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a b s t r a c t

A high flux solar simulator allows the lab-scale assessment of solar reactor concepts by irradiating a tar-
get with high flux thermal energy, similarly to reactors installed in concentrated solar radiation facilities
such as central towers with a heliostat field. In the current study, the design and construction of a high
flux solar simulator facility for near realistic solar experiments is presented. A simple, cavity-tubular
thermochemical reactor is employed for the evaluation of the redox activity of structured monolithic
bodies (foams and honeycombs) consisting entirely of NiFe2O4 w.r.t�H2O splitting, CO2 splitting and com-
bined H2O-CO2 splitting reactions. Experiments under realistic conditions, i.e. a solar reactor under irra-
diation, were conducted to assess the solar fuels production capability, which was examined at the
structure level and the reactor level. The best performing structure was the NiFe2O4 foam. Further mul-
tilevel research (structure, reactor as well as redox material), will improve product yield and reactor
efficiency.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy is considered to be the only natural source, from
the alternative energy sources, that is practically inexhaustible
and can cover the energy demands at a global scale. A possible
way to efficiently exploit the solar potential could be its transfor-
mation into energy carriers such as solar H2 or solar fuels. To this
respect, Concentrating Solar Thermal (CST) technologies can be
employed for the implementation of thermochemical cycles using
solar energyfor the production of H2 or solar fuels by splitting H2O
or CO2. In the last decades several thermochemical cycles for solar
hydrogen and solar fuels production have been proposed (Funk,
2001; Carty et al., 1981; Mcquillan et al., 2010), reviewed and
investigated (Kodama and Gokon, 2007; Steinfeld, 2005;
Abanades et al., 2006; Perkins and Weimer, 2004). The two-step
redox stoichiometric and non-stoichiometric cycles (Agrafiotis
et al., 2015) of single or mixed metal oxides (e.g. zinc oxide, iron
oxides, ferrites, ceria-based and perovskite compositions) have
attracted the attention of the research community (Palumbo and
Fletcher, 1988; Scheffe et al., 2010; McDaniel et al., 2013; Kuhn
et al., 2013; Lorentzou et al., 2013; Lorentzou et al., 2015; Gokon
et al., 2008; Loutzenhiser et al., 2010a; Furler et al., 2012; Chueh
et al., 2010). The current work focuses on non-stoichiometric
cycles for the production of H2 and CO from the respective H2O
and CO2 splitting. The general scheme can be written as:

Mx1Nx2Oy¡Mx1Nx2Oy�d1 þ d1=2O2 ð1Þ ðTemperature range

: 1100—1500 �CÞ
Mx1Nx2Oy�d1 þ d2H2O¢Mx1Nx2Oy�d1þd2

þ d2H2 ð2Þ ðTemperature range : 800—1200 �CÞ
Mx1Nx2Oy�d1 þ d3CO2 ¢Mx1Nx2Oy�d1þd3

þ d3CO ð3Þ ðTemperature range : 800� 1200�CÞ

where d1, d2, d3 represent oxygen deficiencies referring to the ther-
mal reduction step (d1) and the material after oxidation by H2O (d2)
and CO2 (d3) respectively; where M, N are metal/rare earth elements
and Mx1Nx2Oy is a ferrite/metal oxide/perovskite.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2017.07.001&domain=pdf
http://dx.doi.org/10.1016/j.solener.2017.07.001
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There are several solar reactor concepts that are investigated for
the implementation of such cycles, which have been developed by
research groups worldwide (Furler et al., 2012; Chueh et al., 2010;
Agrafiotis et al., 2005; Furler et al., 2012; Roeb et al., 2011; Houaijia
et al., 2013; Gokon et al., 2008; Gokon et al., 2009; Gokon et al.,
2011; Miller et al., 2006; Miller et al., 2012; Loutzenhiser et al.,
2010b; Haueter et al., 1999; Koepf et al., 2012; Gokon et al.,
2011; Lichty et al., 2012) and were extensively reviewed in e.g.
(Steinfeld, 2005; Agrafiotis et al., 2015; Konstandopoulos and
Lorentzou, 2010; Alonso and Romero, 2015). A broad classification
of the different reactor concepts is shown in the following Table 1.

The core of structured reactors (Agrafiotis et al., 2015; Furler
et al., 2012; Chueh et al., 2010; Agrafiotis et al., 2005; Furler
et al., 2012; Roeb et al., 2011; Houaijia et al., 2013; Gokon et al.,
2008; Gokon et al., 2009; Gokon et al., 2011; Miller et al., 2006;
Roeb et al., 2006; Säck et al., 2016; Kodama et al., 2008;
Kawakami et al., 2014; Miller et al., 2008; Walker et al., 2012;
Gokon et al., 2011), which is the interest of the current article,
are monolithic structures (such as honeycombmonoliths or foams)
that may consist either of inert substrates that are coated with the
active redox material or they can be made entirely of the redox
material. The latter have the benefit of avoiding undesirable inter-
actions of the redox material with the substrate. However, the
manufacturing of robust structures that are thermo-mechanically
and chemically durable in the course of multiple cycles is
challenging.

Another challenge is the evaluation of the candidate structures
and reactor concepts under realistic conditions. Initially, the devel-
opment of structured bodies is done at small scale and for their
evaluation, laboratory test rigs are applied involving the use of
electrical furnaces to achieve the required high temperatures.
However, when it comes to the evaluation of the small scale sub-
jects under realistic conditions or as assemblies into structured
reactors then another approach is required that can simulate the
solar conditions, namely a ‘‘solar simulator”.

A solar simulator is a lab-scale device that enables the irradia-
tion of targets with concentrated artificial light. This artificial light
is created by lamps and is concentrated by reflectors that redirect it
towards a common target. The scope of such an indoor facility is to
simulate the directional, spatial and spectral distributions of con-
centrated solar radiation obtained at the focal plane of highly con-
centrating solar systems (i.e. parabolic dish, solar tower, solar
furnace). Comparatively to these large infrastructures, solar simu-
lators have a low cost and allow the controlled, high temperature
experimental conditions avoiding geographical challenges or the
intermittent nature of the concentration of sunlight.

With a spectrum that closely matches that of the sun, a solar
simulator facility is a ‘‘sun-in-a-box”, an always available lab-
scale, highly adjustable device that provides concentrated radia-
tion. Solar simulators are mainly employed for testing components,
materials and reactors for high temperature thermal and thermo-
chemical applications such as redox cycles for solar fuels research.
Several of these high power and high flux solar simulators for high
temperature solar thermochemical experiments exist worldwide
(Kuhn and Hunt, 1991; Jaworske et al., 1996; Hirsch et al., 2003;
Guesdon et al., 2006; Petrasch et al., 2006; Codd et al., 2010;
Alxneit and Dibowski, 2011; Krueger et al., 2011; Erickson, 2012;
Nakakura et al., 2015; Li et al., 2014; Dimitrakis et al., 2013;
Sarwar et al., 2014; Wang et al., 2014; Levêque et al., 2016;
Table 1
Different solar reactor concepts.

Solar reactor concept Heat transfer mechanism

Directly irradiated
Indirectly irradiated
http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10202/
334_read-21807/#/gallery/26638/, 2017). An overview of existing
high power solar simulators is presented in Table 2.

As mentioned earlier, solar simulators can be employed for the
evaluation of different materials and solar reactor designs for solar
redox thermochemical applications prior to their integration in
actual solar facilities.

Indicatively, some representative studies that have been con-
ducted for the evaluation of redox structures with respect to H2O
and CO2 splitting are (Gokon et al., 2009; Gokon et al., 2011;
Kawakami et al., 2014) for the case of ferrite coated foam struc-
tures and (Furler et al., 2012; Chueh et al., 2010) for CeO2 foams.
More specifically for H2O splitting in Gokon et al. (2009) it was
reported that the maximum rate of H2 production was approxi-
mately 5 lmole/min/gdevice (device: NiFe2O4 coated foam), while
in Kawakami et al. (2014) the maximum rate measured for the best
ferrite foam was 0.1 ml/min/gdevice. In (Gokon et al., 2011) the total
production of H2 varied from 1.1 to 4.6 ml/gdevice. In (Chueh et al.,
2010) approximately 4.6 ml/gCeO2 have been reported as a total H2

yield corresponding to one H2O splitting cycle for the CeO2 foam.
In the case of CO2 splitting, investigations on structured mono-

lithic bodies were conducted on CeO2 foam structures. In (Furler
et al., 2012) total CO yields of 1.465–5.69 ml/gCeO2 were reported
for CeO2 foam assemblies that were previously regenerated at tem-
peratures ranging from 1420 to 1600 �C respectively.

Finally, in the case of simultaneous introduction of H2O and CO2

for the production of syngas on a CeO2 felt, it has been reported in
Furler et al. (2012) a total yield of H2 and CO of approximately
2.21 ml/gCeO2 and 0.94 ml/gCeO2 respectively. No H2O-CO2 co-
feeding experiments have been reported for CeO2 foam structures.

The study presented in this article is a comprehensive work
covering all stages from material, to structures manufacturing, to
reactor integration with a radiation concentration facility in the
scope of concentrating solar technologies. More specifically, in
the next paragraphs, the most important components of a dual foci
solar simulator facility are described, in terms of design and man-
ufacturing. The subsequent integration of an indirectly heated
solar reactor with the solar simulator facility is discussed. The
study presents realistic results on the evaluation of novel struc-
tured bodies consisting entirely of the active redoxmaterial (NiFe2-
O4) with respect to solar-thermochemical H2O and CO2 splitting
reactions.

2. Solar simulator

2.1. Design principles

The general characteristics of high temperature solar concentra-
tors (tower, parabolic dish, etc.), that should be reproduced in a
solar simulator, include the beam geometry, the irradiated area,
the relative distribution of flux and solar spectral distribution. An
equally important design factor is the targeted thermal power that
will reach the receiver. A delivered power of 10–12 kWth to the
receiver is considered a safe target for most high temperature
lab-scale solar chemistry experiments and this power should in
general be considered over a 60 mm diameter hot-spot. Addition-
ally, a solar simulator must offer the option to vary the power
intensity, the spot size and uniformity of radiation distribution.
Lastly, several physical and practical limitations have to be
Reactor main components Operation principle

Particles Moving receiver
Structured bodies Non-moving receiver



Table 2
Overview of existing solar simulators.

Solar simulator Characteristics Ref.

PSI Single 20–30 kWel Xenon arc lamp (1991) Kuhn and Hunt (1991)
Aluminum ellipsoid reactors
Peak flux of 16000 kWth/m2

Power of 3 kWth over a 7 � 7 cm area
NASA Nine 30 kWel Xenon arc lamps (1996) Jaworske et al. (1996)

Nearly elliptical vapor deposited aluminum
reactors with SiO2 protective coating
Peak flux of 1.7 kWth/m2

Power of 19.7 kWth over 158 cm radius area
Ellipsoidal aluminum reactors (three pieces,
diamond machined inner surfaces)
Peak flux of 1300 kWth/m2

PSI Single 1 kWel Xenon arc lamp (2006) Guesdon et al. (2006)
PSI Ten 15 kWel Xenon arc lamps (2007) Petrasch et al. (2006)

Ellipsoidal aluminum reactors, highly
polished three-layered: primer, vapor
deposited Aluminum, protective SiO2

Peak flux of 11000 kWth/m2

Power of 20 kWth on a 60 mm diameter target
MIT Seven 1.5kWel metal halide lamps (2010) Codd et al., (2010)

NEMA standardized spun-Aluminum
ellipsoidal reactors with secondary
concentrator
Peak flux of 60 kWth/m2

Average flux of 45 kWth/m2 on a 38 cm diameter area
DLR Ten 6kWel Xenon arc lamps (2011) Alxneit and Dibowski (2011)

Aluminum ellipsoid reactors, polished and
coated
Peak flux of 4000 kW/m2

11 kWth over a 140 � 140 mm2 area (distributed spots)
Un. of Minnesota Seven 6.5 kWel Xenon arc lamps (2012) Krueger et al. (2011)

Spun Aluminum ellipsoid reactors, polished
and coated with quartz
Peak flux of 3700 kW/m2

7.5 kWth over a 60 mm diameter area
University of Florida Seven 6 kWel Xenon arc lamps (2012) Erickson (2012)

Peak flux of 4230 kW/m2

Niigata University Nineteen 7 kW Xenon arc lamps (2013) Nakakura et al. (2015)
Peak flux over 3000 kWth/m2

33.3 kWth over a 200 mm diameter area
IMDEA Seven 6 kWel Xenon arc lamps (2013) Li et al. (2014)

Ellipsoid reactors coated with Aluminum and
protective polymer
Peak flux of 3800 kWth/m2

5.3 kWth over a 60 mm diameter area
APTL Eleven 6 kWel Xenon arc lamps (2013) Dimitrakis et al. (2013)

Peak flux of 4800 kWth/m2

18 kWth over a 60 mm diameter area
HFSS-SERL Single 7 kWel Xenon arc lamps (2014) Sarwar et al. (2014)

Ellipsoid reactor
Peak flux of 3583 kWth/m2

Power of 0.96 kWth over a 70 mm diameter area
KTH Twelve 7 kWel Xenon arc lamps (2015) Wang et al. (2014)

Fresnel lens concentrators
Peak flux of 6700 kW/m2

19.7 kW over 200 mm diameter area
EPFL Eighteen 2.5 kWel Xenon arc lamps Levêque et al. (2016)

Peak flux 21700 kW/m2

Average flux 3.8 MW/m2 over a 50 mm diameter area.
DLR-Jülich 149 individually adjustable Xenon short-arc lamps. (2017) http://www.dlr.de/dlr/en/desktopdefault.aspx/

tabid-10202/334_read-21807/#/gallery/26638/(2017)Peak flux 11 MW/m2
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considered as well, such as available room length and height, lamp
operation requirements, safety clearances and others. A unique
design point of the solar simulator that is described in the current
work, is the capability of the simultaneous irradiation of two dis-
tinct targets. Switching from single focus to dual foci takes place
in an easy and user friendly way without needing to refocus each
unit.

The solar simulator is separated in blocks (lamp blocks) (see
Fig. 1) with main subcomponents being: (i) the lamp, (ii) the
reflector, (iii) the positioning mechanism for each lamp (using this
3-axes positioning mechanism the lamp can slide in and out of the
reflector focus), (iv) the lamp’s blower, (v) temperature sensors for
reflector temperature measurement and a differential pressure
sensor for fan monitoring (vi) the igniter, (vii) the micro-
controller running in-house developed software for controlling
the subcomponents of the unit and for communication of each
lamp unit to the respective rectifier and to the network.

Considering the spectral requirements, the lamp type of choice
is the Xenon Short Arc Lamps. Such lamps have an emission spec-
trum that closely matches that of sunlight (OSRAM, 2008). The



Fig. 1. (a) Lamp block with subcomponents, (b) high flux solar simulator front.
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lamp power and hot restart ability are of great importance. Based
on previous relevant work (Petrasch et al., 2006; Alxneit and
Dibowski, 2011; Krueger et al., 2011; Erickson, 2012), the most
practical option was considered to be a forced convection cooled
6 kWel lamp (OSRAM XBO 6000W/HSLA OFR). The number of
lamps that were used was determined by (conservative) estima-
tions as presented in Table 3.

Considering the estimations presented in Table 3 the required
electrical power is in the order of 54–66 kWel, or 9–11 lamps of
6 kWel power each for two focal points (see Fig. 2).

The supporting structure accommodates 11 units in a hemi-
spherical configuration and easy switching to dual targets to
achieve the dual foci. The chosen configuration consists of two
arrays in the shape of an X, each with 5 units and its own focus,
that can be slightly rotated with respect to the central axis of sym-
metry of the solar simulator to also allow the irradiation of a single
common focus. The 11th unit is fixed among these arrays along the
axis symmetry and is stationary. This configuration was termed 2X
+ 1. Each X array rests on bearings that allow for the manual rota-
tion to the secondary target.

Each ray originating from one focus of an ellipse that is reflected
upon its circumference will pass through the second focus. This
ability renders it the ideal geometric shape for ellipsoid reflectors
Table 3
Estimated efficiencies for the definition of the number of lamps required.

Factor Power

Lamp nominal electrical power – 6.00 kWel

Electric to radiative energy conversion �50% (Alxneit and
Dibowski, 2011)

3.00 kWth

Reflectivity of aluminum ellipsoid 90% 2.70 kWth

Errors of ellipsoid geometry 20% 2.16 kWth

Thermal power per target – 10–12 kWth

Number of lamps needed – 9–11

Fig. 2. (a) two arrays of 5 units plus an additional in a 2X + 1 configuration, that have (b
with a light source at the first focus and a target at the second.
The design equation of an ellipse in Cartesian coordinates is given
as:

x2

a2 þ
y2

b2 ¼ 1 ð1Þ

where a is the semi-major axis and b is the semi-minor axis. Addi-
tionally f is the focal distance, defined as:

f 2 ¼ a2 � b2 ð2Þ
c is the semi-focal distance defined as:

c ¼ f
2

ð3Þ

and e is the eccentricity defined as:

e ¼ c
a

ð4Þ

The reflectors are truncated ellipsoids of revolution. The parameters
(Fig. 3b) that have to be considered and the governing equations in
order to design such a reflector are reported in detail in Petrasch
et al. (2006) and are: dt is the truncation diameter of the ellipsoid,
at is the truncation angle and h is the height (or depth) of the
ellipsoid.

The equations that express the ellipse parameters a and b in
terms of c, at and dt are (from Petrasch et al. (2006)):

a2 ¼ lþ c2 ð5Þ

b2 ¼ l ð6Þ

l ¼ f ð1=2Þd2
t ð1þ tan2 atÞ þ dtð�2c tanat þ nÞ

2
ð7Þ

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ tan2 atÞ½ðd2

t =4Þð1þ tan2 atÞ � 2cdt tanat þ 4c2 tan2 at �
q

ð8Þ
) a common focus and (c) can slightly rotate to change their (common of 5) focus.



Fig. 3. Design parameters of (a) an ellipse and (b) a truncated ellipsoid.
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The assumptions of the design strategy followed, in order to obtain
the optimum reflectors include the following points:

The maximum possible truncation diameter is defined. The lar-
ger the truncation diameter, the higher the reflected fraction of
radiation emitted from the source. The practical restrictions
imposed to the maximum truncation diameter are: the manufac-
turing technique and the available height of the installation site.

The minimum possible focal length is determined. Smaller focal
lengths lead to minimization of specular errors. The minimum
achievable focal length depends on the number of units. and the
configuration selected (optical clearance and rim angle of 35–45�)
as well as practicality and safety reasons (enough space for safety
and control mechanisms e.g. bay door, adequate space for a techni-
cian to safely install a unit or a reactor).

Having the truncation diameter and focal length set, the value
of the truncation angle is varied. Using Eqs. (5)–(8), and varying
the value of the truncation angle, different reflectors are calculated
with varying transfer efficiencies. The transfer efficiency is defined
as the fraction of radiation reaching the target to the radiation
leaving the source (Petrasch et al., 2006):

n ¼ Ptarget

Psource
ð9Þ

The optimum reflectors have a maximum transfer efficiency. The
transfer efficiency is calculated using ray tracing runs.

Based on the anticipated requirements imposed by the reflector
size, the manufacturing technique selected was metal spinning of a
2.5 mm thick aluminum sheet. The formed aluminum reflector,
was then thoroughly polished, coated with a thin film of aluminum
to increase reflectivity and top coated with a SiO2 protective layer
to avoid oxidation of the aluminum coating.
The available total height of the solar simulator installation is
3000 mm where 150 mm must be left free from the bottom reflec-
tor for practical reasons (installation of the unit) and 350 mm from
the top reflector (300 mm air ducts must pass over the array of
units). That leaves a net height of 2500 mm available for the reflec-
tors. Considering a square footprint for each reflector in the X con-
figuration and allowing for a safety distance among neighbouring
reflectors of 100 mm, the maximum possible truncation diameter
is set at 735 mm (Fig. 4a). Given the 2X + 1 configuration, the
installation site limitations (room length) and other safety and
practicality conditions, the minimum achievable focal distance is
set at 3000 mm (Fig. 4b). For the ray tracing runs and the calcula-
tion of the transfer efficiency, the radiative power reaching a
100 mm � 100 mm target is divided by the fixed power emitted
by the source as defined in Table 4 (see Fig. 5).

The source shape is approximated by a diffusively emitting
sphere with an arc equal to the half width of the luminous area
of the lamp as defined in the lamp datasheet (OSRAM, 2006). The
light originating from the sphere is obstructed by the two elec-
trodes to produce a spatial distribution as given in the lamp man-
ual (OSRAM, 2008).

For each ray tracing calculation 106 rays are used, each reflector
is considered to be a perfect mirror (100% reflectivity) while the
electrodes and target are perfect absorbers. The results of the
transfer efficiency calculations are presented in Table 4.

The optimum reflector dimensions must as well satisfy the fol-
lowing additional restrictions when assembled in the 2X + 1 con-
figuration: (i) rim angle of the array must be between 35 and
45�, (ii) maximum tilt angle of lamp in horizontal operation should
not exceed 15� (OSRAM, 2008), (iii) distance of lamp arc to ellip-
soid vertex should exceed 80 mm to avoid high thermal stresses
on the reflector (Alxneit and Dibowski, 2011).



Fig. 4. (a) front footprint-maximum truncation diameter selection and (b) top footprint –minimum focal distance selection.

Table 4
Overview of reflector calculations: Ellipsoid and ray tracing.

Ellipsoid calculations

Fixed parameters
Focal distance (m) 2c 3
Truncation diameter (m) dtr 0.735

Varying parameter
Truncation angle (�) atr 35 45 55 65 75

Ellipsoid parameters
Reflector No. R1 R2 R3 R4 R5

n 2.14 3.89 6.89 14.47 42.17
m 0.22 0.28 0.34 0.40 0.48

Semi-major axis (m) a 1.57 1.59 1.61 1.63 1.65
Semi-minor axis (m) b 0.47 0.53 0.58 0.64 0.69
Length (m) h 0.60 0.45 0.37 0.30 0.25
Eccentricity e 0.95 0.94 0.93 0.92 0.91

Ray tracing calculations (power)
Absorbed/emitted n 0.680 0.735 0.728 0.666 0.565

Fig. 5. Approximations of lamp source for raytracing calculations (a) schematic of source and electrodes, (b) 3D model of source.
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Fig. 6. Rim angle of Reflector 2 in the 2X + 1 configuration (a, top view) and tilt angle of Reflector 2 in the 2X + 1 configuration (b, right view).
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As shown in Fig. 6, the selected reflector configured in the 2X
+ 1 satisfies conditions (i) and (ii) while for condition (iii) exceeds
the maximum value by 25%. The latter is accepted, since it affects
the arc stability, a parameter which is important for imaging appli-
cations but of less significance for the current experimental appli-
cations with concentrated artificial light. The final dimensions of
the manufactured reflector are shown in Fig.7.

The enclosure of the solar simulator has to be light- and radia-
tion proof, accommodate the safety measures and provide the
required cooling to the lamps, the reflectors and the rest of the
machinery installed in the assembly. The control station is located
outside of the enclosure and allows the operation of both solar
simulator and reactor and the safe monitoring via cameras and
windows which may be opened during operation under certain
conditions.

Each Lamp block forms a separate node of the Solar Simulator
computer control network. There are twelve nodes in total, one
for each Lamp Block and one for the cooling unit (a). The micropro-
cessor attached on each node is responsible for the communication
of the node with the network master controller, which is a PLC
Fig. 7. Drawing of the ellipsoidal aluminum reflector for manufacture by metal
spinning.
hosted in the main electrical cabinet. User access to the PLC master
controller is provided by an industrial grade PC which enables the
operation and control of the Solar Simulator through a user
friendly interface (Fig. 8b).

To accurately adjust the focus of the lamps of the solar simula-
tor, the main criterion is the hot spot size. Ideally it should be equal
to the theoretical spot calculated by the ray tracing analysis. The
hot spot size was determined with the help of a high quality CCD
monochrome camera, with chip dimensions: 4.8 mm � 6.4 mm
(height �width), equipped with a 75 mm focal length zooming
lens and the appropriate UV and optical filters that reduce the spot
brightness. On the left side of Fig. 9 the heat flux distribution on a
200 mm � 200 mm metallic absorber is depicted using ray tracing
software.

The light source is considered as above, while the reflector
reflectivity is set at 90%. The right side image of Fig. 9, depicts
the actual image of the metallic target during the lamp operation.
The object height with this equipment is calculated to be 190 mm
(top and bottom lines in Fig. 9). There is a good agreement between
the hot spot of the theoretical approach (on the left of Fig. 9) and
the experimental image (on the right of Fig. 9).

3. The prototype solar reactor

3.1. Solar reactor concepts

As mentioned in the introduction, there are several concepts of
solar reactors that have been developed and investigated by vari-
ous research groups. When designing a solar reactor for solar fuels
production via thermochemical redox reactions some of the points
that should be considered are: (i) accommodation of as much
active material as possible in a given volume combined with max-
imum accessibility from the gas flow, (ii) material durability, (iii)
minimization of pressure drop (e.g. structured reactors vs powder
reactors), (iv) heat recovery potential, (v) possibility for continuous
operation, (vi) reactor reliability and practicality, (vii) operational
and technical simplicity for technology demonstration and scale-
up.

3.2. Reactor design

Based on the aforementioned considerations, the reactor con-
cept developed and employed for the redox thermochemical H2O
and CO2 splitting reactions in the solar simulator facility is a tubu-
lar configuration with a cavity. The core component of the reactor
is the redox material (in the current work NiFe2O4), which is
shaped into different monolithic structures and indirectly heated.



Fig. 8. Solar simulator (a) network logic and (b) detail of overall control panel.

Fig. 9. Validation of reflector design, image of the 60 mm radius target in experiment.
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The monoliths are placed inside an inert ceramic tube capable of
withstanding and absorbing the concentrated solar irradiation at
the focus. For the inert tube, non-porous Al2O3 (99.8% Alumina Fur-
nace Tube, <0.5%vol porosity), was chosen over other better heat
conducting materials (e.g. silicon carbide) to avoid unwanted side
reactions (oxidation of the tube material) during the high temper-
ature reduction step. Other main components of the reactor are the
cavity and two inert ceramic monoliths (Al2O3) that are placed
upstream and downstream of the active redox monolithic struc-
ture, acting as heat exchangers. The heat exchange is facilitated
through switching the gas feed inlet during the splitting and reduc-
tion steps. The operation principle and a schematic of the reactor
are shown in Fig. 10.

The main advantages of the specific reactor concept are the
following:
� The simple and practical tubular design allows the easy inter-
change of reactor modules (tubes) for testing different materials
(shaping methods or formulations).

� The redox material is shaped into monolithic structures, which
is expected to enhance long term thermal stability and cyclabil-
ity of continuous water and carbon dioxide splitting steps.

� All materials used in the reactor construction are ‘‘standard”
high temperature materials manufactured at a (semi-) indus-
trial scale, readily available. No exotic, difficult to manufacture,
extremely expensive, or otherwise restricted materials or struc-
tures are used.

� In its simple lab scale version the reactor has no moving parts.
� The scale-up of the reactor can be accomplished by adjusting
the cavity to the focal area of the plant (solar tower) and by add-
ing more tubes and/or increasing their diameter.



Fig. 10. (a) Schematic of the reactor concept with main components, (b) 3D model of the reactor without aperture and (c) schematic of the redox material inside the Al2O3

tube, with Al2O3 monoliths upstream and downstream.
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� The use of a quartz window, although it increases thermal effi-
ciency, since it limits convection losses, is not critical to the pre-
sent reactor setup operation.

On the other hand the disadvantages of the current reactor
design are:

� The ratio of the structured material to the total reactor volume
is lower, compared to that of volumetric receivers (where the
structured material and the reactor volume are equal). There-
fore, due to the indirectly heating concept energy is consumed
not only for the increase of the temperature of the active mate-
rial (as in the case of the direct heating reactor concepts such as
the volumetric receivers) but also for the heating of the practi-
cally inert mass of the reactor assembly (the tube, the cavity,
the insulating material, etc.). This may result to a lower yield
of produced fuel per reactor redox mass.

� Lower thermal efficiency compared to volumetric receivers.
� Slower reactor heat-up due to large inert mass that has to be
brought to set point temperature.

� Heat-up/cool-down rates are limited by alumina tube specifica-
tions (e.g. 15 �C/min for safe long-term operation, although in
practice ramps of 50 �C for short times have been used without
any problem so far).

� Not enough data on long term life of alumina tube after expo-
sure on continuous heating cooling cycles under concentrated
irradiation.

Overall, a compromise has been made between theoretical tar-
gets and practical issues, leading to a reactor design that is techni-
cally simple, can be operated easily, can be cycled continuously for
long periods of time and carries the promise of scale-up.

3.3. CPC & aperture

The ray tracing calculations along with measurements of the
spot size (60 mm radius) allow the determination of an appropri-
ate aperture. The solar simulator, when all lamp blocks are focused
at a single spot, creates an acceptance angle at the focal plane of
approximately 35�. Using these data as input, a Compound Para-
bolic Concentrator (CPC) is designed and evaluated as shown
below (Fig. 11).

The evaluation results of the proposed CPC for a single target
are shown in Fig. 12 and Table 5:



Fig. 11. design sketch of the CPC.
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The CPC although designed was not constructed and used for
the needs of the present study, since enough power with a rather
homogenous distribution was reaching the reactor unit. Since no
CPC is installed, the reactor aperture is set at 80 mm diameter,
slightly larger than the inner spot size.
3.4. Thermal modelling

The concept of heat transfer to the reactor unit is that concen-
trated radiation from the solar simulator enters the cavity through
the aperture and irradiates the front part of the alumina tube
where the redox monolith is located. The rear side of the alumina
tube is also irradiated by reflected radiation and re-radiation of the
cavity walls. The cavity consists of an octahedron of white insulat-
ing material and the reactor tube is placed within the center of the
cavity. One side of the octahedron bears the aperture where con-
centrated radiation enters and re-radiation from the tube and walls
exits.

Only the thermal needs of the high temperature step are calcu-
lated, since this is the energy intensive step and the splitting step
can in principle be performed while the system is in cooldown. The
calculation of the thermal needs of the reactor is broken into four
terms, (i) the thermal energy needed to keep the alumina tube at
1400 �C under continuous gas flow, with convection losses to the
environment at ambient temperature, (ii) radiation losses from
the tube at 1400 �C to the environment through the cavity’s aper-
ture, (iii) the energy required to perform the reduction of the
monolith (enthalpy of reduction) and (iv) the energy absorbed by
the cavity walls and lost to the environment through convection
and re-radiation through the aperture.

The basis for the calculation of the first term is the rate of heat
transfer in a typical hollow cylinder with convection and conduc-
tion both inside and outside of the cylinder. This structure is iden-
tical to the prototype assembly. The heat transfer equation is
applied to each domain of the alumina tube (monolith section,
upstream section and downstream section). For each domain, the
flow regime of N2 is calculated and from this the appropriate Nus-
selt number correlation is adopted. Setting up the geometry and
running a simulation of thermal reduction at 1400 �C under steady
state conditions, the temperature profiles and energy demands of
each domain are calculated (Fig. 13).

The thermal needs of a free standing -not installed in the cavity-
reactor unit, to maintain the high temperature (1400 �C) of the
reduction step in the monolith, while exposed to N2 gas flow is cal-
culated at 7.7 kWth, not including any radiation losses.

The second term is calculated for the reactor tube installed in a
perfect cavity (circular reflecting cavity walls) from the Stefan-
Boltzmann law for the cavity aperture and is calculated at 2.1 kW.

The third term is calculated from the reduction enthalpy of
NiFe2O4 (DHredNiFe2O4 = 416 kJ/0.5 mol O2 (Dimitrakis et al., 2016)
and a simulation run of the NiFe2O4 monolith kinetics (Kostoglou
et al., 2014) and is negligible compared to the other terms.

The fourth term was estimated to 20% of the total energy needs
considering the absorptivity/emissivity and thermal conductivity
of the white insulating material that forms the cavity walls.

Adding all the above terms, the thermal power needs of the pro-
totype reactor for the energy intensive step were calculated at
12 kW. Additionally, raytracing calculations of the alumina tube
and cavity are performed to ensure a relatively homogenous distri-
bution of the incoming radiation onto the front and back side of the
tube when the cavity reactor aperture is placed in the focal plane of
the high power solar simulator (see Fig. 14).
3.5. Reactor control

Three thermocouples are installed within the reactor cavity and
two thermocouples are used to monitor and control the reactor
core temperature (upstream and downstream), one located
directly below the monolith and one right above, in contact with
the redox material.

The lamp blocks of the solar simulator unit are switched on/off
and focused/defocused to achieve the desired temperature ramp or
constant temperature in the monolith as measured by the two
thermocouples. Additionally, a software with a graphic user inter-
face was developed to allow the control of the water and nitrogen
valves, heated lines, monitor temperatures and pressure and store
reactor data (see Fig. 15).
4. Experimental

4.1. NiFe2O4 redox structures

Three different structures (foam, extruded honeycomb mono-
lith, cast monolith), consisting entirely of NiFe2O4, were evaluated
in the tubular reactor installed in the high flux solar simulator. The
techniques used for the manufacturing of the various structures
were: (i) the conventional manufacturing technique of the ‘‘repli-
cation of polymer foams” as molds for the preparation of open-
cell NiFe2O4 foam with pore density of 10 ppi (pores per linear
inch) (Schwartzwalder and Somers, 1963); (ii) the extrusion pro-
cess for the manufacturing of a 90 cpsi (cells per square inch)
NiFe2O4 honeycomb monolith (Karagiannakis et al., 2016;
Pagkoura et al., 2015), similarly to what is commonly used for
the manufacturing of numerous technical ceramics (e.g. Cordierite,
SiC, Al2O3, etc) for a variety of applications (e.g. automotive emis-
sion control); (iii) a casting process for the structuring of NiFe2O4

into honeycomb monolithic bodies employing specially fabricated
molds via 3D-printing. In all cases the ‘‘common denominator” is
that the calcined samples consist entirely of the same material for-
mulation (NiFe2O4).



Fig. 12. Total irradiance map (a) without and (b) with CPC.

Table 5
Comparison of spot with and without CPC at 3000 mm focal distance, 200 � 200 mm
target, xenon lamp 50% efficiency (3000 W) � 11 lamps.

No secondary
concentrator

Proposed CPC
at focal plane

Total power absorbed 21,331 W 19,087 W
Outer spot radius 60 mm @0.5 MW/m2 40 mm @0.5 MW/m2

Inner spot radius 30 mm@2 MW/m2 30 mm@2MW/m2

Hot spot radius 10 mm @4.5 MW/m2 20 mm @ > 4.5 MW/m2
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A schematic of the various structures is shown in Fig. 16. Some
basic characteristics of the samples are presented in Table 6.

All samples, prior to their redox activity assessment, were
calcined at 1400 �C for 2 h under air to attain their fully oxidized
form and to deliberately pre-expose them to the upper threshold
of the thermal reduction step. This is standard practice to verify
stability of the formulations and to minimize properties’
change and subsequent performance variations induced by the
high temperatures of the consecutive thermochemical cycles (e.g.



Fig. 13. Temperature distribution of the reactor (a) contour plot of slice of revolution and (b) along z axis.
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sintering, surface area loss, phase segregation, etc.) (Agrafiotis
et al., 2012). All samples were evaluated under the same protocol,
as described below.

4.2. Redox activity assessment

Fig. 17 shows the integrated set-up of the reactor testing rig and
the high-flux solar simulator. Three thermocouples (top, center,
bottom) are installed in the cavity measuring the cavity’s temper-
ature. The center cavity thermocouple had the highest value com-
pared to the top and bottom cavity thermocouples during the
experiments (Fig. 18). In addition, inside the reactor, thermocou-
ples upstream and downstream of the redox material are used to
monitor the reactor’s temperature. Temperature control of the
reactor was conducted with the downstream thermocouple. The
targeted temperatures for the isothermal steps were achieved via
focusing the lamps of the simulator towards the higher tempera-
ture step (reduction) and defocusing/switching off towards the
lower temperature step (splitting).
The initial step was thermal activation, during which N2 flow
passed through the sample. Temperature was increased from
ambient to 1400 �C with an average heating rate of 25 �C/min (in
some occasions, heating rates of 45–50 �C/min were also applied).
Then the temperature was reduced to 1100 �C where the splitting
step took place (Fig. 18). It can be observed that the temperature
inside the alumina tube, during the thermal reduction step, was
close to the temperature measured outside the tube with the cen-
ter cavity thermocouple. On the other hand, during the splitting
step, the temperature measured with the center cavity thermocou-
ple is higher than that of the reactor. The focus of the simulator
lamps is located at the center of the reactor aperture and the cavity
sustains the reactor at the high temperature. During the splitting
step, the cavity is hotter than the alumina tube, hence the higher
temperature of the center cavity thermocouple in Fig. 18.

Comparison of the temperature profile recorded during the
solar-simulator experiments inside the reactor with a similar
protocol (i.e. Tsplitting = 1100 �C and Treduction = 1400 �C) conducted
in the conventional electrical furnace (Fig. 19) showed that a



Fig. 14. (a) 3D model of the solar simulator used for ray tracing, (b) 3D model of reactor cavity and alumina tube, and flux distribution on the alumina tube (c) front left, (d)
front right, (f) back left and (e) back right face.
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sufficient control of the temperature inside the reactor could be
achieved by regulating the flux that is directed to the cavity via
continuous adjustment of the number of operating lamps and their
focusing position.

Moreover, the solar simulator offers an additional degree of
freedom by allowing experiments with high heating rates that can-
not be achieved with the use of standard electrical furnaces
(Fig. 19). However, since the reactor concept employed in the cur-
rent work is a ceramic tubular reactor, extremely high heating/-
cooling rates were avoided in order to secure the integrity of the
material, although short-term rates of ±60 �C/min were also
applied.

Based on the experimental data, and taking into account the
number of lamps employed to reach the reduction step tempera-
ture, the power required is calculated at 13.5 kW (see Fig. 20),
which is in accordance to the respective value calculated for the
reactor in Section 3.4.

The duration of the splitting step was 30 min and the oxidant
concentration was for the case of H2O 60% in N2 at a total flow rate
of 2.94 L min�1. In the case of CO2 splitting, a 100%CO2 bottle was
used with a CO2 flow rate of 2 L min�1, while in the co-feeding
experiments H2O and CO2 were introduced at a 2:1 volumetric
ratio and a concentration of 32%H2O and 16%CO2 in N2 (total flow
rate 2.94 L min�1). An in-house built controllable heated pressur-
ized water tank was employed to achieve the targeted steam con-
centrations. The oxidation reaction was followed by a 30 min
thermal reduction step at 1400 �C. Approximately ten redox cycles
were implemented for each sample. The reaction products, after



Fig. 15. (a) temperature profiles of the monolith within the alumina tube during cyclic operation, (c) the interface of the reactor control software, (d) simplified Piping and
Instrumentation diagram of the solar reactor setup.
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Fig. 16. Different NiFe2O4 structured bodies: (a) foam, (b) extruded honeycomb monolith, (c) 3D3 cast monolith.

Table 6
Specific characteristics of NiFe2O4 structured bodies.

Particle mean
diameter (lm)

Pores per
inch (ppi)

Cells per square
inch (cpsi)

Wall thickness
(mm)

Porosity (%) Weight-to-Volume
ratio (g/cm3)

Foam 5 10 – – – 0.77
Extruded honeycomb monolith 5 – 90 0.47 31 1.47
3D3 Cast monolith 30 – – – – 2.34

Fig. 17. High-flux solar simulator and reactor integrated set-up.

Fig. 18. Temperature profile measured with the thermocouple downstream of the
sample and the cavity thermocouples during heating, cooling and isothermal steps
for splitting and thermal reduction.

Fig. 19. Comparison of temperature profile measured with the thermocouple
downstream of the sample for the case of the solar simulator and electrical furnace
experiments.
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Fig. 20. Power and corresponding temperature profile during a typical cycle.
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passing through a water trap, were measured with a mass spec-
trometer (Pfeiffer Omnistar Quadruple Mass Spectrometer) and a
CO analyzer (SIGNAL 7000FM).

5. Results and discussion

5.1. H2O splitting

Fig. 21 shows the typical H2 and O2 evolution profiles for the
case of the foam, the extruded honeycomb monolith and the cast
monolith (3D3), during the splitting with a 60% H2O concentration
in N2 and the reduction step respectively.

The H2 and O2 production curves have different slopes which is
observed in all structured bodies and is the result of the difference
in the kinetics of the two reaction steps (the H2O splitting reaction
is faster than the thermal reduction reaction, as also reported in
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Fig. 21. Typical H2 and O2 and temperature profiles during H2O-splitting (60% H2O
in N2) and thermal reduction for the three different structures.

Table 7
Total H2 yield expressed in terms of structure weight and volume.

Total H2 yield/cycle

Conditions NiFe2O4 structures mmoles/gredox Difference
Tsplitting = 1100 �C Extruded monolith 0.083 �71%
60% H2O Foam 0.289 0

3D3 0.070 �76%
other works e.g. (Kostoglou et al., 2014; Neises et al., 2009; Go
et al., 2008).

The H2 concentration, during the H2O splitting step, reaches a
peak and then decreases exponentially. The decrease in the H2 pro-
duction is caused by the exhaustion of O-vacancies that are avail-
able at the specific water pressure and temperature and can
receive O-atoms during the splitting step. Similarly in the case of
thermal reduction, since it is endothermic, the O2 concentration
increases as temperature increases from the splitting step
(1100 �C) towards the reduction step (1400 �C), reaches a peak
and starts to decrease at the isothermal step. The extent of reduc-
tion of the structures depends on the temperature and the duration
of the isothermal step.

The integral of the H2 and O2 curves describes the amount of H2

and O2 produced during the oxidation and reduction steps. The
production of H2 and O2 is expressed in different forms in the liter-
ature (e.g. ml H2 or O2/gredox, lmole H2 or O2/gredox). In the current
work, the amount of the products of the reactions is presented in
mmoles/gredox, where gredox is the total weight of the structured
bodies.

The H2 evolution profiles vary significantly between the differ-
ent structures. The most profound difference related to the produc-
tion of H2 from the NiFe2O4 foam (Fig. 21). The very open structure
of the foam allows a higher degree of contact of the redox material
with H2O leading to a higher H2 yield. In the case of the other three
monolithic structures, it can be observed that the H2 evolution
curve has a smoother slope and the yield is much lower compared
to that of the foam.

The amount of O2 evolved during the thermal reduction step
originates from the oxygen that has been removed from the H2O
molecules during the splitting step (i.e. it is relative to the H2

yield). An additional contribution to the evolution of O2 during
the thermal reduction step originates from the oxygen contained
in the bulk of the material (internal region Kostoglou et al., 2014)
that has not been exhausted during the initial activation step
where all materials are thermally reduced for 1 h (as described in
the experimental section). The H2:O2 ratio for the case of the differ-
ent structures was close to what would be expected from the the-
oretical stoichiometry (i.e. H2:O2 = 2.00). The 3D3 cast monolith
had a H2:O2 ratio 2.00, the extruded monolith had 1.65 and the
foam had 2.46. The different values of H2:O2 ratio for the different
samples could be attributed to variations in the oxygen contained
in the bulk of the different structures, variations in the structural
characteristics of the monoliths (e.g. different scales of porosity
of the redox struts for the case of the foam, or the redox walls
for the case of the extruded and the 3D-cast monoliths) or varia-
tions in the homogeneity of the temperature that is reached in
the bulk and on the surface of the structured body during the ther-
mal reduction steps which in turn may lead to insufficient reduc-
tion. It is expected that the exhaustion of the oxygen contained
in the bulk of the monolithic structures after multiple cycles will
lead to the stabilization of the H2:O2 ratio around the stoichiomet-
ric value 2.00.

The activity of the redox structures, if the H2 yield is expressed
in terms of redox material weight (i.e. mmoles/gredox), follows the
order: foam	 extruded monolith > 3D3.
from NiFe2O4 foam mmoles/mlredox Difference from NiFe2O4 foam
0.122 �44%
0.217 0
0.164 �24%
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As shown in Table 6, the bulk density of the structures (weight-
to-volume ratio) is different for each structure. The NiFe2O4 foam
has the lowest bulk density while the cast monoliths have the
highest. Consequently, if the H2 yield is expressed as a function
of the volume of the redox material (i.e. mmole/mlredox) instead
of the weight, the relative activity of the structures changes. The
foam is still the most active structure, but the gap with the other
structures is significantly reduced (Table 7).

Thus, it can be argued that expressing the evolution of H2 as a
function of the volume of the structure and not the mass in the
case of structures consisting entirely of the redox material may
be more representative when describing a solar structured reactor.

An evaluation of the relative performance of the materials
reported here with results reported in the literature is not straight-
forward, since experimental conditions vary from one study to the
other (i.e. space velocities, reactant concentrations, temperatures,
test rigs, direct vs indirect heating concepts, etc.). However, com-
pared to other relatively relevant works reported in literature e.g.
(Gokon et al., 2009; Gokon et al., 2011; Kawakami et al., 2014) that
deal with NiFe2O4 foams, the activity of the best structure reported
in the current work leads to a maximum H2 production rate of
20 lmoles/min/gdevice or 0.45 ml/min/gdevice (where, device: NiFe2-
O4 foams) respectively, i.e. approximately 4 times higher than the
results reported in the literature so far (shortly mentioned in the
introduction section). The total H2 yield of the NiFe2O4 foam (i.e.
7.35 ml/gdevice) was approximately 1.5–7 times higher compared
to the values reported in Gokon et al. (2011). In addition, compar-
ison of the NiFe2O4 foam with foams constructed from other mate-
rials, such as CeO2 (Chueh et al., 2010), shows that there is
significant difference of the production rate for the latter (CeO2

foam has faster H2 production rate), however with a lower total
H2 yield (4.6 ml/gdevice for the CeO2 foam and 7.35 ml/gdevice for
the NiFe2O4 foam).

5.2. CO2. splitting

Similarly to the H2 evolution curves, CO evolved during the
splitting of CO2 (100% CO2) on the different structured bodies
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Fig. 22. Typical CO and O2 profiles during CO2-splitting (100%CO2) and thermal
reduction for the three different structures.

Table 8
Total CO yield expressed in terms of structure weight and volume.

Total CO yield/cycle

Conditions NiFe2O4 structures mmoles/gredox deviation
Tsplitting = 1100 �C Extruded monolith 0.055 �59
100% CO2 Foam 0.137 0

3D3 0.048 �65
(Fig. 22). On the contrary, however, to the H2 profiles, CO curves
were sharper. This behavior is more profound in the case of the
foam. The fact that the CO evolution profile is steeper than that
of H2 originates from the high concentration of CO2 (100%CO2 com-
pared to 60%H2O), as it has been observed in previous CO2 splitting
experiments with different CO2 concentrations over NiFe2O4 pow-
der (Lorentzou et al., 2013).

The trend in the structures’ activity for the splitting of 100% CO2

(Table 8), is maintained as in the case of the H2O splitting with 60%
H2O (Table 7). However, the total yield of CO is lower compared to
the respective H2 yield during H2O splitting (despite higher CO2

concentration), which can be attributed to the more favorable ther-
modynamics of WS (Lange et al., 2016).

In contrast to the comparison with other works in the literature
that was presented for the case of H2O splitting, there are no rela-
tive articles that deal with the splitting of CO2 using NiFe2O4 struc-
tured monolithic bodies. However, CO2 splitting on structured
reactors has been investigated on CeO2 foams (as described in
the introduction). Compared to (Furler et al., 2012), the CO total
yield reported for the NiFe2O4 foam was approximately 2.5 times
higher (i.e. 3.7 ml/gdevice for the NiFe2O4 foam presented in this
work compared to 1.465 ml/gdevice for CeO2 foam reported in
Furler et al. (2012)) for material that was previously regenerated
at around 1400 �C.

5.3. H2O-CO2 co-feeding

In the case of the simultaneous H2O and CO2 splitting (co-
feeding) experiments, the reactants mixture used was 16%CO2-
32%H2O. In all cases, the H2 and CO profiles were parallel to each
other, with CO yield being somewhat lower compared to the H2

yield, as expected (see Figs. 23–25).
The H2/CO yield ratio calculated for all structures is presented in

Table 9 along with the H2 and CO total yield. It is noted that for a
H2O/CO2 ratio of 2.0 (feed composition in the current work), the
H2/CO yield ranges from 1.13 for the case of the extruded monolith
to 1.26 for the foam and 1.17 for the 3D3 cast monolith, which is in
from NiFe2O4 foam mmoles/mlredox deviation from NiFe2O4 foam
0.081 �23
0.106 0
0.112 5
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accordance to the results presented in Lorentzou et al. (2013) for
NiFe2O4 powder where the H2/CO ratio was 
1.4. This variation
in the H2/CO ratio can be attributed to the variation in the actual
temperature of the samples, caused by the solar simulator flux
control and differences in the transfer of heat in the whole mass
of each structure (very open structure of foam compared to the
more dense honeycombs).

The simultaneous introduction of H2O and CO2 for the produc-
tion of syngas on structured reactors has been reported previously
on CeO2 felt structures (Furler et al., 2012). The total H2 and CO
yield for the case of the NiFe2O4 foam in terms of ml of product/
gdevice was 1.55 and 1.2 respectively, which is lower compared to
the CeO2 felt examined in Furler et al. (2012) (2.21 ml H2/gdevice
and 0.94 ml CO/gdevice). Based on these results, it seems that in
the case of the NiFe2O4 foam the splitting reaction of CO2 is
favored, in contrast to the case of CeO2 felt, however, the difference
Table 9
Total H2 and CO yield from simultaneous H2O-CO2 splitting.

Total H

Conditions NiFe2O4 structures H2 mmo
Tsplitting = 1100 �C Extruded monolith 0.026
16% CO2-32%H2O Foam 0.068

3D3 0.027
is not considered significant (approximately 12% difference
between the two works).
6. Conclusions

In this work, two step solar thermochemical redox cycles for the
production of H2, CO or solar syngas on NiFe2O4 structured reactors
were investigated under solar simulated conditions. The work was
developed in three parts. First, the design and construction of a
high flux solar simulator facility for the bridging of conventional
lab-scale experiments with actual solar field experiments was
presented. At the second part, a simple and practical cavity-tube
solar reactor that could host the different redox structures was
designed and constructed. At the third part, the solar reactor was
integrated in the solar simulator test facility for two-step redox
thermochemical cycles for the splitting of H2O, CO2 and combined
feedstock.

A control strategy for the solar simulator was developed to
achieve the temperature profiles required for the consecutive split-
ting and regeneration cycles on the structured reactor. Three differ-
ent structures were evaluated with respect to their redox activity.
All structures were active splitters, however as expected those with
the more ‘‘open” (porous) and lighter structure were better per-
forming when the activity was expressed in terms of weight.

In the current work, the redox material that was employed
(NiFe2O4) is an active water splitter that has been widely investi-
gated. The best performing structure was that of the NiFe2O4 foam.
Low product yields, observed for the NiFe2O4 structured monoliths
compared to yields reported previously for the case of NiFe2O4

powder (e.g. Lorentzou et al., 2013; Agrafiotis et al., 2012), are
not only a result of the inherent chemistry of the material but also
of structural limitations that inhibit the access of the reactants to
the active sites. The production rates and total yields measured
were of the same order of magnitude and in most cases, measur-
ably higher compared to relative values reported in the literature.
However, it should be considered that redox thermochemical reac-
tions are particularly sensitive to variations in the experimental
conditions, rendering, therefore, the comparison between different
works a difficult and not straightforward task.

Nevertheless, there is a lot of potential in the optimization of
the morphological and geometric characteristics of the monolithic
structures in order to reach the ideal performance of powder for-
mulations (first redox cycles only), by increasing the accessibility
of the redox structured bodies from the gaseous reactants. Future
work will focus on the development of novel structures consisting
of different redox material formulations (e.g. cerium-based mixed
oxides, CoFe2O4/Al2O3 oxides, perovskites, etc.) with increased
surface/volume-to-weight ratio that is expected to lead to higher
H2 and CO yields.

At the reactor level, the indirectly irradiated structured reactor
has the benefit of a simple and practical concept that can be easily
scaled-up. However, its design should include improved heat
recovery concepts that are expected to increase the overall process
efficiency.
2 and CO yield/cycle

les/gredox CO mmoles/gredox H2:CO ratio
0.023 1.13
0.054 1.26
0.023 1.17
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