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A B S T R A C T

Solar thermochemical water splitting via a two-stage redox cycle has been subjected to numerous theoretical and
experimental studies since a couple of decades. It has been considered as a promising technology to generate
green hydrogen as it is feasible to directly convert concentrated solar radiation into storable chemical energy.
The present article describes the results of an experimental campaign, which has been carried out to further
demonstrate the feasibility of this technology. Based on the prior experience from solar gas turbine projects, a
combined receiver/reactor has been designed and built up operating at temperatures between 1400 °C and
1000 °C using radiative power of up to 150 kW generated by a large-scale solar simulator (Synlight). The reactor
has a total volume of 90 L with open porous ceramic foam structure. Additionally, high-performance heat ex-
changers have been used to recover the heat content of the product gases. Typical necessary durations for the
sub-cycles, reduction and oxidation as well as durations for the corresponding necessary heating and cooling
phases have been determined. By producing up to 8,8g of hydrogen per cycle it could be shown that the produc-
tion of hydrogen in a medium scale structured reactor is possible.

© 20XX

1. Introduction

Solar thermochemical hydrogen generation via metal oxides as reduc-
tion-oxidation (redox) materials is widely considered as a promising
technology to generate fuels in a sustainable way [1,2]. The operation
principle of this technology has been demonstrated in numerous stud-
ies, which are summarized by Villafán-Vidales et al. [3] and an
overview on the investigated variants has been given by Scheffe and
Steinfeld [4]. From the past few years, the non-doped cerium oxide has
turned out to be one of the most competent redox materials at high tem-
peratures and low oxygen partial pressures with the perspective of so-
lar-to-fuel energy conversion efficiencies of more than 20% [5–7].
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Principally, the aforementioned process is performed using a two-
step cycle which consists of a pair of an endothermic and an exothermic
chemical reaction as shown in Fig. 1. The first step (also termed as re-
duction step) is to heat up the oxidized reactive material (CeO2) to a
temperature of approximately 1400 °C with the help of concentrated
solar radiation. Simultaneously the reactor (either with an open porous
structure or with a packed bed of particles) is flushed with nitrogen to
create an oxygen poor atmosphere. After certain characteristic time,
which is influenced by macro-parameters like reactor size, nitrogen
flow rate, geometry of the porous structure and the chemical reaction
kinetics, the material is reduced to a certain extent (CeO2-δ), which is
described by the so-called non-stoichiometry parameter δ as shown in
equation (1).

(1)

https://doi.org/10.1016/j.renene.2022.08.010
0960-1481/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.

https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010
https://www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
mailto:<span data-action=
https://doi.org/10.1016/j.renene.2022.08.010
https://doi.org/10.1016/j.renene.2022.08.010


CO
RR

EC
TE

D
PR

OO
F

2 V.K. Thanda et al. / Renewable Energy xxx (xxxx) 1–10

Fig. 1. Solar thermochemical water splitting with cerium oxide as redox mate-
rial. In step 1 the redox material is heated up to 1400 °C to release oxygen (re-
duction). In step two, the oxygen within the water molecules oxidises the re-
dox material (oxidation), thus producing hydrogen.

Fig. 2. Cross-sectional view of HYDROSOL/ASTOR reactor.

Table 1
Reactor technical data.

Diameter of outer vessel (high temperature steel) 1100 mm
Diameter of quartz window (TQS quartz) 600 mm
Thickness of quartz window 10 mm
Overall length 1600 mm
No. of ceria coated zirconia foam elements 109 pieces
Total volume of foams 0,09 m³
Porosity 77 %
Cellularity 10 ppi
Mean pore diameter 2,3 mm
Thickness of foam elements 60 mm
Irradiated/frontal absorber surface 1,2 m2

Inner diameter of absorber dome 662 mm
Maximum operation temperature 1400 °C
Ceria mass 44,8 kg
Zirconia mass 166,1 kg

This parameter is mainly dependent on reduction temperature,
which must be as high as possible, and oxygen content in the interior of
the reactor, which must be as low as possible and which is directly
given by the partial oxygen pressure in the nitrogen. In the second
exothermic water splitting step (also termed as oxidation step), hydro-
gen is finally produced by oxidising the redox material with steam at
relatively low temperatures according to equation (2).

(2)

The present study describes the successful experimental investiga-
tion of a medium scale water splitting solar reactor irradiated with a so-
lar power of up to 250 kW per single reactor. The experiments are car-

ried out in the framework of the projects ASTOR,1 ASTOR-ST,2 HY-
DROL-plant3 and HYDROSOL-beyond.4 Prior to the experiments, theo-
retical studies were conducted on the reactor's thermal behaviour and
also on the predicted hydrogen yield of the process to develop suitable
operation strategies [8–10]. In addition, Lidor [11] provided an up-
dated review of the technology and Moser et al. [12] studied the eco-
nomic viability of the plant concept elaborated in the above mentioned
projects in which the predicted LCOH5 was down to 6.7 €/kg.

2. Experimental set up

2.1. Reactor layout

The system operates in a cyclic batch process in which each cycle
consists of the two steps as already mentioned reduction and oxidation.
Reactor and plant layout have been designed accordingly. The mono-
lithic reactor consists of a dome shaped absorber, a flat window and an
insulation casing as shown in the Fig. 2. The absorber was built with 7
segments of 10 ppi6 zirconium oxide (ZrO2) reticulated porous ceramic
(RPC) foams coated with cerium oxide (CeO2) acting as redox material
and is supported with customized ribs and belts configuration. As a ba-
sis for the reactor layout, a maximum operation temperature of 1400 °C
has been regarded and the employed materials have been chosen ac-
cordingly. The flat quartz window embedded in a water-cooled metal
flange not only separates the receiver from the ambient air but also al-
lows the solar radiation getting through it while minimizing the reflec-
tion and re-radiation losses. The insulation at the back of the volumetric
reactor is fixed together to the outer stainless-steel casing which sup-
ports the complete reactor. The required gases (nitrogen throughout the
cycle and steam during oxidation) enter the receiver through the gas in-
let, proceed inside the gap between outer and inner vessel (which acts
as a separator between inlet and outlet) to the front and passes through
the first ring of absorber elements (inlet absorber). Thereafter they pass
the outlet absorber before they leave the reactor from the outlet at the
back of the outer vessel. Table 1 comprises the technical data of the re-
actor.

2.2. Overall plant layout

As mentioned, the system operates in a cyclic batch process with an
alternate sequence of oxidation and reduction steps. The overall plant
comprises of a series of components: four valves (to control the flow of
process fluids), three heat exchangers (for heat recovery of the product
gases), two mass flow controllers (to control the flow rates), and an in-
termediate evaporator as shown in Fig. 3.

Initially, the reactor is irradiated with solar radiation. The down-
stream of the reactor flows alternatively into downstream 1 (DS1) or
downstream 2 (DS2) which are activated by valves, V500 and V600, re-
spectively to avoid the generation of an H2/O2 mixture. During the re-
duction step, valves V400 and V500 are opened and the O2 sensor
within DS1 measures the released oxygen as shown in Table 2. As soon
as the O2 signal in DS1 is approaching zero, indicating that there is no
more reduction activity in the redox-material, the reduction step is ter-
minated by opening V401 and V600 and closing V500. The whole flow

1 ASTOR: Automatisierung Solar-Thermochemischer Kreisprozesse zur Re-
duzierung von Wasserstoffgestehungskosten.

2 ASTOR-ST: Automatisierung Solar-Thermochemischer Kreisprozesse zur Re-
duzierung von Wasserstoffgestehungskosten auf einem Solar-Turm.

3 HYDROSOL-plant: Thermochemical HYDROgen production in a SOLar
monolithic reactor: construction and operation of a 1 MW PLANT.

4 HYDROSOL-beyond: Thermochemical HYDROgen production in a SOLar
structured reactor: facing the challenges and beyond.

5 LCOH: Levelized Costs of Hydrogen.
6 ppi (pores per inch) is a measure for the average cell size of a foam.
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passes DS2 now where the mass spectrometer (MSP)7 is located to mea-
sure the H2 content. The heat exchangers W100, W201 partly recover
the heat from the downstream product gas during the oxidation phase
in DS2, the heat exchanger W300 recovers the heat of the N2/O2 mix-
ture in DS1 during the reduction phase. The cycle is further repeated to
produce H2. The piping lay-out of the ASTOR plant is shown in Fig. 4.

For the steam supply during the oxidation step, deionized water
with mass flows between 5 and 10 kg/h has been used. Additionally, N2
has been used (10–20 kg/h) as a flushing gas, which is needed for a
convective heat transport inside the receiver and for accelerating the
oxidation reaction.

2.3. Determination of the H2-mass flow rate and calibration

The produced hydrogen mass flow rate during the oxidation
step has been derived from the percentage of hydrogen and nitrogen

which was measured in a sample gas flow via a Pfeiffer Vacuum
mass spectrometer (MSP) at the end of the hydrogen downstream line
(DS2). A gas cooler was placed before the inlet of the MSP to ensure that
remaining steam is condensed and removed and hence the final compo-
sition of the sample gas is only hydrogen and nitrogen. To verify the
conversion of the signals from the MSP, which come along as ion cur-
rents in microamperes, into the ratio / , a calibration procedure
has been carried out prior and after the experiment using a calibration
gas with a known certified composition (all-in-gas, 100 ppm hydrogen,
balance: nitrogen). This verification procedure included the determina-
tion of a calibration factor c. The hydrogen mass flow is finally deter-
mined from the equation (3), where is the nitrogen mass flow.

(3)

The total amount of hydrogen produced during one oxidation step
was calculated by numerically integrating the flow rate curve with re-
spect to time.

2.4. Efficiency calculation

Solar-to-fuel efficiency of the plant has been calculated according to
the following equation (4), which has been reviewed by Lapp et al. [13]
and Bulfin et al. [14]:

(4)

Here, denotes the hydrogen molar mass flow, is the
higher heating value of hydrogen, is the radiative power needed to
operate the process, the time of one complete cycle , and is the
power consumption of additional auxiliary processes needed to operate
the system such as the steam generator. was determined with a
camera-target method according to a procedure described in the next
section.

7 Pfeiffer Vacuum Omnistar TM, GSD 301 C2 quadrupole mass spectrometer.

2.5. Generation of concentrated radiation with the solar simulator synlight

The solar simulator Synlight has been in operation since 2016 and
provides a maximum total radiation power of 300 kW. It consists of 149
modules equipped with a short-arc xenon lamp, normally used for cin-
ema projection, with an electric power of 7 kW and a radiative power of
2.7 kWth. Each module has an ellipsoidal reflector, which focuses the
light generated by the lamp at a distance of 8 m. Three moveable axes
allow a precise setup of the module position, which includes the dis-
tance to the test object as well as the inclination and rotation angles
[15,16]. Furthermore, if necessary the focal position of the lamp inside
the reflector can be modified by controlling the concentration ratio.

The exact knowledge of the flux distribution is crucial for the evalu-
ation of the efficiency of the reactor. Furthermore, an exact flux map
provides information on possible hot spots inside the reactor, which
could lead to high thermal stress or even destroy some reactor ele-
ments, because of too high temperatures.

For an effective operation it is also important to set up a nearly even
or uniform flux distribution without significant local peaks. Due to the
reflector geometry, described above, the Synlight modules normally
produce a flux distribution which is comparable to a Gauss distribution,
with a narrow high-flux peak and a wide base with lower flux values.
These profiles can be modified by two similar methods: by changing the
distance between the simulator module and the target or by changing
the lamp position inside the reflector [17]. However, none of these
methods can compensate the general flux profile caused by the elliptic
shape of the reflectors. As each reflector has some unique irregularities,
each projection also has a unique flux profile. This makes setting up a
required flux map even more challenging.

Therefore, the nearly uniform flux distribution is required on a
curved inner surface of the cavity receiver. To determine the flux distri-
bution a measuring system with the same shape is required to provide
an optimal result. An appropriate solution would be a calorimetric re-
ceiver with numerous flux sensors or at least thermal elements. Such se-
tups are very complex and costly; therefore, a simplified approach was
used.

Neglecting the deviations of the reflecting quality of each module,
which leads to a variation of peak flux values for the selected modules,
the focal distance of modules was first set with respect to their assigned
focal point inside the reactor and at the same focal distance as shown in
Fig. 5. These positions are denoted as B′, C′ and D’. The incidence angle
is highly alternating with respect to the selected module (from module
row A to module D). For incidence angles about 0° the highest peak flux
can be reached, while an increase of the incidence angle automatically
leads to lower flux. In order to reduce the influence of this aspect on the
final flux distribution, the focal distance of the modules with higher in-
cidence angles was increased or reduced, depending on the free space
limited by the neighbour modules. In Fig. 5 the used module positions
are given as B, C and D.

The set flux profiles used for the experiments are shown in Fig. 6.
They have been determined on a flat target, placed in the reactor win-
dow plane. As can be seen, the shape reminds of the Gaussian distribu-
tion as mentioned above. However, the effectivity of this approach with
respect to the flux distribution on a curved surface could not be mea-
sured directly, due to the curved shape of the reactor. Nevertheless, the
temperature distribution on the surface of the reactor during the experi-
ment provided a valid proof of the chosen method.

3. Calculation of the maximum possible hydrogen-yield

As mentioned previously, to reduce the redox material an atmos-
phere with a very low oxygen partial pressure and high material tem-
peratures are needed. Furthermore, the flushing gas, nitrogen 5.0 (N2
content >99.999%) creates an atmosphere with a lowest possible oxy-
gen partial pressure of 10−5 bar. Since the non-stoichiometry δ (T, PO2)
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Fig. 3. Process flow diagram of the plant.

Table 2
Valve orientation of a single cycle.
Stream Valve Reduction Oxidation

N2 V400 open open
H2O V401 close open
DS1 V500 open close
DS2 V600 close open

used in the reaction equation displayed in Fig. 1 is a function of these
quantities, it could be calculated to δ = 0.0268 after an equation by
Bulfin et al. [18,19].

The overall hydrogen yield during a redox cycle depends on the
quantity of the employed mass of ceria in the reactor, which was
44.8 kg or 260.3 mol. Using the calculated value of δ = 0.0268, the
maximum mass of released oxygen during the reduction step is 111.5 g,
while under full re-oxidation of the ceria the maximum mass of hydro-
gen generated is 13.9 g. These values are the theoretical maxima reach-
able and serve as upper bounds when considering fully oxidized ceria
and assuming a uniform absorber temperature which is not achieved in
practice due to temperature gradient across the absorber [20].

4. Results

4.1. Thermal tests

Prior to the water splitting tests, the reactor and plant were heated
up only with nitrogen flow (without steam flow) to check out its ther-
mal behaviour and the capability to withstand the required heating
rates. The relative position of the reactor with respect to the position of
the lamps is shown in Fig. 7. Since reactor and plant were placed inside
test chamber 1 (out of three test chambers) within the Synlight facility
at DLR, the optical geometry was slightly non-symmetric as shown in
the lamp's configuration in Fig. 7, where the position of the lamp colin-
ear to the reactor with zero incident angle is marked in blue. A total of
60 short arc xenon lamp modules available for the test campaign are
marked in green, yellow and orange and they were adjusted manually
one after the other to achieve a homogeneous flux profile on the surface
of the dome-shaped absorber. The resulting flux profiles on the aperture
of the receiver at different power are shown in Fig. 6. Each module is
capable of producing a circular focal spot with 20–30 cm diameter and
a radiative power of 2.5–2.7 kW in a distance of 8 m from the lamp.

Therefore, all the 60 lamps can irradiate a total power of more than
150 kW on the front surface of the quartz glass window.

The reactor temperature was monitored with 54 thermocouples8

embedded from the backside of every 2nd element as indicated in Fig.
8.

A total of 4 thermal tests have been performed and the related data
is summarized in Table 3. For the tests, various sets of lamps were used
to check out whether the reactor is homogeneously heated up. To deter-
mine the data in columns 2–5 of Table 3, the minimum and maximum
values of all temperature sensors at one time are calculated. These
chronological series of minimum and maximum values are denoted as
the “low” and “high” values respectively. From these values minimum
and maximum heating rates (column 2 and 3) and chronological mini-
mum and maximum temperatures (columns 4 and 5) are determined.
The idea of the above mentioned procedure is to find out the range in
which temperature and heating rates are found using a radiative power
step of 13,5 kW (5 lamps).

The reactor temperatures and solar power for a sample test (test no.
Th4) are presented in Fig. 9. They are plotted as average temperature
per segment. Firstly, the 5 “yellow” lamps (cf. Fig. 7) were activated to
generate a power of approximately 13.5 kW (black rectangular curve).
Later, the yellow lamps were turned off while the other set of 5 were
switched on (red rectangular curve). A maximum temperature of
545 °C was reached at thermocouple T504 in segment 5 with a rela-
tively high heating rate of 71 °C/min. The “coldest location” in the re-
ceiver during this test, which is meant to be the location with the lowest
maximum temperature during the test, only measured 213 °C
(TR400_306 in segment 3). Consequently, this location experienced a
relatively low heating rate of 13 K/min.

At first, the temperature trends demonstrate the high thermal inert-
ness of the reactor. This results in a slow heat up, which leads to long
cycle lengths during the splitting tests in batch operation. Furthermore,
the heat up behaviour is strongly non-homogeneous. Due to non-
homogenously adjusted heat flux, more than 400C remain as a differ-
ence between the coldest and hottest location inside the absorber. Only
in the late cool-down phase the reactor temperature trends approxi-
mate to a more uniform temperature. Secondly, the non-uniform tem-
perature distribution is due to the relatively small focal spot of each
lamp compared to the overall outer surface, which is approximately
1.2 m2. The heating rates observed during the thermal tests have been

8 Type K, class 2, average tolerance: 0.0075 * T, sample rate: one second
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Fig. 4. Schematic and photographic view of the plant.

Fig. 5. Defocusing method to equalize the flux distribution inside the reflector.

considered as upper limits for the following splitting tests since they did
not cause any severe damage to the foams. This confirms the results of
simple oven tests, which have been conducted with single absorber
pieces prior to testing in Synlight. These harsh tests, in which foam
pieces were heated up to 1400 °C were taken out of the oven to rapidly
cool down in ambient air, did not show any damage. However, the
heating rates are significantly above the recommendations of 2–5 K/
min given by suppliers of dense zirconia [21]. Using lower heating rates
would significantly increase the cycle duration, thus lowering the hy-
drogen yield per day and render the concept of using solar energy un-
feasible. That is why long-term stability and resistance to thermal
stresses is important for redox materials used in concentrated radiation
applications.

4.2. Splitting tests

The splitting tests were carried out to quantify the capability of the
plant to generate hydrogen. In total, 6 test runs were conducted, out of
which four were performed with a single cycle and two were with dou-
ble as summarized in Table 4. During the first two splitting test Sp1 and
Sp2, the plant experienced technical problems with the steam supply
and communication error with the mass spectrometer respectively.
Therefore, these two tests were not considered for further evaluation.

The principle testing strategy was the so-called swing strategy, i.e.
heating up the REDOX-material to 1400 °C during reduction step,
thenceforth cooling down to 1100 °C during oxidation step and re-
heating to 1400 °C for the next cycle. Of course, the expected H2 yield
would be significantly higher at higher temperatures. This can be con-
cluded from the temperature dependence of the non-stoichiometry pa-
rameter δ from equation (1), which has been discussed in more detail in
section 3. Furthermore, also ceria might principally be safely operated
at higher temperatures. Despite the above statements, the experimental
temperature limit was set to 1400 °C to avoid overheating of the other
reactor components like the quartz window, cooling system and reactor
insulation materials. In Fig. 10, the results of test no. Sp4 is shown. The
front temperature was monitored continuously with an IR-

measurement system9 and at previously defined operational points in-
cluding 50 kW, 100 kW and maximum lamp power the data was
recorded. Additionally, the related reactor temperatures measured with
thermocouples are shown in Fig. 11. Moreover, the colour of the ab-
sorber at 50 kW and 150 kW is marked with pictures. The pictures are
the screenshots of the camera monitoring system provided in Synlight
testing facility. The colour of the absorber changes from pale yellow at
room temperature to dark brown at 1350 °C as shown in Fig. 10.

At the beginning of the experiment, the reactor has been flushed
with nitrogen (N2 content >99.999%) with a mass-flow rate of 20 kg/h
(cyan curve) to remove the air present inside the reactor, and to create a
low oxygen partial pressure. Therefore, a rapidly decreasing oxygen sig-
nal was measured initially. The oxygen content measured in the gas
reaching the end of the downstream flow (DS1) is shown as the blue
curve. This gas is actually a mixture of the flushing gas (with a low oxy-
gen-content), rests of the air (present in the reactor and the plant before
the experiment with 20% oxygen content) and the oxygen released by
the ceria as a consequence of the reduction process. Therefore, the ex-
act absolute share of each fraction cannot be given.

Although the minimum possible O2 content was not reached and
there was still some rest oxygen inside, the heat up phase was started.
The power was increased in 13.5 kW steps (5 lamps) to a maximum
value of 137.5 kW as indicated by the black curve. The partial increase
in the O2-signal during the reduction step explains the generation of ad-
ditional oxygen as an effect of the reduction. After approximately
15 min at maximum power, the “reduction step” was terminated by
shutting down all lamp radiation within a minute. Simultaneously, the
steam valve (V401, cf. Fig. 3) was opened to introduce the steam and
induce the splitting process. During the ongoing step, the outlet stream
was diverted to the DS2 tubes by simultaneously closing valve V500
and opening V600 for heat recovery and measuring the H2-content. A
sharp peak in the H2 signal is measured in the MSP soon after initiating
the steam supply. From the integral of this curve the total amount of
generated H2 per cycle was calculated (Table 4). The cycle is repeated
again as soon as the reactor temperatures reached almost 1100 °C. The
oxygen content in the reactor started with the desired low value and the
following peak was purely due to the thermal reduction of the ceria.

The related maximum and average temperatures inside the redox
material are plotted or shown in Fig. 11. The thickness of the foam ele-
ments forming the reactor is 60 mm. The thermocouples inside the
foam have been installed from the backside (the non-radiated side) in a

9 The system operated was a high resolution IR-camera (InfraTec ImageIR
8380) with a measurement range of 2–5 μm for temperature measurements in
the interval -10-2000 °C. Additionally, a bandpass filter at 2.4 μm was used en-
abling the IR signal transmitting through the quartz window. Finally, a view an-
gle of the camera was chosen, which was equal to the average incident angle of
the lamps to avoid direct reflections from the lamps to the IR-sensor on the
quartz windows‘ outer surface.
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Fig. 6. Flux measurement at different power levels after the test campaign (after SP6).

Fig. 7. Reactor position (left) and lamp configuration (right) for thermal testing.

depth of 10 mm inside the foam. It can be seen that the foam tempera-
ture close to the back side is 300–400 °C lower than the front side tem-
perature due to the relatively low porosity, which limits the volumetric
absorption of the concentrated radiation.

The solar-to-fuel energy efficiency was calculated according to
equation (4) using the measured experimental data. This has been done
for cycles which are directly following another cycle without a com-
plete cool-down of the reactor. Only then the total power of the re-
quired intermediate heat-up of the reactor could be determined. Thus,
the efficiency values do not include a reactor heat-up in the beginning,
they are representative of a typical intermediate cycle within a series of
multiple cycles during a day with beneficial solar conditions.

The calculation has been performed for the second cycles of SP4 and
SP6. The data needed for efficiency calculation are summarized in
Table 5. As the total length of the cycle, , the complete length of the
cycle from the beginning of the lamp re-start to the closing of the steam

valve has been taken. The total radiative energy has been added up to
191 MJ for the second cycle of SP4 and 260 MJ for the second cycle of
SP6. Compared to this the HHV of the H2 generated was estimated to
0.23 MJ and 1.25 MJ respectively. The electrical energy for steam gen-
eration has been considered but turned out to be nearly negligible.

Without anticipating a detailed analysis of the losses of roughly 190
MJ/cycle (lamp energy minus HHV of H2) it can be clearly stated that
most of the losses are due to thermal radiation of the hot receiver sur-
face keeping in mind that most of the radiation emitted from the surface
is transmitted by the quartz glass window. The first estimation via the
Stefan-Boltzmann law already shows that during the “hot phase” of the
reduction step 117 kW leaves the aperture as thermal radiation from
the hot receiver surface (regarding 1370 °C surface temperature and a
value of 0.9 for the transmissivity of the quartz window).

In Fig. 12 the relations of H2-yield to several operational parameters
are plotted, which have been derived from the data in Table 4 together
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Fig. 8. Location of reactor temperature sensors as shown on one of the screens of the data acquisition system. The lower left image presents an overview onto the
six segments. The other images show each single segment. One segment, which consists of eighteen foam elements, is equipped with nine thermocouples.

Table 3
Reactor temperatures and heating rates during the thermal tests.
Test
no.

Max. heating rate
(high)

Max. heating rate
(low)

Tmax
high

Tmax
low

Tavg Duration

(°C/min) (°C/min) (°C) (°C) (°C) (min)

Th 1 72 13 646 213 328 360
Th 2 30 14 620 225 309 316
Th 3 84 13 684 237 393 220
Th 4 71 13 545 213 371 150

with the corresponding temperatures. It can be clearly seen that – as ex-
pected – the H2-yield is strongly increasing with foam temperature. Also
steam mass-flow has a large positive influence on H2 productivity and
subsequent test will reveal whether even higher steam mass flows can
further increase the H2 productivity.

5. Conclusions

The general feasibility of solar thermochemical hydrogen genera-
tion with a medium scale receiver/reactor has been successfully
demonstrated. The produced quantity of hydrogen, which reached
8.8g/cycle, has been slightly lower compared to the theoretical maxi-
mum calculated of 13.9g. This is mainly due to the non-homogeneous
temperature distribution inside the receiver, which did not reach
1400 °C in the total volume due to the temperature drop from absorber
frontside to backside.

The main losses have been identified as thermal radiation from the
hot receiver surface. A more pronounced cavity geometry with a
smaller window and/or a “shutter”, which covers the aperture during
periods of the cycle without irradiation would significantly minimize
thermal losses. A graded porosity which includes larger pores in the
front region would help increasing the overall extinction volume of the
radiation since the radiation reaches deeper into the porous material.
Combined with smaller pores in the back region coming along with a
larger specific surface area this would homogenize the temperature dis-
tribution. This would have the effect that more volume of the receiver is

Fig. 9. a) Average measured temperature in each segment with respect to radiative power from the thermal pre-test Th4, b) Segments position.
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Table 4
Summary of the splitting test data.
Test no. Test duration H2 produced Steam mass flow Efficiency

(h) (g/cycle) (kg/h) (%)

No. of cycles = 1
Sp1 2 0,6 1 -
Sp2 2 0 5 -
Sp3 2 1,7 5 -
Sp5 2 1,9 5 -
No. of cycles = 2
Sp4 4 1,2 5

1,8 7,5 0,11
Sp6 4 3,3 7,5

8,8 10 0,45

heated up close to the layout temperature of 1400 °C. Besides, the
larger specific surface which increases reactivity would significantly in-
crease the overall hydrogen yield of the plant further. These conclusive
results are part of an energy flow analysis of the current experiments
which has been carried out as a basis for a further improvement of the
process as next experimental steps, and which has been published in
Ref. [22].

Additionally, a comparison was made with the data of Marxer et al.
[23], in which a similar small scale (5 kW) reactor featuring efficiency
properties of more than 5% is reported. The presented study/article
confirms that the main reason for the difference in efficiency is due to
much larger aperture/receiver size ratio (of the Empoli reactor). An-
other difference is that in the reactor of Marxer pure ceria was used in-

stead of the compound of zirconia and ceria used in the Empoli reactor
for the sake of a better mechanical stability.
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Fig. 10. The production of hydrogen (H2 production rate) and release of oxygen (O2 release rate) plotted with respect to solar power together with reactor maximum
temperature, nitrogen and water flow rates during test no. Sp4.

Fig. 11. a) Front temperatures (measured by IR camera, at Tmax app. 13:00, Tavg ≈ 1260 °C), b) backside temperatures of the reactor (measured by thermocouples).
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Table 5
Experimental and material data used for efficiency calculation.
Name Units SP4 (cycle 2) SP6 (cycle 2)

Cycle duration min 60 60
Lamp energy MJ 190,5 255
Steam consumption kg 4,69 7,23
Electrical energy for steam generation MJ 12,8 19,8
H2 produced g 1,6 8,8
HHV of produced H2 MJ 0,23 1,25
Efficiency % 0,11 0,45

Fig. 12. Hydrogen yield as a function of various process parameters.
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Glossary of symbols

Acronyms

MSP mass spectrometer
DS1 downstream line 1
DS2 downstream line 2
RPC reticulated porous ceramics
ppi pores per inch (inverse average pore size)

Latin Symbols

c calibration factor for determination of the H2 flow
E energy J
HHV higher heating value J/kg

mass flow kg/h
P pressure Pa
Q heat energy J

power W
mass percentage of hydrogen in the total mass flow%
mass percentage of nitrogen in the total mass flow%

t time s/m/h
T temperature °C

Greek Symbols

δ non-stoichiometry parameter coefficient (−)
μ efficiency%

Subscripts

avg average
el electrical
H2 Hydrogen
max maximum
N2 Nitrogen
th thermal
tot total
sol solar
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