxidation of one of the spinel
(MnCo0O4), while the second step (higher slope) is due to the oxidation of the other spinel
(Mn2CoQy).

Taken into account all the facts above it is evident that it is necessary to reach a compromise on
the proportion of each metal to decrease the operating tempevatnoait affecting the kH

production, being the apparent optimum in the proportion of 50 % Bh% Co.

Closing the thermochemical cycle requires the reaction of the product with water to recover the
NaOH and regenerate the initdh-Co oxide(R12). Thusthe materials were mixed with water
during 2 h at 70C. After this, the obtained solutions were filtered, and the solids obtained were
dried at 12C°C for 2 h. Then, the recovered materials were analysed by XRD and SEM in order
to see the structural chges undergone by the material due to the high temperatures and the
contact with NaOH. As it can be seerFigure 16, there is a great difference in the morphology

of the materials before and after the reductioth @xidation step. The material with 10 % Mn

90 % Co shows a high degree of sintering which explains its lack of cyclasiigyed during

the thermogravimetric experiments. On the other hand, the rest of the materials show a faceted
layered microstructe after a complete cycle. This new morphology is attributed to the
rearrangement of the crystalline phases occurring at high temperature in the presefitd@béNa
crystal surface energy is significantly affected by small amounts of impurities. Tisuscited

layered morphology could be explained in terms of certain energetically unfavourable crystal
planes which are replaced by a sequential andveiparrangement of energetically favourable

planeé®,

%R. R. Bhosale, R. V. Shende and J. A. PuszynskGéneration from Thermochemical Wa@plitting Using SoiGel Derived Ni
Ferrite, Journal of Power and Energy Engineeridgé (2010), 2738.
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Figure 16. SEM photographs of the four synthesized MrCo mixed oxidesbefore andafter one
cycle on the tubular furnace: a) 10 % Mni 90 % Coinitial , b) 10 % Mn i 90 % Co after one cycle,
€)30 % Mn i 70 % Coinitial d) 30 % Mn i 70 % Co after one cyclee) 50 % Mn i 50 % Co initial,

f) 50 % Mn i 50 % Co after one cycle, g) 70 % M 30 % Co initial and h) 70 % Mn i 30 % Co.

According to the Xray diffractograms of the materials after one complete dytgpure 17 b,

the sampleswith low manganese content (10 % and 30 ¥&sent different XRD patterns after

one complete cycle than they hagesynthesize(Figure 17 & In this case, the material with 10

% Mn and 90 % Co presents the CoO phase, with no contribution of other crystal structures. This
indicates that this matet is not reoxidized which is in accordance with the ébtained in the

tubular furnace assay. Moreover, the material with 30 % of manganese shows a clear loss of the
structure. It has been reported in the literature that thereeigriction stabilityin a temperature
interval for cobaltite spinels with 0 < x < 1 (10 % M®0 % Co and 30 % Mn 70 % Co).At
temperatures in the range of 8230°C the spinel structure of some cobaltites is no longer stable

and a transformation to a rock salt structalees place (R13}

0Q6¢ 0 i nQOWINSE O i n'Qe DO ODDEG 0§  (RL3)
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where (Me,Co)O is the rock salt. However, it has been also established by other authors that these
phenomena can occur even at lowveaperaturgsiepending on the nature of the Me catfom

any case, due to this phenomenon both materials seleawea lack of stabilityln contrast, the

rest of materials have the same crystal structure after the oxidation step than they hawbdefor

reduction Figure 17 & which indicates that therenstany significant variation in the crystalline
structure.
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Figure 17. XRD spectraof the pure metal oxides as knowiCo3O4, CoO, Mn203 and MnzO4 and
XRD spectraof the synthesized MrCo mixed oxidesa) initial materials and b) after one complete
cycle

Taken into account the results obtained in the thermogravimetric experiments concerning the
cyclability and the results of the high temperature tubular furnace regandimggroduction, it
can be confirmed that manganese and cobalt mixed oxides are promising materials for hydrogen
production by solar driven thermochemical cycles. Moreover, according to the stability results,
among all the synthesized and studied matetied one which is composed by 50 % of each metal
oxide shows the best results. tBoeeconsecutive cycles in the high temperature tubular furnace
were performed witlthis materialin order to evaluate the cyclability &n-Co oxide Two

different hydrolsis procedures described in the methodology section were assessed, being the
results summarized iRigure18.

“0F. C. M. Driessens, G. D: Rieck and H. N. Coenen, Phase Equilibria in the system Cobalt oxidet&idgpierair,Journal of
Inorganic and Nuclear Chemistr0,1958 (1968), 74753.
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Figure 18. Released oxygen and produced hydrogen during the reduction andidations processes
using the material 50 % Mni 50 % Co, during consecutive cycles at different hydrolysis
conditions: Hydrolysis A (70 °C, 2h), Hydrolysis B (room temperature, 24 h).

Concerning the reduction reactioridgure 18 a) it can be observed that there are significant
differences in the results depending on the hydrolysis conditions. In the case of the hydrolysis
performed at 70C during 2 h (hydrolysis A), there are low differences between the firdhand
second cycle, which implies that it has been achieved a completédegion during the first

cycle. However the activity during the third cycle decreases. Nevertheless, regarding the
hydrolysis carried out aambienttemperature (hydrolysis B) thei® a decrease in the oxygen
released during the second cycle, but this amount is constant during the second and the third cycle
indicating that this material has been completelgxiglized and recovered during the hydrolysis.

The differences between tffiest cycle and the following ones could be explained because the

first cycle is usually considered as an activation step.

Focusing the attention in the hydrogen productkigyre18b) it can be seen that the lgden
production when the hydrolysis is performed atC@uring 2 h decreases significantly with each
consecutive cycle. Thisdicates thathe conditions used in the hydrolysis step are not the
adequate ones, so a full recovery of NaOH is not reacheédh&refore the regenerated spinel
losses activity. However, when the hydrolysis is performexhdiienttemperature during 24 h

the hydrogen production is almost constant, indicating that a total recovery of the spinel has been

achieved, and that a fultversibility of the process ensures the cyclability of the material.

To see the influence of the hydrolysis conditions inctlystal structurethe materials obtained in

both cases have beanalysedy XRD. The results are shownkigure 19.
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Figure 19. XRD spectra of the initial material, after the oxidation step, and after one complete
cycle performing the hyd[olysisin both conditionsbeing: * MnO/Mn 203 ¢ b-NaMnO2,
Y monoclinic NaMnOza nd ~ #4. Mn

As it can be seen iRigure 19 there are signifant differences in the recovered material when the
hydrolysis is performed under different conditions. In the case of the methodsigrihémarked
with a squar e i s-NaMn@ whiledhetighadmanied with a tiangte indi¢ateh

the pesence of monoclinic NaMn®. The existence of these crystalline phases shows that there
are still Na remains in the recovered material, which affects the cyclability. On the other hand, in
the case of the method B, thigihalmarked with a circle indicats the presence of M., and
thesignalmarked with an asterisk indicates the existence ol so the material has been re

oxidized.

[11.2. Perovskites

I.  Thermodynamic study

As it has been already discuss#te temperature required for the redoictof the metal oxide

is a critical factor that hinders the application of the materials in the hydrogen production by
thermochemical water splitting. A theoretical study based on the evaluation of the dependence
on temperature of the Gibbs free energyrexiction &G,") was carried out to evaluate the
theoretical temperature required for both reduciiBa3) and oxidation stepgR14) with

perovskitegLa;«SkMeOzx y with Me = Mn, Fe, Co, and 0Qx 00.4) as redox materials

“Bay-n, A., De La Pefa 0O06Shea, V. A., Serrano, D. P.sonCoronado,
the hydrogen production and sodium neexy in the NaOHMnO thermochemical cyclénternational Journal of Hydrogen Energy
38(30), (2013) 1314313152.
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Resuts of Gibbdreeenergy othereductionstepas a function of temperature are showRigure
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Figure 20.qG:" of the reduction for perovskites: a) LSM-20, b) LSM-35, c¢) LSF and d) LSC.

Temperatures close to 14D are required for the reductionrainganese based materials (L.SM

20 and LSM35), whereas 1100 and 1000 are the theoretical temperatures needed for the
reduction of the Febased and Cbased material$,SF and LSCrespectively. According to the
perovskites composition, lower reductimmperature values are obtained when metal in position

B of the structure AB@goes from left to right in the periodic table (Co>Fe>Mn). This behaviour

is supported by the linear and inverse relationship between the tolerancetjantdrthe Gibbs
redudion energy for perovskites, established by Tejuca €t #hese authors established that a
stable perovskite structure exists as mixed oxides only if it satisfies the value of that tolerance

factor,t, in the range of 0.75 &< 1.0.t parameter is calt¢ated by equation 15:

4. G. Tejuca, J. L. G. Fierro and J. M.D. Tascon, Structure and Reactivity of PerevgktéOxides Advances in CatalysiS6
(1989), 237328.
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0 — (15)

Y
where,ra is the ionic radium of the element placed in th@dsition (L&" and St), rs is the
radium of the respective metal in thepBsition (Mn, Fe, Co) anih is the radium of the @

Tejuca et af?also established that the highike value ot, the lower free energy and therefore
lower temperature requirement for the reductitep The calculated tolerance factors for the
perovskites studied in this work are showTableVI. It is clearly evident that the calculated t
factor increases from Mperovskites to Ggerovskite in the same orderwhich the reduction

temperatures required to achieve values®f O decrease.

Table VI. Values calculated for the factott for the studied perovskite materials.

Perovskite t T (a5:7=0,°C)
LSM-35 0.817 1360
LSM-20 0.818 1370

LSF 0.881 1100
LSC 0.887 1000

Regarding thexidation reactionthe resultof the thermodynamic analysase shown irFigure

21. In this case the oxidation reaction is spontaneottsinvhole studiedange of temperatures

for the LSM materialswhereador the iron perovskite is spontaneous till 1220 and for the

cobalt perovskite till 800C.
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Figure 21. g " of the oxidation for perovskites: a) LSM-20, b) LSM-35, c) LSF and d) LSC.
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a. Evaluation of the influence of the operation variables on the
equilibrium temperatures

Temperatureeompositios are strongly influenced byperational conditionso their infuence
wasstudied.Figure 22shows the influence of the total pressure on the prodeisin TableVil

are summarized thminimuntemperature$or the reductiorstep and the maximun temperatures
for the oxidation stepsilt is clearly evident that the lew the pressure, the lower the required
reaction temperature. In this case, this effect is less significant than for {0e Mixides because
of the smaller stoichiometric coefficient of the oxygen #mhydrogen in the perovskiteso
reduction and oxigtion reaction areless sensitive to changes.

La, . Sr,,CoO

0557,C00, , ., —>La ,Sr, ,C00,, .. +0.22/2 0, La, ,Sr,,C00, .+ 0.22 H,0->La Sr,,Co0, . + 022 H,
000542 o 0.005 4
La, Sr, ,CoO, . i La,Sr CoO = La,,Sr,,Co0, La, S, ,C00, . |
= i v S 0.004 s
5 0.004 ‘], L g i
= 1 L S 1--o01atm i}
o 0.003- =-01atm Ly = 0.003 th
3 | — 1atm '(l ; -g — Tatm
8 i a —-- 10 atm
g o002 - 10atm A I £ 0.002-
<] y " 8 HZO
O 1 Iyl 1 o
0.001 | ', ” 0.001 o g
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Figure 22. Influence of total pressure on the thermodynamic equilibrium of the solid phases of the
LSC perovskite thermochemical cycle at a ratio i perovskite of 1.

Table VIl . Operational temperatures for different total pressures for a perovskite based

thermochemical cycle.
Tred (OC) Tox (OC)
P =0.1 atm P =1 atm P=10atm | P=0.1 atm P =1 atm P =10 atm
1010 1020 1030 600 650 700

The influence of the gas/solid molar ratio vedso established by calculation of the equilibrium
composition corresponding to 0.1, 1, 1.88 and 10 moloff Ne results are shown Figure 23

and the operational temperatures are summarized ire V&bl In this case, an increase in the

gas/solid mar ratio displaces the equilibrium to lower temperatures followmghéatelied s

principle.
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L2y 570,000, g3 = L8 57 ,C00,4p; + 022120, 18,51, ,€00, 55+ 0.22 H,0->La, St ,MeO, ,, +0.22H,
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Figure 23. Influence of the gas/solid ratio on the thermodynamic equilibrium of the solid phases of
the LSC perovskite thermochemical cycle at a total pressuref 1 atm.

Table VIl . Operational temperatures for different amounts of carrier gas for a perovskite based
thermochemical cycle.

Tred (OC) Tox (OC)

N2=0.1 N2:1 N2: N2: 10 N2:0.1 N2:1 N2: N2: 10
mol mol 1.88 mol mol mol mol 1.88mol mol
1030 1020 1017 1010 680 660 650 600

The feasibility of operating the cycle using air as carrier instead of an inert gas was also studied
(Figure 24andTablelX). As it can be seen, the presence of oxygen since the beginning of the
reactbn has aslightly influence in the temperature at which the reduction begins similar to the
one obtained changing the total pressure or the gas/solid molar ratio.

LaD_ESrO_ECoOm03 —= LaD_ESrO_?_CoOM25 +0.22/2 O2
0.005 o
_ | La,,sr, ,CoO,. # La, Sr,,Co0,
©  0.004 |
£ ll
S | i
2 e g0, :;
g 1 -=10%0, |
5§ 00024 _.219%0, ]
3 ] i
0.001 'f-l
1 7
0.000 J- i

—+ 1~ T ' T 1T ™ T " T
960 980 1000 1020 1040 1060 1080 1100

Temperature (°C)

Figure 24. Influence of the presence of oxygen on the thermodynamic equilibrium of the sol
phases of the LSC reduction step at a ratio XLSC of 1 and total pressure of 1 atm.
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Table IX. Operational temperatures as a function of the Carrier gas composition for a perovskite
based thermochemical cycle.

Tred (OC)
100 % Nz- 0 % O 90 % N2- 10 % O2 79 % N2-21 % O
1020 1032 1038

The presence of water since the beginning of the oxidation reaction was also evaluated. The
results are shown iRigure 25 while the temperaturage summarizedh Table X In this case,

the hgher the amount of water presented in the process, the higher the operating temperature
range.

La,,Sr,,C00, ,.+0.22 H,0->La Sr ,Co0, ., +0.22 H,
0.005 4 Lao ssro.zcooa-s-u
La, Sr,,Co0 i
S 0.004
E —H,0H, =1
c g =2 A oo
S ooz~ HOH,=2
@ - —-HOH, =3 b
o 2
= L -
g 0.002 - R
3 } . HQO
0.001 f————————
0.000 - | : —
400 600 800 1000

Temperature (°C)

Figure 25. Influence of the presence of water on the thermodynamic equilibrium of the solid phases
of the LSC oxidation step at a ratio N/ LSC of 1 and totalpressure of 1 atm.

Table X. Operational temperatures as a function of the amount of water for a perovskite based
thermochemical cycle.

Tox (°C)
H201H2=1 H202H2=2 H202H2=3
660 670 680

ii. Characterization of La1.xSrxMeOzf gperovskites

The elemental analysis and molar ratio La/Sr/Me/O (Me: Fe, Co, Mn) of the perovskites were
calculated using IGRARES measurementd &ble X1). Once known the quantity of each metal
present in the sample ancktlotal mass it is possible to calculate the amount of oxygen in the
material. The difference between the calculated oxygen and the stoichiometric one corresponds
to the defect oxygenl) of the material. The results confirmed that dmalysedperovskites, all

of them with an AB@ structure, show an oxygen defect due to the lanthanum substitution by

strontium. When some of the lanthanum (lll) atoms are substituted by strontium (Bgntiee
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number of atoms of Me (lll) are oxidized to Me (IV) in order to keep the electro neutrality.
However, Me (1V) is not stable, so it trends to partially reduce itself to Me (1) releasing oxygen

and forming oxygen vacancies in the lattfce
Table XI. Chemical analysis of the studied perovskites (mol based).

La Sr Me! O i
LSM-20 (Lao.sSro.2MNO 3:1) 0.86| 0.21| 1.00 2.97 0.03
LSM-35 (Lao.esSro3sMnOs:1) | 0.66| 0.35| 1.00| 2.93| 0.07
LSF (Lao.eSro.4F€0s:1) 0.57/0.37| 1.00  2.93 0.07
LSC (Lao.Sro.2C00z.u) 0.78]/ 0.17| 1.00| 2.97| 0.03

1. Me: Mn, Fe and Co, respectively

Figure 26shows he XRD patterns of the studied perovskites. The results showed a single
perovskite phase for all the materials with an orthorhombic structure (JCR8SB23I1, space
group Pnmd)#4. There were no additionalgnalsfrom impurities or other crystalline pkes.
However, there were small differences in the position of the sigiralsfor all the perovskites.
Mn*/Mn3®*, Feé/Fe* and CG*/Co® have different sizes so the effective iom@dium in
octahedral coordination with oxygen are different causing Isof@nges in the perovskite

structure.

In addition, there is a slight difference in the position of allsiigaalsbetween both manganese
materials (LSM20 and LSM35) which is due to the strontium substitution?*$1.13 A) is
smallerthan L&* (1.15 A), so the different quantity of strontium presented in both materials

causes slight changes in the crystal structure.

43 A, Aguadero, H. Falcon, J. M. Campbfartin, S. M. AkZahrani, J. L. G. Fierro and J. A. Alonso, An Oxydeeficient Perovskite

as Selective Catalyst in the Oxidation of Alkyl Benzekggyewandte Chemienternational Edition 50,29 (2011), 65586561.

4 N. Rezlscu, E. Rezlescu, P. D. Popa, C. Dorftei and M. Ignat, Characterization and Catalytic Properties of Some Perovskites,
Composites Part B: Engineering0 (2014), 516522.
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Figure 26. XRD patterns of LSM-20, LSM-35, LSF, LSC andJCPDS 0189-2471.

The materialswere also characterized by HTPR toevaluate lte reducibility ofthe different
cations presented in the materials. The resulEgare 27show thatall the materials present a
first peak between 25800 °C due to the nostoichiometric oxygen (£ located in the
structuré®. Regarding the manganesaterials, they present tvamditional signalsthe first one

at 350400°C is related to the reduction of Kfrto Mn®*, while the second peak located at 600
750°C is due to the reduction of Mnto Mn?*. A remarkable fact is that the temperatures are
slightly lower in the case of the LSI85 material due to the major presence of strontium which

improves the oxygen mobility in the structure making easier the reduction.

The iron material (LSF) has a peak at 3D °C due to the reduction of faéo F&*. This peak
is lower than the one attributed to the oxygen because thiesery unstable so it is reduced to
Fe** at ambient conditions, so there are a small number‘tca#ions. The last peak at 6600
°C is due to the reduction of ¥ao Fe*.

The cdalt perovskite (LSC) has a shoulder at 325lue to the reduction of €ao Cc**. This
peak is so small for the same reason as the iron matesiat’* cations are very unstable and
they are reduced to G at ambient conditions. Finally, the peakdted at 45600°C is due to
the reduction of Ct to Ca".

“R. Ran, X. Wu, D. Weng and J. Fan, Oxygen Storage Capacity and Structural PropertidspétiLaMnO3 Perovskitedpurnal
of Alloys andCompounds577 (2013), 28894.
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Figure 27. H2-TPR profiles of the studied perovskites a) LSM20, b) LSCM-35, ¢) LSF and d) LSC.

Evaluation of the cyclability behaviour by TGA

Thermogravimetric experiments were performed ideorto experimentally evaluate the redox

capacity of the material§.he perovskites were heatin a TGA apparatus at 16C/min up a

maximum temperature of 1400 and then cooled down to room temperature, in several

consecutive cycles. The results in terof weight as function of temperature are showFiguire

28. The weight loss measured is consequence of the thermal reduction of the materials and the

weight gain results from the 4@xidation of the perovskites in contact with an air flow of 50

cnm/min.

All the materials shoed a differentbehaviour during the first cycle as compared to the rest of
cycles, so it could be considered as an activation step for the material. Focusing on the rest of the

cycles, it is evident that only the perovskite with C8C) shows a stable behaviour during the

four consecutive cycles with considerable weight losses and gains (1.5 %). Both manganese

perovskites (LSM20 and LSM35) have very low weight losses/gains (0.1 %), and the LSF

material requires several cycles thigwve a stable behaviour, witweight change of 0.97 % in

the last cycle.

The temperature values in which the reaction starts for each material are shbameiXIl,

includingthose corresponding to the puredes.
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Figure 28. Redox cycleq% weight versus temperature)in TGA (heating: 10°C/min, Gas flow: 50
cm®/min) for: a) LSM -20, b) LSM-35, c) LSF and d) LSC

Table Xl . Experimental values of the starting temperature for the reductia step for the studied
perovskites and the corresponding pure metal oxides.

Perovskite TTCA (°C) Ttheo (°C) Pure Oxide T (°C)
LSM-20 1150 1360
Mn3zO4 11001450
LSM-35 950 1370
LSF 800-625 1106 FeOs 2200
LSC 800 1004 C0:04 850

For the last cycle.

The results showed that the required temperature values for the reduction step are different than
those reported in literature for the respective pure metal dxid&s The required temperature

by the LSM20 is in the range of that needed by the pure®dnalthough the LSMB5 requires

a lower temperature. Thiactconfirms theanfluence on the reduction temperature of the quantity

of strontium in the structure. Higher strontium contents (L¥W leads to lower reduction
temperatures as compare to LS which presents lower strontium content. This result could

be explaineecausehe greater the amount of strontium presented in a perovskite, the higher
oxygen vacancies are formed to maintain the elewddrality, improving the oxygen mobility

in the perovskite network making easier the reducfiéh The iron perovskite (LSF) shows the

46W. C. Chueh and.3/. Haile, A Thermochemical Study of Ceria: Exploiting an Old Material for New Modes of Energy Conversion
and CQ Mitigation, Philosophical TransactionsSeries A, Mathematical, Physical, and Engineering Scier8&&1923 (2010),
3269 3294.
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highest difference in the required reduction temperature and consequently the greatest potential
improvement in the cycle efficienc¥inally, in the case of the colahaterial (LSC), this
temperature is only slightly lower than the required by the pug®4£butthis materialshows

the best redox behaviour, as explained above.

As forthetheoretical reduction temperatures, the higher reduction activity is obtaitiedrastal

in B position is located more to the right of the periodic table (Co>Fe>Mn). Additionally, since
the weight losses in the reduction steps do not reach a stable value (a plateau) during the heating
process in any case, it can be concluded tleatatiuction processes require higher temperatures
than 1400C to be finished. The slightly lower values for the reduction temperature obtained from
the experimental data, as compared to the calculated by the theoretical thermodynamic study can
be attribuéd to the continuous removal of the oxygen released during thermal reaction in the TG,
whose effect isiot considereéh the equilibrium calculatici.

iv. Production of hydrogen and cyclability behaviour on a high
temperature furnace

Once evaluated by TGA the-oxidation capacity of the materials and determined the required
reduction temperatures, a complete thermochemical cycle for each perovskite was performed in
a high temperature tubular furnace coupled with aard H analyser. Theesults of the amoun

of O; and R released in both reactions are showfigure 29
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Figure 29. Evolution of the g specific & production in cm? of Oz per gram of perovskite and
operation cycle and b) specific Hproduction in cm? of H2 per gram of perovskite and operatim
cycle (heating: 10°C/min, Nz flow: 50 L/h).
The results obtained for the reduction stejgire 29a) arequalitativelyin agreement with those
obtained in the thermogravimetric study. Thus, the cobalt material (LSC) showed the higher

activity followedby the iron material (LSF) and the manganese materials {£&kihd 35). As
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expected, and according to the results obtained in the TGA experiffignue(28, the reduction
proceeded in a wide range of temperatures, from 250 to “Gl0bhe H production(Figure 29
b) follows the same behaviour than the reduction (LSC>LSF>{35Ma L-Z0Mand the range
of temperatures is also very similar than that observed for the reduction step.

The hydrogen production is lower than the expected according to the oxygasecdela the
reduction step. However, as it is shown in the thermogravimetric cyites€ 28, after the first
reduction, the materials do not recover the initial mass, so this fact must be considered. Taken this

into account, the hydrogen produced sselr to that predicted in the TGA experiments.

The hydrogen productiors similar to that of other norstoichiometric oxides reported in
literature’, being the LSC the most promising material of all the studied in this work, regarding
its stable reoxiddion behaviour in TGA, the required temperatures for the thermochemical
process and the hydrogen production. In addition, the cya@&o0 is not feasible with water,

so the use of the cobalt perovskite implies an improvement over the cobalt oxide.

The cyclability of the LSC sample, the material with the highest hydrogen production of the
studied perovskites, was tested in 6 consecutive cycles in the high temperature tubular furnace.
The results othe amount ofO; released and Hproduction in each cyelaresummarizedn

Figure 30
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Figure 30. a) specific & production in cm? of Oz per gram of LSC and operation cycle and b)
specific H production in cm? of H2 per gram of LSC and operation cycle during 6 consecutive
cycles at 1400C (heating: 10°C/min, N2z flow: 50 L/h).
Results revealed an unstable behaviour of the material along the cycles. The oxygen released in
the reduction step was decreased in each consecutive cycle. The same results were obtained in the

hydrogen production, showing that the dolmerovskite (LSC) is a nestable material after
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cycles. In order to know the reason for this behaviour, the LSC was characterized by SEM after
each consecutive cycle. The obtained micrographs are shdiguite 31 As it can be seen, there

is an impotant morphological change before and after the reactions. The LSC is initially formed
by the aggregation of small particles, of around 200 nm, in bigger particles, with sizes around 15
20em (Figure 3 a). However, after the consecutive cycles, the macroparticle size were clearly
increased (>5@m) indicating a particle growth and agglomeration which hinders the diffusivity

of O, and H. Micrographs of the sample after the consecutive sydkken by backscattered
electrons, showed that the material has two different phases with different composition. An EDX
microanalysis was performed in both phases, confirming that the majority phase corresponds to
the perovskite phase, but the dark spearorrespond to pure Co @.oThis fact indicates that,

due to the high temperatures supported by the sample during the thermochemical cycles, the metal
diffuses to the grain boundaries, creating a second phase. This second metallic phase is very stable
and is not repxidized in the presence of water, explaining the unstable behaviour of the LSC in

the range of the temperatures analysed.

Figure 31. SEM micrographs of the LSC perovskite a) fresh material, b) after desicycle, c) after
the 2 cycle, d)after the 39 cycle, e) after the # cycle, f) after the 3" cycle and g) after the & cycle
performing them at 1400°C.

These results indicate that after a consecutive number of cycles, the resultant cobalt material is
different than the raw perovskjtenaking necessary additional experimental work at lower
temperatures in order to determine the cyclability of the system without causing a decrease in the
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H. production. So, six consecutive cycles were also performed at 2IDA6 improve the

operationaktability of the material. The results are showligure 32 As it can be seen, when

the maximum operational temperature is 10@0the material presents a stable hydrogen

production during six consecutive cycles.
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Figure 32. a) specific & production in cm? of Oz per gram of LSC and operation cycle and b)
specific Hz production in cm?® of H2 per gram of LSC and operation cycle during 6 consecutive
cycles at 1000C (heating: 10°C/min, N2 flow: 50 L/h).

The materiakycled at 1000C wasalsocharacteded by SEM after each consecutive cycle to

check the possible morphological changes twe formation of segregated phases. The

micrographs are shown Figure 33.
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Figure 33. SEM micrographs of the LSC perovskite a) fresh material, b) after desicycle,c) after
the 2 cycle, d) after the 3 cycle, e) after the & cycle, f) after the 3" cycle and g) after the & cycle
performing them at 1000°C.

In this casethere is alight morphological change due to a small sintering of the mat&iadl
most inportant is the fact that the analysed material after each cycle does not present segregated

phases, and the EDX analyses confirm that the material has a uniform composition.

[11.3. Ceria based materials

I. Thermodynamic study

First of all, the Gibbs freenergy of reactios was calculated to evaluate the theoretical
temperature required for both reduct{®1i5)and oxidation(R16)steps.

BQOQ6 ©80Q Qb ~ 6 (R15)
8Q b Qo 1 '0608Q 000 |0 (R16)

CenxMeOqf srepresents the studied materials (Me = Fe, Co, Mn and Zr, and x = 10 &d 50
mol). As an example, the value$ the estimate@ibbs energy of both reduction and oxidation
reactionsas a function of temperature are showFigure 34for the Ce oFe.10y material.
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Figure 34. g of a) reduction and b) oxidation of the CedFen10y.

As it can be seerthe temperaturegequired for reduction reaction is much lower than the one
corresponding to th@ure metal oxideg~ 2000 °C), confirming asynergistic effect ornhe
combination of both metalin contrastthe oxidation reactiois spontaneous onlyp to780°C,
much lower than the value ftine cerium oxidé¢~ 1300°C). Similar results have been obtained

for the rest of materials

a. Evaluation of the influence of the operation variables on the
equilibrium temperatures

Similarly to the case oMn-Co mixed oxides and perovskites, the equilibrittmperaturds
strongly influenced by the operation variabligs the total pressure, the amount of carrier gas,
the amount of oxygen during the reduction step and the amount of water dhaiogidation
reaction.Figure 35shows as an examplehe influence of the total pressum the Cey oF& .10y
material being the operational temperatures summarizebtable Xlil. As it can be seen, the
lower the pressure, the lower the required tenmpegdor the reduction procedsigure 35a) as

is predicted bye Chatélierprinciple. This effect is more significant than for the perovskites, as
it depends otthe values oti andU. In the case of the oxidation reactidfigure 35b) the lower

the presure the higher the range of temperatures at which the reaction takes place.

Theinfluenceof the gas/solid raticss shown inFigure 36and the operational temperatures are
summarized in Table ¥ . Results indicates thah increase in the solid/gas malatio shift the
equilibrium to lower operational temperatures in the case of the reduction re&ugiore (36 3

an increase the range of operational temperatures in the case of the oxigtion 36b).
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Figure 35. Influence of the total pressure a the thermodynamic equilibrium of the solid phases of
the Ce.dFen.10y thermochemical cycle at a ratio N/oxide of 1.

Table XllI . Operational temperatures as a function of the total pressure for a FEe mixed oxide
based thermochental cycle.

Tred (°C) Tox (°C)

P =0.1 atm P =1 atm P=10atm | P=0.1 atm P =1 atm P =10 atm
740 770 820 850 780 690
Ceo,gFeowov — CeorgFemOw+ @20, Ce e, .0 +aHO— Ceo,gFeo,woy +aH,
0.00542) 0.005 40
Ce, Fe, | ". | Ce,.Fe, .0 1 Iys H,0
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Figure 36. Influence of the gas/solid ratio on the thermodynamic equilibrium of the solid phases of
the Cen.dFen.10y thermochemicd cycle at a total pressure of 1 atm.

Table XIV . Operational temperatures as a function of the amount of inert gas for a FEe mixed
oxide based thermochemical cycle.

Tred (°C) Toc (°C)

N.=0.1 No=1 Ny, = N>=10 | N.=0.1 No=1 N, = N, =10
mol mol 1.88 mol mol mol mol 1.88 mol mol
820 770 760 740 690 780 800 850

Figure 37depictsthe influence of thaiseof air as gas carrier instead of inert gas, being the

operational temperatures summarized able XV. As expected,hte presace of oxygen has a

clear influence in the temperature at which the reduction bdgaveever, although the use of air
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as carrier gas implies an increase in the required temperature, the operating costs would be notably
reduced.

CengFeD WOY - CeOQFemOMm + /2 O2

0.005

Ce Fe O M Ce, Fe O
—_ 09 01y bYid y
© 0.004 4
E ]
& 0.003
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600 700 800 900 1000 1100
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Figure 37. Influence of the presence of oxygen on the thermodynamic equilibrium of the solid
phases of the CedFen.1Oy reduction step at a ratio N/oxide of 1 and total pressure of 1 atm.

Table XV. Operational temperatures as a function of the compositioof the carrier gas for a FeCe
mixed oxide based thermochemical cycle.

Tred (OC)
100 % N2- 0 % O2 90 % N2- 10 % O; 79 % N2-21 % O>
770 850 860

The amount of water used in the oxidation step is also an important variable to study. The results
of its influence in the equilibrium compositions are showrFigure 38whereasTable XVI
summarizeshe operationatemperaturedn this case, the higher the amount of water the higher
thetemperatureangeat which the oxidation takes place.

Ceu_gFeO1OW+ o H,‘)O—.sCe0 9FemOy + o H2

Composition (mol)

T T T T T
400 500 600 700 800 900 1000

Temperature (°C)

Figure 38. Influ ence of the amount of water on the thermodynamic equilibrium of the solid phases
of the Ce.dFen.10y oxidation step at a ratio N/oxide of 1 and total pressure of 1 atm.
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Table XVI . Operational temperatures as a function of the amounof water for a Fe-Ce mixed oxide
based thermochemical cycle.

Tox (°C)
H201H2=1 H202H2=2 H202H2=3
780 790 800

Taking these results into account it is evident that it is necessary to perform a technical and
economical optimization of the processitride the combination of pressure, inert gas/solid ratio

or air/solid ratio, and amount of water that minimizes the total cost.

ii. Characterization of CeixMexO2x imaterials

Table XVII shows thecompositionof the ceria basednaterials prepared by qwecipitation,
determined by elemental analysis from 8BS measurements. As it can be seen, the ratios
measured by ICP are similar to the expected ones, indicating that the precipétnf the
different metal oides are similar between the@nly Ca.xZrOp-z materials seems to have a
slightly higher proportion of Ce than Zr, especially for the material with 50 % mol of Zr. These

results indicate that the precipitation of Zr is les@urablehan CeQ@and the other metal oxides.

Table XVII . Chemical composition of the synthetized Ce£y prep materials determined by ICP

AES.
Material Ce (% mol) Me (% mol)
Cen.oFe.102+1) prep 88.7 11.3
Ceo sFensOxi) prep 49.3 50.7
Cen.dMn0.10 2+ prep 92.1 7.9
CensMn 050 z:0) prep 51.3 48.7
Cep.9C00.10 211 prep 92.3 7.7
Cep.5C00.50 1) prep 50.1 49.9
Cen.oZr 0102+ prep 93.3 6.7
CensZr 050 2:0) prep 64.5 35.5

Figure 39shows the XRD patterns of the synthetized materials, as well as pure cubiwi@eO
fluorite structure (JCPDS 33394), hexagona-Fe:O; (JCPDS 33664), cubic MpOs (JCPDS
41-1442), tetragonal hausmannns;O, (JCPDS 240734), CagO, (JCPDS 421467) and
monoclinic ZrQ (JCPDS 06037-1484).
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Figure 39. XRD patterns of the synthesized materials: a) GaFexO-u ynaterials; b) CerxCoxO-u )
materials; ¢) Ca.xMnxO¢-u ynaterials and d) CaxZr xOe-u ynaterials.

The samples with 90 % mol on Ge dMen.10p-5)-mix retain the Cefluorite structure with
signalsat 28.54°, 33.16°, 47.50° and 56.38fth small contibutions of reflections from other
metal oxides The physically mixed samples &zMeosOy-mix displayed reflections from both
CeQ and the corresponding Mmide phase, particularly M@, in the case of the
Ce.sMng s0p-5-mix material Figure 39c¢). In samples prepared by -poecipitationthere are
differences between the materials with a 90 % mol on Celil&s 1Op-»)-prep) and the ones with
50 % mol (CesMno.sOp-i-prep). In the case of the £seo 10.5-prep materialsynly reflections
arigng from CeQ but with widersignals were visible. This could be due &odistortion in the
fluorite crystalline Ce@structure and the consequently variation in the lattice pararfféters
Additionally, the broad XRDsignals of these materials suggest fer particle size
conformatior®. In the case of the Geviey sO-y-prepmaterials, the only one that showed clear

diffraction signals was CeysFesOp-i)-prep, which maintains a fluorite crystal structure. In

4TF. J. PéreAAlonso, M. Lopez Granados, M. Ojeda, P. Terreros, Safkd]. Herranz, J. L. G. Fierro, M. Gracia and J. R. Gancedo,
Chemical Structures of Coprecipitated®e Mixed OxidesChemistry of Materials17,9 (2005), 2322339.

48 Aytekin Uzunoglu, H. Zhang, S. Adreescu, L. A. Stanciu, RO, (M: Zr, Ti, Cu) Mixed Metal Oxides with Enhanced Oxygen
Storage Capacitylournal of Materials Sciece 50,10 (2015), 375@762.

xlix



u Universidad Rey Juan Carlos Summary

addition, aslight shift to higher diffractions angles was obtainedlig material as compared to
the pureCeQ powder, especially for angles of 33° and 57°, indicating that some cation% of Ce
have been substituted IB¢**. The changen the cell parameter of the cubic structaoaild be

due to the difference in the ionic radius and the difference catiorcsizirming the formation

of a solid solution.

The morphology of the synthesized materials as well as composition distribution was determined
by scanning electron microscopy. The results foiGaaFeOq. ynaterialsare shown irFigure
40.

Figure 40. SEM and TEM micrographs of the Ca.xFexO:ii ymaterials: a) SEM-CeQz, b) SEM-
Fe20s3, ¢) TEM -CeQ,, d) SEM-Fex03, €) SEM-Cen dFen10-i prep, f) SEM-Cen.oFen.10-u ymix, €)
TEM -CepgF€0.10¢-u prep and f)TEM - CengFen 10t )mix.
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As it can be seen iRigure 40a, the ceria is formed by spherical particles of around 25
while the iron oxide Figure 40b) is formed by larger size particles §2n) without a fixed

morphology.

Regarding the synthesizeade «FeOp.u ymaterials, the ones obtained by thepcecipitation
method Figure 40c and e) are formed by amorphous particles eR@0em. They have a
homogeneoudoamy appearance without any characteristic morphologies of the pure metal
oxides. The EX analysis of these materials in different parts of the sample reveal that they

present a unique phase with the desired proportion of each metal.

On the other hand, the materials obtained by physical mixture of the respective metal oxides
(Figure 40d andf) present two different morphologies. One of them is formed by small spherical
particles like the cerium oxide, while the other is composed by bigger amorphous particles, similar
to the iron oxide. These results suggest the presence of two differemgjagednghases. An EDX
analysis of different parts of the sample confirm the presence of two differens,phasef them

with a major proportion of cerium and the other one with a major content aidtteximetal.

Similar results have been obtained for thet of the synthesized materiafs the materials
obtained by physical mixture of the respective pure metal oxides present segregated phases they

were discarded for further studies.

H2>-TPR profiles forthe ceprecipitationmaterials are shown iRigure4l This technique was
used to characterize the reducibility of the materials as it is generally acknowledged that is a
critical point in thermochemical cycles for water splitting, as reduction is the most energy

demanding step of the process.
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Figure 41. H>-TPR profiles of the obtained materials:a) CerxFexOeu ynaterials; b) CerxCoxO-u )
materials; c) CaxMnxOu ynaterials and d) CaxZr xO-i ynaterials.

The capacity of ceria to be easily reduced to-stmichiometric oxides is due to the properties of
fluorite structureemixed valence oxidé3?* Asit can be seen in the Ce@duction profile, the
reduction occurs via a stepwise mechanism, first reduction of the outer most layers of Ce
(surface reduction) at approximately 4% and then the reduction of the innefQayer (bulk
reduction) at lgher temperatures (74C€)**%°. The reduction of single E®; by H; is known to

be stepwise, with B8 first converting to Fg4 (small peak at 368C) and then to Fe (59C)>.

In the case of the GgFeOp-y Mmaterials prepared by guecipitation, three peaks appeared, the
higher the intensity as the higher the iron content. These peaks are shifted to lower temperatures
as compared to those appeared for the pure oxides, indicating a higher reducibitityy a#pa

these materials. As mentioned above, the first peak can be assigned to the reduction ®4free Fe

M. Boaro, M. Vicario, C. de Leitenburg, G. Dolcetti and A. Trovarelli, The Use of Tempeftageammed and Dynamic/transie

Methods in Catalysis: Characterization of Cased, Model Threg/ay CatalystsCatalysis Today77,4 (2003), 407417.

0'S. Bernal, J. J. Calvino, G. A. Cifredo and J. M. Rodriguezq ui er d o, Comments on AREGCGOX Processe:
Catalyst MonitoredbyRay Absor pti on ( F asutnal & Physical Ehemistr@n0 (1995 11 7941796.

1 G. Magnacca, G. Cerrato, C. Monterra, M. Signoretto, F. Somma and F. Pinna, Structural and Surface Characterizatiod of Pure a

Sulfated Iron OxidesChemistry of Materialsl5.3 (2003), 67587.
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(292 °C), then the overlapping reduction of Cand Fé* (526 °C) and the last peak can be
assigned to the reduction of bulk Gét§718°C).

Regardhg to Ce.xCoO-;) materials Figure 41b), the bare G, showed one main peakntred

at 350°C dueto the reduction of G®, to Co.In the case of the garecipitated materials, thexH

TPR profiles are completely different. Sample, & :Op-5-prep showed two ovexpping

peaks at 185 and 28€ that could be attributed to the subsequent reduction .o CoO and

CoO to metal Co. At higher temperatures, the peaks at 415 ari€ ¢Hh be attributed to CeO
typical reduction signals. The higher Co content of tlegsCo sOp-n-prep sample allowed a
better separation of the overlapped peaks previously mentiordidating thatthe reduction
behaviour is strongly influenced by the Co content, as it has been reported for other
CeixCoO-y material§? In the case of th€e.\Mn,O-; co-precipitated samples, the-HIPR

profiles exhibited two overlapping peaks at low temperatures (220 arfi€B30brresponding to

the reduction of Mff/Mn®* to Mn?* reductiort® and a third peak at 73C, corresponding tthe
reduction of Ce species, which is shifted to a lower temperature and intensity when increasing the
Mn content. The reduction analysis for bare zirconia showed a peak with very low intensity at
525°C. In the case of the gurecipitated materials, thei®a change in the behaviour of the TPR
profiles (Figure 41d). Although there was not a remarkable shift to lower temperature, the
intensity of the peak corresponding to the reduction 6f tbe surface (436C) showed higher
intensity than that obserstdor reduction of the inner Celayer (bulk reduction, 74€C). It was

on the contrary that the relative intensities obtained for pure.déf@ results demonstrate that

the incorporation of Zr in the ceria structure promoted the reduction of Ce ioinéy making

the surface reduction easier as demonstrate the increase in the surface of the reduction peak

obtained at temperature of 430 for the CexZrOp-g-prepmaterials’.

Evaluation of the cyclability behaviour by TGA

Reduction and rexidation capacity of the materials were experimentally assessed by means of
thermogravimetric analysiskigure 42 shows the results in terms of weight change and
temperatire, as consequence of releasing oxygen during the thermal reduction of the materials,

and reoxidation of the materials in contact with an airflow of 5¢/onm.

52M. Konsolakis, M. Sgourakis and S. A. C. CarabineBurface and Redox Properties of Colg#tia Binary Oxides: On the Effect
of Co Content and Pretreatment Conditiohgplied Surface Sciencg41 (2015), 4854.

8 L. E. Gémez, E. E. Miré and A. V. Boix, Spectroscopic Characterization ofCbiGe Mixed OxidesActive Catalysts for
COPROX Reactiorinternational Journal of Hydrogen Energ98,14 (2013), 564%654.

54 B. de Rivas, C. Sampedro, M. Garfiaal, R. LopeFonseca and J. |. Gutiérrértiz, Promoted Activity of Sulphated Ce/Zr
Mixed Oxides for Chlorinated VOC Oxidative Abatemehpplied Catalysis BEnvironmental 129 (2013), 225235.
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Figure 42. Redox cycleg% weight versus temperature)in TGA (heating: 10°C/min, Gas flow: 50
cm®/min) for: a) CenxFexO-i ynaterials; b) CerxCoxOe-u ymaterials; ¢) CaxMnxOe.u ymaterials and
d) CewxZr xOp-u ynaterials.

All the materials showed a remarkable weight loss in the first cycle from the beginning of the
analysis. Thigactdoes not appear in subsequent egcSimilar behaviour has been reported for
other materials (ferrites) in literature, attributing the weight loss up t¢@Q@6 the removal of
physisorbed molecules of water, and weight loss from 100 to°60@ the removal of the
chemisorbed water matales or hydroxyl groupgé Nevertheless, the first cycle is considered as
an activation step prior to the properly thermochemical cycles by many authors. After that effect,
Ce.FeOp.y-materials showed a stable behaviour in terms of losing and gaining weight along
the cycles. The material with higher iron contéfiggre 42a) exhibited higher weight variations
as compared to the g4 100-y-material. The reduction took placecat 1300°C, whereas the
re-oxidation during the cooling step was finished at that temperature too. ThREGIB-y)
materials showed a remarkable weight change during the cycles. The reduction started at
temperatures of 900C, whereas the oxidation s&ad after cooling down to 75800 °C.
Nevertheless, thmaterial with higher Co contesthowed a continuous loss of cyclability over
the number of cycles, probably due to thajor presence of Co in the ceria structure. The high
temperatures necessary fbe reduction allows the reduction of Cto Cd that can diffuse to
the ground boundaries, causing phase segregation and loss of structure. Finally, a negligible
change in the weight of the C&In,O.;) materials were observed after the first weight loss

previously mentioned. On the other hand, theZeO.;y materials exhibited a small redox

liv
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signal (ca. 0.2%) after that first weight lo3siking into account the obtained results, only the
materiab modified with 10 % and 50 % of iron and 10 % of cobalt were selected to evaluate their

hydrogen production in the high temperature furnace.

iv.  Production of hydrogen and cyclability behaviour on a high
temperature furnace

The oxygen and hydrogen productim three consecutive cycles for eaetectednaterial were
determined in a high temperature tubular furnace, as it has been described in the methodology

section The results obtained are depictedrigure 43andFigure 44

The Ce dF&.100-n material showed a stable behaviour after the first redox cycle. The oxygen
released (4 ctnSTP/gaerarcycle) and the hydrogen production (8 T®TP/gateriarCycle) are
according to the stoichiometry of the thermal water splitting (R1), indicatiogn#plete re
oxidation in each cycle.

0600 -0 (R1)

The Ce Cm.10p-1) material exhibited a similar behaviour than the &€e) 10y, although the
oxygen and hydrogen released in each cycle is continuously decreasing, indicating a similar loss
of activity and cyclability than that observed in the TG analigsithe other Co material
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Figure 43. Specific Q@ production in cm?® of Oz per gram of material and operation cyclefor
Cen.dFen.10¢-i ynaterial, Cen.sFeo.sO-u ynaterial and Cen.oC00.102-u ynaterial (heating: 10°C/min, N2
flow: 50 L/h).
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Figure 44. Specific H production in cm? of H2 per gram of material and operation gycle for
Cen.9Fen.10-1 ymaterial, Ceo.sFensO-i ymaterial and Cep.9C00.10-u ynaterial (heating: 10°C/min, N2
flow: 50 L/h).

As expected from TGA results, the ceria materials mixed with up @ 50 other metal ion
(CaysFansOp-ij)) exhibited a higer oxygen release than that obtained with less metal
concentration. The higher presence of the other metal produces a greater degree of non
stoichiometry in the materials, improving the diffusion of oxygen and making easier the reduction.
Unfortunately, the hydrogen production is considerable lower than for theFeeOp-i),

indicating that the water decomposition did not proceed to completion in each cycle.

In order to evaluate the possibiegradationof the materials after the cycles, thesere
characterized by XRDHigure 45. All the materialsshow a remarkable chaegin the XRD
patterns after the redox cycles. TierowerXRD signalsafter the reactions suggests a bigger
particle size conformatiomrobablydue tosevere sintering of the particles. Nevertheless, all of
them maintained the structure of the GdlQorite. In case of the GgFes0.;) material, small
signalsat 36° and in the range of -63° also appeared after thgcles. Thosesignalscan be
attributed to the R©3 material, or even to uwoxidized FeO segregated from the initial solid
solution. In the case of the @uodified materl, also newsignalsfrom the CgO. structure

appears, which indicates the presence of this phase.
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Figure 45. Comparison of the materials prepared by ceprecipitation method before and after the
thermochemical cycles for water splitting:a) Ce.oFe0.10-t ynaterial; b) ) CensFensO-u ynaterial
and c) Cen.9C00.10¢-i ymaterial.

As the Ce\FeO.;) materials are the ones that have shown the best results, SEM micrographs of
these materials have been taken after the third consecutive cycle in octleckathe possible
morphological changes. The micrographs are showigimre 46

Figure 46. SEM micrographs of theCeixFexO-u ynaterials before and after the three consecutive
cycles in the tubular furnace: a) CedFen1O-u jfresh material, b) CeysFensO-u fresh material, c)
Cen.dFen.10-u yafter the third cycle and d) Ce.sFensO-u yafter the third cycle.
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As it can be seen iRigure 46there is a clear change in the morphology of the materials after
three consecutive cycles due to a partigtenvth. The CedFe 100y (Figure 46c) is still formed

by a unique mixed oxide phase while, in the case of the material formed by 50 % of each metal
(Figure 4&d), it can be noticed the existence of segregated iron from the structure which justifies

the presence of new diffracti@gnals

lll. 4. Energy and exergy study

Once evaluated the hydrogen production and the cyclabilitthefdifferent metal oxides
prepared the energy and exerggfficiendes of the thermochemical cycles based on the best
materials wereanalysedIn Figure 47 is depicted the flow diagram of the thermochemical cycle
based on the MrCoy.s04 material.
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Q Qs atTpand Py
cooling

I _____
Solar reactor
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Figure 47. Flow diagram of the thermochemical cycle for the MfCo oxide materials.

Thethermochemical process consist$§)ablar concentratqiii) solar reactowhere the reduction
step takes placeii) oxidizer, where the oxidation with NaOH for hydrogen production takes
place andiv) hydrolysis reactorAdditionally, twocooling unis for the Q and theH,, a heating

unit for the carrier gaanda NaOH heating undre required

The LSC thermochemical cycle is &t&p thermochemical cycle and the flow diagram is depicted
in Figure48. Additionally, the CedFe 1O scycle is depicted in Figurd9. As it can be seen,
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both diagrams are similar because both of them-ateps thermochemical cycles. The difference

is the solar reactor operating temperature which is slightly higher for the cerium mixed oxide.

Q X C)Ioss
cooling Carrier gas: N,
I I at Tyand Py
Solar reactor
a Tiactor = 1000 °C Receiver Concentrator
No+ O, N+ O, at @ Preactor = 1 atm Nabs
atToand Py ;reactor Lag ST 2C0055 C = 1000-5000 suns
reactor . .
Carrier gas: N,
at Toand P,
Hzo Qcondenser Qioss o ’ °
atT,and P, Oxidizer
Cond at Toxigizer= 8 4 H,0
LR at anidizar = atT, and Py
N,+ H, at N+ Hz + H,0
at Tyand P, at
T - Energy
oxidizer
Poxidlzer L2055102C005: — L20s503C0054
nH, =1 mol/s —0,
A e H2
—N,
——H,0
Figure 48. Flow diagram of the LSC perovskite thermochemical cycle.
Q anss
cooling Carrier Gas: N,
I atTyy Py
Solar reactor
at Troaeor = 1300 °C Receiver c trat
_ oncentrator
N,+ O, N+ O, a at Pregeior = 1 atm Nabs
atTyy Py reactor CEU gFeg 102%. C = 1000-5000 suns
preaclor : ) e
Carrier Gas: N,
HZO Qcondenser Q at TU ¥ PD
at T,y Py paadl Oxidizer
at Toxidlzer= 8 +—— H,0
Condenser tP._.. =
a oxidizer at To y PD
N2+ H2 N2+ H2+ HQO
atTyy Py at —— Energy
Toxidizer CeggFeg 0.
Posidizer — CegoFeg10;45
nH, =1 mol/s —0,
3 —H,
—N,
—H,0

Figure 49. Flow diagram of the Ce.d~en.102-s thermochemical cycle.

Thethermochemical process consist$)@&olar concentratoii) solar reactowhere the reduction
step takes placandiii) oxidizer,where the oxidation witkvaterfor hydrogen production takes
place. Additionally,a cooling unit for the @ a condensedt. separatgra heating unit for the
carrier gasanda steam generat@re required
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The complete cycle was assumeddow at steadgtate and viscous losses, kinetic and potential
energies were neglected; and ideal gas behaviour was assumed. The thermodynamic properties
for Hy, H,O, O, and metal oxides were extracted from HSC, and partial molar enthalpies and
entropiedor the reactant and products were determined as it was described elé&Whereycle

was normalized to 1 mol/s of;lgroduction.

The solar reactor was assumed to be a perfectly insulated, blackbody receiver so the absorption
efficiency is given by equi@n (16)

- — P — (16)

whereQsolar is the total solar heat rate input to the cycle (k@:ctor is the total heat needed by
the reaction to take place (kW)js the StefarBoltzmann constant (5.67-20W/m?-K#); Treactor
is the solar reactor temperaturés the direcinormal solar irradiation taken as 1 kW@ is the
concentration ratio which is fleed as the solar radiative flux normalized to 1 kWand it is

usually expresses in Asunso units.

The initial oxide was assumed to enter the solar reactor with a carrier fan{\reduced at a
total pressure of 1 atm. The releasedv@s continuouslyemoved with the inert carrier gas. The

necessary heat for the reaction to take place is given by equatiem (17)

0 g Y 'S (17)

9 o - 9

However, it is also necessary to heat the carrier gas beingetitig rate described by equation
(18):

0 g Y&, o (18)

Taking this into account, the necessary heat inPuido) is given by equation (19):

0 0 0 (29)
S0Qsolar is calculated combining equations 19 and 16 as exgessequation (20):

0 S (20)
The heat loss due to thenadiation from the reactor to the envirent is described in equation
(21):

0 0 p - (21)

SSE.A. Fletcher and J.E. Noringligh Temperature Solar Electrothermal Procesgimg from Zinc Oxide,Energy 8.4 (1983), 24i7
254,
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The released oxygen was continuously removed with the inert gas dad down to ambient

temperature, so the heat rejected in the cooling unit is calculated by equation (22):

0 ¢ Y& , 0 ¢ Yo, 0 (22)

The reduced material exiting from the solar reactor was introduced into the oxidizer and mixed
with steam in the case of asfep thermochemical cycle. The required energy to generate the
steam is also obtained by solar eneagyl it is given by equation (23):

~ v v

v 3 YQSO 8=8y'c53§
¢ Y&, o . (23)

In the case of a-8tep thermochemical cycle, there is no need to have a steam generator although

it is necessary to heat the NaOH before feeding the oxidizer as is expressed in €2diation

V] 3 y'Can +S7CE 5 O

yos 0 (24)
The oxidizer was assumed to operate adiabatically and isobarically.

In the case of a-8tep thermochemical cycle, the gas mixture fromakidizer goes through a
condenser to separate the water from the hydrogen. As for the cooling unit, the heat loss to the

environment is given by equation 25:

0 ¢ Yo, o & Yo o . — s
Ve ., o & Y o (25)

For a 3step thermochemical cycle there is no need to have a condenser to separate the water and
the hydrogen, but it is necessary to have a cooling unit for the miXilie. The heat loss in this

unit is given by equation (26):

0 FoE Yo, o & YO o (26)
Additionally, in a 3step thermochemical cycle it is necessary to cool dowrnoitide before

feeding the hydrolysis reactor as given by equation (27):

0 ¢ Y 5 0 (27)
Thesolar to fuel efficiency is used as a metric to compare the potential heat of the hydrogen with
the solar heat inputs and it is determined by equation (28) and equation (29) depending if it is a

2-step or 3step thermochemical cycle:
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— (28)

- (29)

where HH\;;is the hydrogen higher heating value 286 kJ?fnol

Regarding the exergy, the rate of exergy destruction across the solar reactoriledéyJsolar
and(ess Which are the exergy rates associated with thermal radiation from the sun and the solar

reactor determined as (equation (30)) and equatior®(31))

5o -— - — (30)

Y p - - (31)

whereTsun has a value of 5777 K which is consider the effective temperature of tffe Boin
estimatethe exergy associated to the steam generation and the NaOH heating, equations 32 ad 33

were used:

g U g P - — - — (32)

U p - - — (33)

The exergy efficiency which relates the input to output work potential was also used to assess the
cycle performance for electricity production. This efficiency is given by equations (34) and (35)
depending on the numbef sieps of the cycle.

- i (34)

- d (35)

where(ch 12 is the chemical exergy of the hydrogen that has a value of 235 kJimeokxergy is
calculated on the amount of etecal work that is possible to obtain and for this it is assumed
that the His carried to a fuel cell with efficiency of 85 because the efficiencies of the batteries
ranges from 40 % to 65%

% A. Nixon, M. Ferrandon, M.H. Kaye and L. Trevani, Thermochemical Production of Hydradeances in Hydrogen Production,
Storage and DistributioMWoodhead Publishing Limited, 2011).

" R. Petela, Exergy of Undiluted Thermal RadiatiBolar Energy 74.6 (2003), 463488.

%8 J.E. Parrot, Choice of an Equivalent Black Body Solar TemperatS8mar Energy51.3 (1993), 195.
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I.  Mn1xCoxO4 thermochemical cycle

The first thermochemicalycle to beanalyseds the one based on the Mn and Co mixed oxides.
The results obtained in the thermodynamic study allow the formulation of the following
assumptions in order to perform the energy and exergy evaluation of the Mn/Co thermochemical

cycles:

i) As oxidation with NaOH is the step with higher temperature requirements, calculaer.h
andQsolar Will be done according to this step, instead of thermal reduction. Thus, general equations
17, 18 and 22 can be reformulated in equation3836

0 0

& Y A s O 0 (36)
0 ¢ YO, o (37)
0 ¢ Yoy , 0 ¢ Yo, 0 (38)

The thermal reduction step would be slightly overheated, and gases coming from this step should
be cool down from that temperature to room temperdilizesquation 38, first term) and after

that, oxidation would occur adiabatically and isobarically, but at the temperature required for the
reaction. No further losses between steps are taking into account. Additionaltartiee gas

should be heate® oxigationin the first step, but this heat flow would be similar than that required

for the corresponding heating of the gas carrier in the oxidation (equation 37).

i) Concentration ratioQ) is critical in this study, as the temperatures that cardhed in solar
thermal facilities for a constaQsoiar are direct related with this parameter. Although a value of
5000 is commonly found in literature for this kind of evaluati®iis the influence of this

parameter has been also taken into accouhisrstudy.

iii) The final recovering step proceeds at room temperatyyen(drder to facilitate the NaOH

recuperation by dissolution in liquid water.

The results of the efficiency analysis according to these assumptions and calculations described

previously are presented in this section in order to assess overalpeyfdemance.

%9 G.L. Schieber, E.B. Stechelb, A. Ambrosini, Mller, P.G. Loutzenhiser. $0 splitting via a twestep solar thermoelectrolytic
cycle based on nestoichiometric ceria redox reactions: Thermodynamic analysisrnational Journal of Hydrogen Energy,
Available online 8 July 2017 In Press, CorrectecbPdwi.org/10.1016/j.ijhydene.2017.06.098.
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Summary

The impact ofC on adsorption efficiency is given Figure50. As it can be seen, the higher the

solar concentration capacity, the higher absorption efficiency becaugsita losses are lower.

This difference is especially noticeable in the case of a solar concentration of 1000 suns.
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Figure 50. Relation between the solar efficiency absorption and the operational temperature as a

function of the solar concentration capcity.

The solar heat input requirements and the heat losses wemamalgsedseeing that is better to

work with high concentration solar capacities in order to decrease the optical and the radiative

losses. On the other hand, regarding the exergy asallye lower operational temperatures and

the higher the solar concentration the lower exergy destruction rate is obtained. All of these

variables were studied for different ratiosib from 1 to 3,showingthat the higher the amount

of inert gas, the gher the energy requirements.

In Figure51 are depicted the solar to fuel efficiency and the exergy efficiency for a cycle based

on M sCo.504 material regarding the solar concentration ratio and for different valuesttf N

In both cases the lower tine:H; ratio the higher efficiencies were obtained due to a decrease in

the energy requirements. On the other hand, the higher the concentration ratio, the higher the

efficiencies due to a decrease in the optical losses.
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Figure 51. a) Solar to fuel efficiency andb) exergy efficiencyfor the Mn 15C01.504 thermochemical
cycle.

LSC and Ce.dFen.102x tthermochemical cycles

The solar to fuel efficiency and the exergy efficiency were evaluated for bstbpg

thermochemical cycles regarding the solar comaéioh ratio and for different NH, and HO:H.

ratios. The results for different.N. ratios are depicted in Figur&2 and 53.
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Figure 52. Solar to fuel efficiency for a) LSC thermochemical cycleand b) Cen.oFen.1024
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Figure 53. Exergy efficiency for a) LSC thermochemical cycle and b) GeFeo.102.: thermochemical
cycle as a function of the solar concentration capacity and the2M 2 ratio and for H2O:H2= 1.

As it can be seen in Figures 52 and 53, the higher the amount of carrier gas the lower efficiencies

were obtained due #mincrease in the energy requirements. Additionally, an increase in the solar

concentration ratio implies an increase in the efficienbiecause of a decrease in the optical

losses. On the other hand, comparing both materials it is evident that the efficiencies were higher

for the LSC material because it requires lower operational temperatures which implies a decrease

in the radiative loses improving the overall efficiencies. The differences for both materials are

significantly higher for low concentrations ratios.

Then the influence of the amount of water introdlitdo the system was alsmalysed The

results obtained for the solarfteel efficiency and the exergy efficiency are shown in Figures 54

and 55.
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Figure 54. Solar to fuel efficiency for a) LSC thermochemical cycle and b) G&Fen.102-u
thermochemical cycle as a function of the solar concentration capacity and the®:H: ratio and
for N22H2=1.
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Figure 55. Exergy efficiency for a) LSC thermochemical cycle and b) GeFen 1025 thermochemical
cycle as a function of the solar concenation capacity and the HO:H2 ratio and for N2:H2= 1.

As it can be seen, the higher the amount of water, the leffieienciesbecause a greater heat

input is required decreasing the global efficiency of the thermochemical cycle. However, most
importantis the fact that comparing the efficiéagof the MnCo mixed oxidewith the LSCand

the CeFe mixed oxideis the perovskite which provides the highest efficiency for a quantity of
water double the stoichiometric due to the lower operational temperathies decreases the
radiative losses increasing the solar absorption efficiency, decreasing the required solar heat input

and increasing the total efficiency of the cycle.

Finally, a comparison among all the studied mater@mCo = MnsC0 504, LSC =
Lao.sSh.2CoOst sand FeCe = GeF&.10x1 ) and other reported in the literature was carried out.
The results for the solar to fuel efficiency and the exergy efficiency are shdviguie 56.
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Figure 56. a) Solar to fuel efficiency and b) exergy efficiency for differat thermochemical cycles
(H20:H2=1, Ne:H2=2 and C = 5000)
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As it can be seen, in all the cases the solar to fuel efficiency aedehgyefficiency are higher
for the MnCo mixed oxide than for the M@; due to a decrease in the operational tempegsitu
which decreases the radiative losses increasing the overall efficiency of the piiduess.
comparisons reinforce the proposal of mixed manganese and cobalt oxides as promising materials

for hydrogen production by astep thermochemical water sptigy cycle.

As it can be seen the solar to fuel and exergy efficiencies forstep2 thermochemical cycles
studied are higher than the ones obtained with other materials commonly studied in the Jiterature
specially de cerium oxidelue to the lower opational temperatures. In the case of th&eps
Mn-Co mixed oxide material, the efficiencies are slightly lower than the other cycles reported in
literature due to the fact that is ast&p thermochemical cycle. Nevertheless, this difference is
small dueto the lower operational temperatures required by theCldmixed oxide.

V. CONCLUSIONS

From this thorough study different kind of metal oxides materials for thermochemical hydrogen

it can be concluded that

- Mn and Co spinels (MixCo.0O,) aresuitablematerials to be used for hydrogen production
with a successful cyclability behaviour. Mixed Mo materials were thermally reduced and
subsequently oxidized showing successful hydrogen production during astépee
thermochemical cycle involving sodium hgdide (NaOH). The spinel materials ovare
the main limitation of the My©4 redox cycle, reducing the required temperatures from 1350
°C to 8501050 °C. Additionally, the reduction process took place through a single step
reaction, avoiding the formatiasf intermediate species that makes much more complex the
chemistry of the MgOs redox cycle. The best MinCo mixed oxide was the one formed by
50 % of each metal and it allowed a hydrogen production of 40yegaiacycle when it
reacted with NaOH, whh is comparable to the obtained with otBatepscycles at similar

temperature.

- Commercial perovskites tydea:«SrnMeO; (Me = Mn (LSM-20 and LSM35), Co (LSC)
and Fe (LSF))have been studied for their application in hydrogen production by
thermochemial water splitting. ICPAES and DRX showed that the materials have a
perovskite crystal structure without contribution of additional phases but with a defect of
oxygen due to lanthanum substitution by strontium {stoichiometric oxygeni). The
thermodynamic study of the thermal reduction step demonstrated that manganese and iron

perovskites required lower temperatures than their respective metal oxides for the reduction
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step, which implies higher efficiency of the solar collector sysempecially in the case of

the iron perovskite. In the case of the LSC material, the required temperature for the
reduction step is only slightly lower than the required by th#Cd1owever, the utilization

of this perovskite implies an improvement ovwbke cobalt oxide cycle because this one does
not react with water for further hydrogen production. The oxidation step needs similar
temperaturesso the complete thermochemical cycle of this perovskite is compatible with
solar energy concentration devic&edox capacity experiments in TGA showed the LSC
material as the best tested material in terms of reduoli@ation stable behaviour over
several consecutive cycles. Moreover, hydrogen production by thermochemical water
splitting in a high temperatureuttular furnace demonstrated that the-dDbstituted
perovskite is the material which higher hydrogen productiapacity The cyclability
behaviour of this material performing the cycles at 1400was not stable due to the
segregation of metallic cobattp the cycles must be performed at lower temperatures, 1000
°C. The hydrogen production was feasible and stable @ixtoonsecutive cycles at this
operating temperatur&his study confirmed the LSC perovskite as a promising material for

hydrogen produ@n by solardriven thermochemical water splitting.

- Regarding the ceria mixed materials type.®&0Oy (Me = Fe, Co, Mn and Zr; x= 10 %

mol and 50 % mol) two different methodologies -frecipitation method and physical
mixture of the respective metal deis) were used for a comparison purpose. Unfortunately,
the physical mixture materials presented segregated plsasthey were discarded for this
application On the other hand, the -poecipitation method allowed the formation of solid
solutions which esulted in homogeneous materials with lower temperature reduction
requirements than the one needed by the cerium oxide. Moreover, an increaseloethe
metal content improved the reduction reaction, however it affected adversely to the hydrogen
productdbn and the cyclability behaviour. Finally, among all the precipitation materials the
one that showed the best results regarding the hydrogen production and the cyclability

behaviour was GeFe 10-.

- Finally, after evaluating thenergy efficienciesf the studied cycles, it can be observed that
the solar to fuel efficiency and the exergy efficiency of the cycles basdieohSC
perovskite and GeFe.1O.; were higher than the ones reported in the literature for other
metal oxides thermochemical cycles due to the lower operational temperatures which
decreases the thermal losses improving the efficiency. In the case oftbe Mixed oxide,
these efficienieswerehigher than the one for the Mbs thermochemical cycle due to the
lower operational temperatures, although these efficiema@eshigher than other reported

in the literature due to the major number of steps.
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Summarizing all the results, it cae loonfirmed the viability of MysC01.504, LaosS1.2C0o0sk i

andCe d~&.10 cycles to be combined with concentrated solar enfenglrydrogen production.
Therefore, the use of the studied materials may potentially open new application perspective for
thermochemical cycles, due to a reduction in the requirepaeatures. The studied metal oxides

can be an attractive way to produce Cftee hydrogen by renewable energy based solar

technologies.

Ixx



RESUMEN






u Universidad Rey Juan Carlos 1. Resumen

1. RESUMEN

El presente trabajo de investigacion se ha desarrollado en los laboratorios del Departamento d
Tecnologia Quimica y Ambiental de la Universidad Rey Juan Carlos y ha sido financiado por la
Comunidad de Madri d demacenamiahte iy CopversigneeBnergiat i t ul a
Solar Térmica de Concentracioh AL CCONES) o, r 2985, pe8e2wfenite8 4l MA E
programa de actividades I+D entre grupos de investigacion en tecnologias.

La demanda energética mundial crece afio a afio y mas de un 80 % de la demanda total se cubre
con combustibles fésiles como el carbdn, el petrdleo o el gas natural. Estdateg® de los
combustibles fosiles tiene importantes implicaciones econdémicas y ambientales. Desde el punto
de vista econdmico, su produccion esta centralizada en algunos paises con inestabilidad politica,
lo que provoca una gran volatilidad en los prediue, ademas, se ve influenciada por el
agotamiento de estos recursos. Desde el punto de vista ambiental, la quema de los combustibles
fésiles constituye el principal causante de la emisibn de gases de efecto invernadero,

principalmente de diéxido de cano, responsable del calentamiento global del planeta.

Estos problemas hacen gue la situacion no resulte sostenible a medio plazo y que sea necesario
buscar otras alternativas energéticas. Entre las diferentes posibilidades, el hidrégeno se presenta
como wn vector energético muy prometedor. Sin embargo, el 96 % de la produccién actual de
hidrégeno proviene de los combustibles fosiles. Para que el uso del hidrégeno a gran escala sea
sostenible su produccién debe estar basada en energias renovables. Dadafoente, los

métodos actuales de produccion basados en estas energias son costosos y no estan suficientemente

desarrollados.

De todos los posibles procesos renovables de produccién de hidrégeno, uno de los que resulta
mas limpio y conceptualmente méas ca es la termdlisis directa del agua para producir
hidrogeno y oxigeno. Desafortunadamente, la temperatura necesaria es tan elevadd@y 4000

gue es imposible alcanzarla con la tecnologia solar actual. Por ello, las investigaciones se han
centrado ere | desarroll o de | os denominados #dAciclos
de 6xidos metdlicos, cuyo resultado neto es el mismo que en la termdlisis directa del agua, pero

operando a temperaturas inferiores.

La presente investigacion surge de lagsédad de desarrollar ciclos termoquimicos compatibles

con la tecnologia solar de concentracion actualmente disponible y que permitan una produccién
de hidrégeno estable con el tiempo. Para ello se han estudiado tres tipos diferentes de materiales
basadogn 6xidos metalicos que, de acuerdo a sus propiedades redox, podrian ser utilizados para

descomponer la molécula de agua en hidrégeno y oxigeno: i) éxidos mixtos de manganeso y
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cobalto, Mn..CoQ4 (siendo 0,30 x O 0,9), ii) materiales de tipo perovskita con diferentes
metales, LaSkMeOsq (siendo Me = Mn, Fe, Co, y 0@ 00,4) y 3), y iii) materiales basados

en éxidos mixtos de cerimetal, MeCe.xO u(siendo Me = Fe, Co, Mny Zry x = 0,1y 0,5).

Paa cada uno de estos tipos de materiales se ha realizado un estudio termodinamico teérico en el
que se ha comprobado la viabilidad del ciclo termoquimico, se han calculado las temperaturas
tedricas de las etapas de reduccion (produccion g @xidacion(produccion de b y se ha
analizado la influencia de las principales variables de operacion. Posteriormente se han
caracterizado los 6xidos mixtos sintetizados mediante diferentes técnicas de analisis con objeto
de determinar el tipo de fase cristalindestida, su morfologia o sus propiedades redox. Se ha
analizado la ciclabilidad de las diferentes muestras mediante andlisis termogravimétrico en flujo
de aire y finalmente se ha estudiado la produccion de hidrégeno en ciclos termoquimicos en un

horno de @b temperatura.

Oxidos mixtos de manganeso y cobaltosMoOs:

El andlisis termodindmico de los Oxidos mixtos de manganeso y cobabeC®, ha
demostrado que son viables para la produccion de hidrégeno mediante un ciclo termoquimico de
tres etapas) reduccién térmica (produccién de){i) oxidacion con NaOH (producciéon de)H

e iii) hidrdlisis (recuperacion del 6xido inicial). Ademas, el ciclo basado en este tipo de materiales
requiere de unas temperaturas maximas de operacion de@O@)que gpone una mejora

importante respecto del ciclo de M3 puro, que necesita temperaturas superiores a°t350

La caracterizacion de los 6xidos mixtos de manganeso y cobalt@hl®. ha indicado que, de

las diferentes muestras preparadas, la Unica @sema fase espinela es la sintetizada a partir de

un 50 % mol de cada 6xido metélico, mientras que las preparadas con otras proporciones (90 %
Co-10 % Mn, 70 % Ce80 % Mn y 30 % C&’0 % Mn) conducen a una mezcla de 6xidos puros

de Mny Co. La muestra 50 %o0-50 % Mn tiene un comportamiento estable frente a ciclos en

los ensayos realizados en termobalanza con flujo de aire a temperaturas por debajiCde 890
Ademas, en los ensayos realizados en horno tubular se ha conseguido una produccion estable de
H. deunos 40 crfigmaeeriarCiclo. La obtencion de este resultado ha sido posible llevando a cabo la
etapa de hidrdlisis a temperatura ambiente ya que en caso de realizarla a mayores temperaturas

no se recupera por completo el NaOH.

Perovskitas LaSrMeOsq &

El estudio termodindmico de estos materiales ha demostrado la viabilidad de su uso para la
produccion de hidrégeno mediante un ciclo termoquimico de dos etapas: i) reduccion térmica
(produccién de @) vy ii) etapa de oxidacion con 8 (produccion de b). Las temperaturas

requeridas en cada etapa varian entre 1000 y Zl@para la etapa de reduccién y temperaturas
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maximas de 80Q100°C para la etapa de oxidacion, en funcién del metal empleado, Me = Mn,

Fe o Co.

La caracterizacion de las diferentes peroesdita.SrkMeOsi empleadas ha mostrado que tienen

la estructura cristalina tipica de este tipo de materiales con la presencia de vacantes de oxigeno
debido a la sustitucion parcial de atomos dé" lgpr SF*. Por otra parte, los ensayos en
termobalanza efiujo de aire permitieron demostrar que todos los materiales son capaces de
reducirse a temperaturas inferiores a las requeridas por los respectivos 6xidos puros, siendo la
perovskita de cobalto la que presentd mayores ganancias y pérdidas de peso en las
correspondientes etapas del ciclo. Finalmente, los ensayos en el horno tubular han permitido
confirmar experimentalmente la capacidad de estos materiales para la produccion de hidrégeno
mediante ciclos en dos etapas, siendo la perovskita de cobalto larapezciond mejores
resultados, con una produccion dedd 6,72 criigmateriarCiclo. Este material mostr6 ademas una
buena ciclabilidad al realizar los ensayos a 1 Mmbservandose a temperaturas superiores una

pérdida de estabilidad por la segregadériases de Co metalico.

Oxidos de cerio modificado €gVie,Oux &

El estudio termodindmico de los materiales basados en Oxido de cerio modificado con otros
metales MgCe.xOxx i(siendo Me = Fe, Co, Mny Zry x = 0,1 y 0,5) demostré que la etapa de
reduccion se puede llevar a cabo a temperaturas claramente infariasesorrespondientes al
6xido de cerio puro, 130 frente a 2000C.

La preparacion de los diferentes materiales estudiados se ha realizado mediante dos métodos de
sintesis: mezcla fisica de los respectivos 6xidos metalicospyecipitacion de los pcursores
metdlicos. La caracterizacion morfologica de los materiales sintetizados demostré que aquéllos
obtenidos mediante mezcla fisica daban lugar a materiales heterogéneos formados por una mezcla
de los Oxidos de partida, mientras que los materialesiolos por cgrecipitacion permitieron

la formacion de una solucion sdlida en la que parte de los atomos del otro metal se incorporaron
en la estructura de tipo fluorita del 6xido de cerio. Los materiales con un 10y 50 % de Fe y un 10
% de Co mostraronn comportamiento estable en los ensayos en termobalanza, con valores méas
elevados de variacion de masay, por tanto, mayor capacidad potencial para intercambiar oxigeno
durante los procesos de reduccion y oxidacion en aire. Sin embargo, l0s ensayoreatin

estos materiales en el horno tubular permitieron comprobar que sélo el material con un 10 % en
Fe presenté un comportamiento estable, con una produccién de hidrégeno de

8,6 Crﬁ'/gmateriarciclo.
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Influencia ddasvariables de operacion:

El analisis tedrico de las principales variables de operacidén que pueden afectar a la produccion de
hidrégeno mediante ciclos termoquimicos (presion total del sistema, relacién gas/sdélido, cantidad
de aire en la reduccién o dalad de agua en la oxidacion) se analizé mediante un analisis
termodindmico del proceso. Con dicho estudio se ha podido comprobar que la utilizacion de una
baja presion del sistema o un aumento de la relacién gas portador/6xido metalico desplaza el
equilibrio de tal manera que se pueden emplear menores temperaturas tanto en la etapa de
reduccion como de oxidacion. Ademas, se ha comprobado que aunque el uso de aire en lugar de
nitrégeno como gas portador genera un cierto aumento en la temperatura dede etapccion,

el incremento energético que este hecho supone es poco significativo respecto de la ventaja

econdmica que tiene usar aire en lugar de nitrégeno.

Andlisis exergéticp

Finalmente se ha llevado a cabo un estudio tedrico para evaluar lacidicemergética y
exergética de la conversion de energia solar a combustible de los ciclos termoquimicos basados
en los materiales analizados. En cuanto a los materiales basados en Mn y Co, la eficiencia de
conversién de energia solar a combustible es%arsdperior a la del Mfs, gracias a las menores
temperaturas de operacion requeridas por los 6xidos mixtos, MMdeente a 1350°C,
confirmando asi la mejora que supone la adicion de cobalto al material. Ademas, esta eficiencia
también es entre un-5% superior a la de otros ciclos de mdltiples etapas encontrados en

bibliografia.

Por otra parte, las eficiencias obtenidas para el materiabbaCoGOsi iy CeyoFen 1025 son
superiores a las de otros ciclos de 2 etapas habitualmente estudiados en bibliografia gracias a la
disminucién de las pérdidas por radiacion debida a las menores temperaturas de operacion, lo que
aumenta la eficiencia en la convérsde energia solar a combustible y eficiencia exergética del
ciclo. En el caso de la eficiencia en la conversion de energia ésta es un 15 % superior a la del
oxido de cinc y hasta un 30 % superior a la del 6xido de cerio, mientras que la eficienciecaxergé

es un 10 % superior.
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2. INTRODUCCION

2.1. Situacion energética actual

Més del 80 % del consumo energétimandialactual proviene del uso de combustibles fosiles,
carbdn, petréleo y gas natutal y como se muestra en fagura 21 a. Este hecho pldea
numerosos problemas ambientales y provoca una situacion energética insostenible desde el punto

de vista socioeconémico.

a b) c)
29% 16% 19 1%
22% 12% g 1%
24% 49, 5% 5%
[ Petroleo 7% L] Petrdleo o [ Petrdleo 129%
[ Ges 3%  [EGes 8% Elces
Il Carbon [l Carbon I Carbon »
Nuclear 33% Nuclear 37% Nuclear 45%
[ Hidradlica [ ] Hidradlica [ ] Hidradlica
[ Renovables [ Renovables [ Renovables

Figura 2.1. Consumo de energia primaria en efio 2016a) en el mundo, b) en Europay c) en
Espafa (fuente: BP Statistical Review 2016.

Las principales reservas de combustibles fésiles se encuentran localizadas en zonas del planeta
gue presentan una elevada inestabilidad politica y social, lorquecp una alta inseguridad en
cuanto al abastecimiento se refiere, ademas de precios elevados y muy volatiles. Una de las zonas
geograficas con mayor dependencia energética de combustibles fosiles es Europa, situandose en
torno al 75 % Figura 21 b). En el caso de Espafia ésta supera el 86igara 21 c). Ademas, la
demanda de energia no deja de aumentar afio traBR&ddtistical Reviey2016) lo que implica
que Espafiay la UE seguiran siendo sensibles a las variaciones en los precios de estos

combustibles.

La Figura 2.2 muestra la evolucion del precio de los combustibles fésiles en los tltimos 30 afios.
Como se puede observar, el precio del petroleo ha experimentaedoosas fluctuaciones en el
periodo 20082015, llegando a precios de en torno a 160 $/bauwihque se ha producido un
descenso en los ultimos afié®r otra parte, el carbén ha disminuido de precio alcanzando en
2015 valores inferiores a los de 2005 deba su menor demanda por parte las economias
emergentes como China, que han sufrido una transformacién de una economia industrial a una
basada en servicios. Por ultimo, aunque los precios de gas natural también han experimentado
fuertes subidas en los ifittos afios (en torno al 100 % respecto al afio 2005), es destacable que
en 2015 se produjo un cambio en los flujos comerciales del gas natural licuado, desplazandose

desde los mercados asiaticos hacia Oriente Medio, norte de Africa y Europa. Este cambio ha
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provocado una reduccion en precios (BP Statistical Review, 28t6nas de la volatilidad de
los precios, es importante recordar que las reservas de combustibles fésiles son limitadas, y por
lo tanto se agotaran o no sera econdmico explotar los yacimiemasentes, en un futuro mas

0 menos cercan@ilgen, 2014)
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Figura 2.2. Evolucién de los precios de los combustibles fosiles en los ultimos 30 afiesnte: BP
Statistical Review 2016.

Por otra parte, elsomasivo de combustibles fésiles conlleva una serie de problemas ambientales
dado que su combustion ifiqa la emision de gases contaminantes y de efecto invernadero,
responsables del aumento de la temperatura media del plagetacgmbio climatico. En
concreto, las emisiones deO,, principal gas de efecto invernadero, han aumentado desde
1,13-10° tonekdas en el afio 1965 a 3,35°lbneladas en el 201%igura 23). En el caso
concreto de Espafia, las emisiones aumentaron un 6,8 % en 2015, muy por encima de la UE (1,3
%). De hecho, Espafia es el segundo paia d&lque ha registrado un mayor incremento de sus
emisiones a lo largo de 2015 y se disputa con Colombia el séptimo puesto en el ranking mundial,
por detras de Turkmenistan (18,3 %), Qatar (13,0 %), Vietnam (11,4 %), Filipinas (8,6 %),
Portugal (7,6 %) y Bngladesh (7,1 %).
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Figura 2.3. Evolucion de las emisiones dé0; en los ultimos 40 afiosfgente: BP Statistical Review
2016).

Teniendo en cuenta todos estos antecedentes, es evidente que hay que abordar el crecimiento
econébmeo, el aumento de la demanda energética y los problemas ambientales como una sola
cuestion, de tal manera que se puedan satisfacer las necesidades de la sociedad actual sin
comprometer el futuro de las generaciones venideras. En este contexto apareoengias
renovables, claves para satisfacer la creciente demanda energética reduciendo el problema
ambiental. De hecho, son consideradas por la Agencia Internacional de la Energia (AIE) como
una de las alternativas con mayor contribucién a la reducciémidones contaminantes en el
periodo 200&050.

Las energias renovables son aquéllas que se obtienen de fuentes inagotables o que se pueden
regenerar de forma natural a un ritmo mayor del que se consumen. Entre ellas se encuentran las
energias edlicasolr térmica y fotovoltaica, hidraulica, biomasa, mareomotriz y geotérmica.
Estas energias son autéctonas, de forma que se garantizaria la seguridad del abastecimiento
energético con independencia de la region geografica, dado que en cualquier zonatdel plane
existe la posibilidad de aprovechar, al menos, una de estas energias. Por desgracia, estas energias
son intermitentes porque dependen de la climatologia. Ademas, en muchos casos, hay un desfase
entre la produccion y el consumo. Por este motivo surgedasidad de investigar en sistemas

de almacenamiento de energia de diferente indole como baterias, almacenamiento térmico o
almacenamiento quimico. Una de las posibles formas para almacenar energia es el uso del
hidrégeno como vector energético, es decino portador de energia en forma quimica captada
desde otras fuentes primar{&oeb y cbh, 2013)
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2.2. El hidrogeno como vector energético

El hidrégeno es un gas incoloro, inodoro yéxico, con un contenido energético de 120,7 kJ/kg,

el mas elevado si se compara con cualquier otro combustible. Cuando se emplea para obtener
energia mediante combustion directa o en una pila de combustible, el inico producto de reaccion
es el agua, poolque se eliminan los problemas de emision de contamingutéschy cd.,

2013) aspecto muy importante para sus aplicaciones dentro del sector transporte. Ademas, la
interconversion hidrogeno/electricidad sucede con una elevada eficacia, un 65 % si se usan pilas
de combustibléYadav yBanerjee2016) Por ultimo, se puede producir en cualquier parte del
mundo, dado que se puedbtener a partir de numerosas fuentes tanto renovables como no
renovables, lo que favorece la independencia energética de las regiones no productoras de
petréleo(Mazloomiy Gomes2012)

Por todo esto, el hidrégeno es un vector energético muy prometedor como sustituto parcial de los
combustibles fésiles en las préximas décadas, dado que su uso no tiene impacto sobre el medio
ambiente y su produccion tampesbs obtiene a partir de fuentes renovakiRErkinsy Weimer,

2004) El mayor inconveniente en este ambito es gué6 % delos métodos actuales de
produccién de hidrogeno se basan principalmente en la gasificacion de combustibles fésiles a
elevadas temperaturas y presiofgsmaz y Balta 2017) Esto no sé6lo implica mantener la
dependencia de los combustibles fésiles, sino, ademas producir emisi@@s ges evidente

que | a implantaci-n de | a fAeconom2a del hidr - ge
de fuentes renovables. Por este motivo, parte de los esfuerzos actuales de investigacion se centran
en el desarrollo de tecnologias de produccion de hidodgasadas en energias renovaiWsng

y cd., 2012; Da Silva Veras y £02016; Nikolaidis yPoullikkas 2017)

Ademas de lo mencionado anteriormente, el hidrégeno cuentalgumosinconvenientes. El
primero de ellos es que es explosivo en contacto con oxigeno en determinadas proporciones, por
lo que se tienen que tomar didas de seguridad diferentes a las existentes para otros

combustibles como la gasolina, el gasoil o el gas ngtdatloomi yGomes 2012)

Otro de los problemas a los que hay que hacer frente al trabajar con hidrégeno es su transporte y
almacenamiento, ya que debido a su baja densidad (0,09 kg/mecesitan elevados volimenes

para hacer frente al abastecimiento de proceseledada demanda energética. Afortunadamente,

este problema se encuentra en vias de solucién ya que actualmente se esta investigando en el
desarrollo de tanques a elevada pregfiteng y ch, 2012;Zhang y cd, 2016) adsorbentes
porosos(Villajos y cd., 2014; Villajos y ct, 2016; Peeek y cd, 2017)e hidruros metalicos

(Jain y cd., 2010; Zhang y da 2016; Kumar y cb, 2017)que permitan almacenar elevadas
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cantidades de hidrogeno en espacios reducidos. Ademas, es necesario desarrollar un sistema de

distribucion de hidrégeno analogo al existente para la distribucion de gas natural.

En cuanto al uso del hidrégeno erlaprincipal barrera a la que hay que hacer frente es la mejora

en cuanto a precio de las pilas de combustible. En este &mbito, las investigaciones se centran en
el desarrollo de catalizadores diferentes a los de platino y paladio usados en la actoglidad,
cuales ademas de ser muy costosos, sufren graves problemas de envenenamiento cuando el
hidrégeno utilizado no es de elevada pul@ay cd., 2016; Guida y Minutillo 2016; Fallisch y

ca., 2017)

2.2.1. Tecnologias de produccion de hidrogeno

El hidrégeno no es una matepama sino un vector energético y, como tal, debe obtenerse a
partir de otras materias primas y fuentes de energia. Hguea 24 se resumelas principales
fuentes de energia y las materias primas empleadatapaoduccion de hidrégeno con la fuente

de energia necesaria.

| ‘combustibles Fésiles

‘ Carbon
L)
[ E; Petrdleo
& Calor
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Figura 2.4. Principalesfuentes de energia y materias primas para labtencion de hidrégeno
(fuente: Zhang y cd., 2016; Da Silva Veras y do, 2016; Nikolaidisy Poullikkas, 2017)
El hidr6geno se puede obtener a partir de la rapdercompuestos hidrocarbonados, para lo que
se usan combustibles fésiles 0 biomasa como materia prima, o a partir de la disociacién de la

molécula de agua.

La produccién anual de hidrogeno es de INGitolaidisy Poullikkas 2017)y los métodos mas

empleados a nivel industrial para su obtencion son el reformado con vapor, la oxidacion parcial
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y el reformado autotérmico de hidrobaros, la gasificacién de carbon e hidrocarburos pesados

(96 % de la produccion) y la electrdlisis del agua (4 % de la produccién).

a)

b)

Reformado de hidrocarburos con vapor

El reformado con vapor es el proceso mas desarrollado de todos, y por tanto es el mas
econdémico y el mas utilizado. Consiste en una reaccion endotérmica entre el gas natural
o hidrocarburos ligeros con vapor de agua, en un rango de temperatura986 w0/
presiones de entre 3 y 25 bar, obteniéndose una mezklayd€O conocida com@as

de sintesis (R. 2.1). La reaccion es catalizada por un material basado en 6xido de niquel
y tiene lugar en un reactor tubu(@a Silva Veras y do 2016; Nikolaidisy Poullikkas

2017)

60 ¢£€00°¢e60 & —0 (R.2.1)

A pesar de ser el proceso mas econémico, tmées de produccién son altamente
dependientes del precio y la disponibilidad del gas natural, qgue puede llegar a suponer

entre el 5268 % de los costes totales de produccion.

Existe una variante de este proceso conocida como reformado seco de metasisie/ C
en utilizar como reactivo €LO;, lo que permite valorizarl@Navarroy cd., 2007) (R.
2.2).

80 66 0 ¢d0 ¢O (R. 2.2)

Oxidacién parcial de hidrocarburos

El proceso consiste en hacer reaccionar gas natural o hidrocarburos con una cantidad
limitada de oxigeo para producir gas de sintesis mediante una reaccion exotérmica (R.
2.3).

80 -060¢80 — 'O (R. 2.3)

Si el proceso es térmico, se requieren temperatura$5fE315°C y presiones de 30
80 bar, pero si es catalitico la temperatura de reaccion se reducéGayb0presion es
de 6080 bar(Nikolaidis yPoullikkas 2017) Los catalizadores empleados estan basados

enniquel,cobalto y ruteni¢Da Silva Veras y do 2016)

10
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c)

d)

Reformado autotérmico

El reformado autotérmicoombina el reformado con vapor y la oxidacion parcial, de
forma que una mezcla de metano e hidrocarburos reacciona con oxigeno y vapor de agua
para dar gade sintesiéR. 2.4) Este proceso puede ser convencional o catalitico. En el
reformado autotérmico convencional, primero se lleva a cabo la oxidacion parcial y el
calor generado por ésta se utiliza en el reformado con vapor. En el reformado autotérmico
catalitico, el empleo de catalizadores disminuye las temperaturas de operaciéon de ambos
procesos. Los catalizadores empleados estan basados en 6xido de niquel, al igual que en
el reformado con vapor y la oxidacién par¢@h Silva Veray col., 2016; Nikolaidis &
Poullikkas 2017)

60 -0 $000c¢s0 & a0 (R. 2.4)

Gasificacion de carbon e hidrocarburos pesados

Este proceso consiste en transformar un combustible sélido en gas de sintesis mediante
una oxidacion parcial con aguaxigeno o agua y aire a través de una serie de reacciones
con diferentes requerimientos térmicos 4@00°C) y presiones moderadasiB bar).

Como reactivos se puede usar cualquier compuesto con un elevado contenido en carbono,

incluso residuos de refira.

El proceso de gasificacion tiene lugar en tres etapas simultaneas. En la primera (R. 2.5),
al producirse el aumento de la temperatura en el gasificador se produce la pirélisis del
alimento con la rotura de los enlaces quimicos mas débiles, obtemiétitrentes
compuestos. En la segunda etapa (R2289, ocurre la combustién d& COy H; para
darCQ, y H-O. En la dltima etapa (2-8.13) tiene lugar la gasificacién, en la cual el
carbono que permanece tras la volatilizacion reaccion®gadhO e H, para dar gas de
sintesigDa Silva Veras y dg 2016; Nikolaidis yPoullikkas 2017)

600 000 66 60 60 E (R. 2.5)
6 G ° 60 (R. 2.6)
'O -0 © 00 (R.2.7)
60 -0 © 80 (R. 2.8)
6 66 P ¢c6 0 (R. 2.9)
6 OGP 60 O (R. 2.10)

11
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600 "O0P 60 0O (R.2.12)
¢6 O P o0 (R.2.12)
06 ¢OP 00 (R. 2.13)

La composicién final depende del alimento empleado, la temperatura, la presion, la
relacionO,/H20 'y el tipo de gasificador utilizado. En lo que respecta a los catalizadores,
hay muchos tiposedmetales y 6xidos metalicos que pueden catalizar las reacciones, pero
a nivel industrial, los més utilizados son el carbonato de shNd€(Qs), el carbonato de
potasio KoCQs), el sulfuro de sodidNa:S) y el sulfuro de potasid¢S) (Sikarwar y ca,

2016)

e) Electrdlisis de agua

La electrdlisis del agua consiste en disociar la molécula de adtaye®, mediante el
uso de una corriente eléctrica continua que circula a través de ectosdels sumergidos
en una disolucion electrolitica (R. 2.14). En el &nodo tiene lugar la oxidacién y produccion

de O; mientras que en el catodo sucede la reduccion y produccidn de
00 Qa'QOoi QO QVAHQ (R. 2.14)

El problema que existe con la electrélids aguaes que, aunque se consigde de
elevada pureza, es una tecnologia mas caralgueformado con vapor, la oxidacién

parcial o el reformado autotérmico.

Una vez presentadas las diferentes formas de obtener hidrégeno se puede conchsir que |
procesos parsuproduccion a partir de la transformacion de los combustibles fosiles soados
maduros, pero tienen dos grandes problemas. En primer lugar, no se elimina la dependencia de
los combustibles fésiles, y, en segundo lugar, el balanC&©glde estos procesos es positivo, por

lo que es necesario el desarrollo de sistemas de capt@&.dédemas, eH, obtenidose
encuentra&ontaminado con otros gases com8®@) por lo que es necesario purificarlo. En cuanto

a la electrdlisisle aguaademds de ser una tecnologia mas cara, tiene el inconveniente de que si
la electricidad que se empl@o tiene un origen renovable no se elimina la dependencia de los
combustibles fésiles ni las emisiones@®,. Por otra parte, si se usara la energia nuclear como
fuente de electricidad el principal problema asociado seria el tratamiento de los residuos
nucleares. Teniendo esto en cuenta, es evidente que un futuro sistema energético basado en el
hidrogeno implica su produccién a partir de fuentes renovables. Desttadaka energiasolar es

la mas abundani@grawal yMallapragada2010; Da R4z y dq 2017) por lo que los procesos

de produccion de hidrogeno a partir de energia solar son la alternativa mas prometedora.

12
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2.3. Produccién dehidrégeno a partir de energia solar

Las tecnologias de produccion de hidrégeno a partir de energia solar se agrupan en tres grandes
grupos: procesos fotoquimicos, procesos electroquimicos y procesos termoquimicos. En cuanto a
las materias primas empleadastas son dos fundamentalmente, agua y biomasa.Hgula

2.5 se indican las principales tecnologias de produccion de hidrogeno a partir de energia solar.

—r

Procesos fotoquimicos Procesos electroquimicos Procesos termoquimicos
Biomasa
Fotoquimicos Fotoelectroquimicos | Electrélisis baja Electrélisis alta Termdlisis Gasificacién
puros Temperatura Temperatura directa

Fotobioldgicos
Ciclos Reformado con

Termoquimicos | | vapor

Figura 2.5. Procesos deroduccién solar de hidrégenofuente: Steinfeld, 2005; Abbasi y co0).2011;
Dincer, 2012; Koumi Ngoh y Njomo, 2012; Yilmaz y col., 2016)

2.3.1. Procesos étoquimicos para la produccién de hidrégeno

Los procesos fotoquimicos para la produccion de hidrégeno se fundamentan en el uso de la
energia de los fotones de luz para llevar a cabo reacciones quimicas de disociacién del agua en
oxigeno e hidrégen@Ladomenou y do, 2015) En los procesos fotoquimicos puros se usa la
energia luminica para excitar los electrones de la banda de valencia de los fotocatalizadores y
promocionarlos a la banda de conduccién, donde pueden llevar a cascdandosicion de la
molécula de agua en hidrégeno y oxigeno. Desafortunadamente, la eficiencia actual de este
proceso,inferior al 10 %, no es suficiente para que la tecnologia sea econémicamente viable
(Wang y cd., 2012)

Los sistemas fotobiol6gicos consisten en usar microorganismos capaces de aprovechar la energia
solarpara llevar a cabo diferentes reacciones metabdlicas que liberan hidgogendo tanto,

es una produccioén fotosintética de hidrégéroyol y col.,2015) Estos procesos resultan muy
interesantes pero las eficiencias de conversion de la energia fotoluminica estan en el rango del 1
5 %, por lo que es necesario un gran esfuerzo de investigacion paesgjten viablesreel

futuro (Sturzeneggey Niiesch 1999; Kreider cd., 2011)

Por dltimo, los sistemas fotoelectroquimicos, que combinan procesos fotoquimicos y
eledroquimicos, consisten en poner en contacto un semiconductor y un electrolito para que se

produzca una transferencia de carga en la intedastenteentre ambos en condiciones de
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iluminacion Como consecuencia se van a producir una serie de reacaibmésas que producen
hidrogeno(Rai y cd., 2017) Pese a que estos pesos resultan mas eficientes que los sistemas
puramente fotoquimicos, dado que la presencia del electrolito facilita la transferencia de

electrones, las eficiencias son inferiores al 1@éang y cd., 2012)

2.3.2. Procesos eldcoquimicos para la produccion de hidrogeno

Los procesos electroquimicos para la produccion de hidrogeno se basan en utilizar electricidad
para llevar a cabo la disociacién de la molécula de agua en hidrogeno y oxigeno. La energia
eléctrica necesaria set@me por la trasformacion de la energia solar mediante la tecnologia de
paneles fotovoltaicos con un requerimiento eléctrico de 60 kW para una produccion de hidrégeno
de 10 Nn¥h a 70°C y 5 bar de presi¢fBhattacharyya y ¢ql2017)

La conversion de electricidad a hidrogeno tiene una eficiencia muy eleva@@,%Qpero el
rendimiento global de energia solar a hidrogeno es tan solo dé} ¥ si se usan pansle
fotovoltaicos. Aunque dicha eficiencia pueda parecer baja, los electrolizadores estan muy
desarrollados, por lo que estos procesos son de los mas prometedores para la obtencién de

hidrogeno a partir de recursos renovalf\¥ang y cd., 2012)

Una forma de diminuir la demanda de energia eléctrica del proceso es realizar la electrélisis a
alta temperatura (> 100C). En estos procesos, que se conocen con el nombre de
termoelectroquimicos, la electricidad se obtiene mediante la tecnologia solar de concentracion
gue ademas, aporta el calor necesario por el sigtéin@az y cd., 2016; Liu y cd, 2017) Asi

se consigue que la electrélisis del agua se pueda llevar a cabo de forma mas eficiente con un
rendimiento de enefg solar a hidrégeno del 440 % si se usan discos Stirling o sistemas de

torre. Los Ultimos avances en este tipo de procesos apuntan a que para el afio 2050 se podria

conseguir una eficiencia solar a hidrégeno superior al 80h#ngy cd., 2013)

2.3.3. Procesos termoquimicos para la produccion de hidrégeno

Las tecnologias de produccion de hidrogeno basadas en procesos termoquimicos utilizan las
elevadas temperaturas que se obtienen a partir de la energia solar de concentracién. Dicho foco
caliente se usa para llevar a cabo diferentes reacciones quimicas, como la gasificacién o el

reformado con vapor de biomasa o la termolisis del agua.

Las tecnologias que precisan de biomasa se encuentran muy desarrolladas, ya que han sido
ampliamente usas durante décadas con combustibles fésiles para la produccién de hidrégeno.

Aunque la produccion de hidrogeno a partir de biomasa genera emisiones dedt&zimiento
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de dicha biomasa ha necesitado el consumo previo gdat@Osférico, por lo que elmdimiento

neto a CQdel proceso seria nu{&oumi Ngohy Njomo, 2012)

La gasificaciéntal y como se ha explicado anteriormente para combustibles fésitesste en
transformar la biomasa en gas de sintesis (monodxido de carbono e hidrogerajteniedi
reaccion de la biomasa con una cantidad controlada de oxigeno o vapor de agua. El consumo
energético es elevado, aunque inferior al requerido por la electfiiigisol., 2017) El principal
inconveniente de este proceso es que los rendimientos son bad@s¥id&u y col.,2017)

Por otra parte, en el reformado de biomasa con \&pbace reaccionar biomasa con vapor de

agua para formar hidgeno y didxido de carbono. Como se trata de una reaccion endotérmica, la
energia solar de concentracion se usa para aportar el calor necesario para que la reaccion tenga
lugar. Este proceso es el mas maduro de todos, y con combustibles fésiles se obtienen
rendimientos superiores al 90 oumi Ngohy Njomo, 2012) Pero el principal inconveniente

es la formacion de alquitran, ya que los residuos pesados polimerizan formando estnéturas
complejas que no resultan apropiadas para la produccion de hidrégeno mediante reformado con

vapor (Fierro y col., 2011).

Otro proceso termoquimico alternativo, completamente renovable, seria la termdlisis o ruptura
directa de la molécula de agua usammhra ello un foco caliente a elevada temperatura. La

reaccion neta se muestra a continuacion (R. 2.15):
0L °-0 O (R. 2.15)

Los unicos productos de esta reaccion son hidrégeno y oxigeno, aunque para gue la reaccion tenga
lugar se necesitan tempeanats superiores a los 4000, tal y como se observa enHegura 26
(Perkinsy Weimer, 2004) El principal problema es que la tecnologia solar actual s6lo permite

alcanzar temperaturas torno a 2700C, aproximadament@oeb et b 2012)

Otros problemas asociados a esta tecnologia son: la necesidad de desarrollar materiales capaces
de soportar las altas temperaturas de operacion, las pérdidas de calor por radiacion, y la necesidad
de separar el oxigeno e hidrogeno obtenidde\eada temperatura para evitar su recombinacion

y la formacién de mezclas explosia§ao y col., 2012; Yilmaz y da 2016)
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Figura 2.6. Variacion de la energialibre de Gibbs en funcion de la temperatura para la termdlisis
del agua(fuente: Perkins yWeimer, 2004)

Teniendo en cuenta que las condiciones de operacién y los requisitos de separacion son demasiado
severos, la termdlisis directa del agua no resulta una tecnologia econémicamente viable. Debido
a esto, las investigacionss estan dirigiendo a los ciclos termoquimicos mediante los cuales el
agua también es separada en oxigeno e hidrégeno pero en diferentes etapas gracias a sucesivas
reacciones gquimicas endo y exotérmicas que ademas, tienen lugar a temperaturas @lteriores
2500°C, solucionando gran parte de la problematica de la termdlisis directa déYdmez y
cal., 2016)

2.4. Tecnologia de concentracion solar para la produccién de hidrégeno

Las tenperaturas necesarias para la produccién termoquimica de hidrégeno deben obtenerse
mediante una fuente de energia renovable para que el proceso sea sostenible desde un punto de
vista ambiental. La mayor fuente de energia en la superficie terrestre eiadanagolar De

hecho, ocupando solamente el 0,1 % de la superficie terrestre del planeta con colectores solares
gue operasen con una eficiencia de tan solo el 20 %, se podrian abastecer las necesidades
energéticas de toda la humanid&teinfeldy Palumbg2001) No obstante, el uso de la energia

solar también cuenteon serias limitaciongegalescomo el hecho de que la radiacion solar que

alcanza la superficie &muy diluida (1 kW/n), es intermitente dado que sélo esta disponible
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durante el dia, y su distribucién sobre la superficie terrestre es desigual, piatitonen la
region comprendida entre 3@titud norte y 30latitud sur(Steinfeld yPalumbo2001)

Estas limitacionehan motivado la busqueda de procesos que puedan convertir la radiacion solar
intermitente en energia quimica almacenable en forma de combustibpeiegia ser transportad

y distribuida. Considerando la superficie solar como una reserva térmisa7aC, y la terrestre

como un disipador, el 95 % de la energia solar podria ser transformada en energia quimica
(Steinfeldy Palumbg 2001) por tanto, es necesario disefiar y desarrollar la tecnologia necesaria

para alcanzar este limite.

2.4.1. Dispositivos para concentrar la radiacion solar

La produccion d hidrégeno mediante ciclos termoquimicos necesita energia solar concentrada
para poder alcanzar las temperaturas de operacion-2D000C). La concentracién de la luz

solar directa se consigue mediante dispositivos 6pticos conocidos como colectores de
concentraciénque estan compuestos por un concentrador y un receptor. La luz solar incide sobre
el concentrador y es reflejada hacia el receptor, donde la radiacion es absorbida y convertida en
otro tipo de energi@Vinston y cd., 2004) En laFigura 27 se muestran los principalépos de

colectores de energia solar térmica de alta temperatura.

a) b)
Concentrador Receptor

Heliostatos
Torre reflexiva .
g o
) d) e
Receptor\ ' concentrador +
CPC
Receptor /Heliostato

Figura 2.7. Principales colectores de energia solar térmica de alta temperatura) cilindro
parabdlico, b) torre central de energia, c) disco parabdlico y d) doble concentraci¢winstony cad.,
2004)

17













































































































































































































































































































































































































































































































































































































































































































































