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Abstract

The transient thermal behavior of a solar thermal
reactor for hydrogen generation has been modeled
using Modelica/Dymola. The model is used to pre-
dict temperatures and reaction rates inside the reactor
which is operated alternating between two tempera-
ture levels. The purpose of this reactor is the produc-
tion of hydrogen as a future carbon free fuel using
exclusively regenerative energy resources.

First results are promising and the model may be
used to explain experimental observations from the
operation as well as for theoretical studies.

Keywords: solar, hydrogen, chemical reaction, heat
conduction

1 Introduction

Hydrogen generated from renewable energy sources
has the potential to become an important energy car-
rier for the future, particularly for mobile applica-
tions. Beside the well known path of using electrical
energy from renewables for electrolysis, the solar
heat may be used directly for water splitting without
the additional step of electricity generation. Whereas
direct thermal water splitting needs temperatures
above 2500 K, several multi-step thermo-chemical
processes are known, enabling the hydrogen genera-
tion at temperatures which are controllable by to-
day’s technical equipment. One of these thermo-
chemical processes is currently under investigation
in the HYDROSOL-2 project funded by the EC [1].
A two-step water splitting process has been devel-
oped using mixed iron-oxides on a porous ceramic
structure in a reactor heated directly by solar radia-
tion. The reactor is operated with alternating reaction
conditions, in particular with two alternating tem-
perature levels of about 1073 K and 1350 K respec-
tively. Experimental results from a small scale lab
reactor are available which prove the general feasi-

bility of the process and the “cycleability” of the re-
dox materials. A scale-up of the technology aiming
at the demonstration in a 100kW-scale is in progress.

From this short description and the fact that solar
radiation varies with daytime and cloud coverage, it
is evident that the operation of this reactor is highly
dynamical. Therefore a mathematical tool is neces-
sary in order to model the reactor for theoretical
studies and scale-up.

2 Description of the process and the
experimental setup

The experimental and theoretical work is focused on
a thermo-chemical cycle using materials that can act
as effective water splitters at moderate temperatures
in a two-step reaction scheme. The overall reaction
may be described by the following steps which are
conducted successively at different temperature lev-
els:
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The metal oxides (MO) used in this particular reac-
tion are ion oxides doped with other divalent metals
(Zn, Ni, Mn). The basic idea is to employ an innova-
tive monolithic solar reactor for the production of
hydrogen from the splitting of steam using solar en-
ergy, by combining a refractory ceramic thin-wall,
multi-channeled (honeycomb) support structure op-
timized to absorb solar radiation and develop suffi-
ciently high temperatures, with a redox pair system
suitable for the performance of water dissociation
and at the same time suitable for regeneration at
these temperatures. With this concept complete op-
eration of the whole process (water splitting and re-
dox material regeneration) can be achieved by a sin-
gle solar energy converter.

MO
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Figure 1 shows a cross section of the experimental
reactor used for the first experiments in the solar fur-
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nace at DLR, Cologne. The outer diameter of the
housing is 0.43 m and the diameter of the porous
silicon carbide structure carrying the ion oxides is
0.144 m. The front side is covered by a quartz glass
window for the concentrated sunlight admission. The
concentrated sunlight is provided by a mirror system
capable for concentrations up to 5000 suns.
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Figure 1: Cross section of the laboratory scale reac-
tor for solar thermal hydrogen production

Typical input power for this experimental setup was
between 2000 and 3000W. The input gases (N, and
H,0) are fed via four small tubes radially distributed
over the reactor circumference. The entrance for
these gases is on the right hand side of Figure 1 and
the flow direction is form right to left. Behind the
SiC structure, a ceramic blender is used, to achieve
an optimal mixing and then the gases are leaving the
reactor to the product gas analysis and off-gas treat-
ment.

Figure 2: Photo of the laboratory scale reactor for
solar thermal hydrogen production

The typical operation of this reactor may be de-
scribed by the following steps:

1. Preheating of the cold reactor with concen-
trated solar radiation up to 1073 K.

2. Steam admission and production of hydrogen
at 1073 K.

3. Increasing the solar thermal input in order to
reach the higher temperature level of 1350 K.

4. Regeneration period at this temperature level.
During this period the reactor is flushed with
nitrogen.

5. Reduction of the solar thermal input to come
down to the low temperature level of 1073 K

Steps 2-5 are repeated consecutively until the end of
the experiment. Experimental setup with two reac-
tors of this type, each one in a different step, has also
been tested in order to get a continuous hydrogen
production.

3 Model approach

An overall model has been set up for this reactor in
Dymola using partial models from the standard li-
brary Modelica 2.2 in combination with the Mode-
lica Fluid library and additional adapted or newly
developed models. The main purpose of this first
model approach is the simulation of the thermal be-
havior of the reactor. Reaction kinetics are consid-
ered by simple preliminary approaches since quanti-
tative experimental data on reaction velocities are
not yet available.

Figure 3 shows a screenshot of the overall model.
The model is 2-dimensional due to the rotational
symmetry of the reactor. From this figure, it becomes
obvious, that most of the icons used here are from
the Modelica 2.2 library. This is also valid for most
of the associated models, but some of them have
been modified in order to meet the special require-
ments. The only model used without any modifica-
tions is the Modelica.Blocks.Sources.CombiTime-
Table for input data of ambient temperature and solar
power input. These values are available from meas-
urements in the solar furnace and they are used as
input data for the simulations.

The input model MassFlowSource is a descendant of
CombiTimeTable too, but with some additional code
to allow for input flows with different units (like kg/s
or I/h) and multiple output flows in SI units. Pre-
scribedTemperature, Convection, FeedPump,
IdealMixer and Sink are made from standard Mode-
lica models with the extensions of distributed con-
nectors and multi-component mass flows. The reac-
tor, the insulation and the solar heat input distribu-
tion are new models and further details are given
below.
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Figure 3: Screenshot of the overall model used for
the simulation of the laboratory scale reactor for so-
lar hydrogen generation

The spatial distribution of solar radiation input is not
constant throughout the aperture, it shows a Gaus-
sian-like shape with a peak in the centre and consid-
erably lower values towards the rim. Measurements
of the flux distribution at the reactor entrance are
available as well as the integral value of the solar
power input during the experiments. The object
called “GaussDistribution” in Figure 3 is used to dis-
tribute the total input power among the individual
rings of the reactor front surface. The shape of the
power distribution is approximated by the equation:

2
a r
Plr)=P +—0 -2 — 3
(r) wotal| Yo W\/mexp [Wj (3)

Measured values of the input flux distribution at
nominal power are shown in Figure 4 in comparison
to this approximation. Although the measured distri-
bution is not exactly symmetrical, this assumption
was made for the model in order to use a 2-
dimensional model and restrict the number of equa-
tions.

The object IrradiationLosses in Figure 3 is used to
model the thermal losses due to absorption and re-
radiation through the quartz glass window at the
front side of the reactor. The result is a net power
input to the reactor depending on the actual surface
temperature.

The ceramic monolith inside the reactor as well as
the insulation and the housing are modeled as con-
centric circular rings build up from several slices in
axial direction (Figure 5). Mass and energy balances

are set up using the finite volume method as de-
scribed in [2].
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Figure 4: Measured and approximated flux density
at the reactor entrance.

Pressure gradients are neglected in this model. They
are low enough to neglect an influence on the chemi-
cal reactions but the authors are well aware that there
may occur instabilities influencing the local gas flow
and thereby the temperature distribution within the
ceramic monolith [3]. Therefore these local pressure
drops may be incorporated into a more advanced
future model.

SiC monolith

Figure 5: Balance volumes used for the model of the
solid SiC monolith

The cylindrical ceramic monolith as the main com-
ponent of the solar hydrogen reactor is modeled by
three major objects:

1. the “solid”’-object representing the SiC matrix
with the task of absorbing the radiation at the
front surface and providing an even temperature
distribution by heat conduction,

2. the “fluid”’-object representing the gas channels
with square cross sections to allow a gas flow
through the reactor,
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3. and the “coating”-object for the reactive layer,
which i1s located at the inner surface of the SiC
matrix.

The latter object may be considered as intermediate
layer between the solid and the fluid object. Its mass
balance accounts for accumulation or release of oxy-
gen depending on the operating conditions. The fluid
object does not consider any mass accumulation and
concentrations of the gaseous species are assumed to
be constant within each control volume. Transport
resistance between fluid and coating is neglected as
well. Since the coating itself has a very small mass
and heat capacity, the thermal inertia is represented
solely by the SiC matrix.

The solid object is based on the differential equation
for 2-dimensional heat transfer in cylinder coordi-
nates:

oz

ofT 19 ( E)Tj 0
c—=——|rd— |+—
Jot  ror or ) oz

(ﬂaTjw @

A central difference scheme was applied to approxi-
mate the spatial partial derivatives. The effective
thermal conductivity of the SiC honeycomb structure
is not the same for the radial and the longitudinal
direction since the solid walls show different thick-
ness. The effective values are calculated according to
cross section fraction covered by the solid material.
For the radial direction the equation reads:

)b — Ar,solid )b

"= )

r total

The fluid object contains an instance of Mode-
lica.Media.ldealGases.Common.MixtureGasNasa re-
presenting a mixture of N,, H,O, H, and O,. This
Modelica package provides all fluid properties
needed for the simulation.

At present, the knowledge about reaction kinetics is
only marginal and therefore the reaction rate is cal-
culated by a preliminary equation based on investi-
gations of Tsuji et al. [4]. The experimental investi-
gation of reaction rates of Tsuji et al. have been car-
ried out in the temperature range between 250 and
350°C, which is much lower than the operating tem-
perature range of the solar reactor.

Vi

According to [4] the overall reaction rate for the wa-
ter splitting is:

Vg =V, =V =k, 50‘951’2:‘3 —k p;rl (7
with
63.8

k, =5.345¢—12exp| ——— 8

1 p( RT j (3)
and
k, =0.03634 exp[— ﬂj

RT 9)
For the reverse regeneration reaction
(3+ 6)Fe,0, >3 Fe,,,0,+2 8 O, (10)
The velocity is calculated from
my ..
vy =k, —ered. (11)
225

k,=2.1e8 exp| ——— 12

3 p( RT j (12)

Activation energy and frequency factor in Eq. (10)
are estimated from the experimental observations
that a considerable reaction rate does not take place
beyond 1200 K and the time period needed for a
complete regeneration is about 20 minutes. It should
be emphasized, that these reaction rates are only first
estimates and further investigations are necessary in
order to get more reliable data about these reactions.
The solar reactor is not suitable for this kind of ex-
periments because the number of uncertain parame-
ters is quite high. They should be carried out under
well defined and almost constant conditions, e.g. in a
differential reactor.

The temperature distribution inside the reactor, the
total product mass flow rate, and the efficiency of the
reactor are important results from this model.

4 Simulation results

The first experiments with the solar reactor were per-
formed without any hydrogen production in order to
investigate the thermal behavior of the plant. Figure
6 shows simulation results in comparison to meas-
ured data from one of these first experiments. Inside

(3+06)Fe,0, +46 H, 3Fe; s0,+40H,0 e ceramic monolith only one thermocouple is
"2 mounted for temperature measurement. It is located

(6)  at the center near the front side where the feed gases
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and the solar radiation are entering the monolith (see
Figure 1).

The matching of simulated and measured tempera-
tures is fairly good, a conclusion which is also valid
for other experiments. The remaining differences are
due to model simplifications and also due to uncer-
tainties in the available physical properties, e.g. the
thermal conductivity of SiC at elevated temperatures,
which is not exactly known since it depends on the
material and also on the processing of the monolith.
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Figure 6: Comparison of measured and calculated
temperature in the center of the reactor for a start-up.

The model was also used to investigate the sensitiv-
ity with regard to the reactor length. Figure 7 shows
the results of this study. Here two different lengths of
the ceramic reactor element have been simulated: 5
cm (the actual length used in the laboratory reactor)
and 10 cm. Beside the length and the number of axial
balance volumes all input parameters are identical. In
Figure 7 the temperature along the center axis is
drawn for steady state conditions. The temperature
curve for the 10 cm monolith is not affected by the
number of discrete elements (4 or 8). The shorter
monolith shows a lower temperature towards the gas
exit (right hand side). This result was unexpected
because the heat input is at 1=0 and with increasing
distance the temperature should decrease from a first
feeling. Heat transfer and temperature compensation
between solid and gas are the main reason for the
temperature decrease along the axis. The gas feed is
cold compared to the temperature of the SiC and the
temperature balancing needs about 4 cm independ-
ently of the reactor length.

The remaining temperature decrease of gas and solid
is due to losses caused by radial heat conduction.
Due to the extended heat transfer area between gas
and solid for the longer monolith, the radial losses
are smaller than for the shorter type. This behavior is
supported by the different effective solid heat con-
ductivity in axial and in radial direction. Due to the
macroscopic structure the conductivity in axial direc-

tion is 1.72 times of the conductivity in radial direc-
tion.
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Figure 7: Study on the dependency of reactor length
and number of axial discrete volume elements
(steady state conditions)

Since the temperature difference at the exit for both
lengths is not very large (about 8 K) its impact on the
reaction rate may be neglected compared to other
model uncertainties. From Figure 7 it is also obvious,
that the gas and solid temperatures are equalized at
the exit of the monolith for both lengths. Neverthe-
less, a doubling of the monolith length means also a
doubling of the reactive surface, which could be an
advantage for the chemical reaction because the
available reactive coating is twice as for the short
monolith.

The solar reactor shown in Figure 1 has been redes-
igned and currently a dual reactor concept is used for
continuous hydrogen production. This type has two
reaction chambers; one can be operated in produc-
tion mode while the other one is in regeneration
mode (Figure 8). After a certain time period the
power input and the gas feed are shifted and the op-
eration mode is inverted. The shape and the dimen-
sions of the SiC monolith are the same as for the
original reactor. Experimental data with hydrogen
production are available from this setup.

Figure 8: Drawing of the dual reactor for solar hy-
drogen production
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The main difference between both reactors from the
model point of view is the rectangular shape of the
insulation and the outer shell. This would break the
rotational symmetry and account for a 3-dimensional
model. Nevertheless the 2-dimensional approach has
been used for the simulation in order to limit the cal-
culation time. Since the rectangular geometry is only
used for the outer shell, this approximation seems to
be still acceptable. Furthermore the current knowl-
edge about the chemical reaction allows only a quali-
tative comparison of simulation and experiment con-
cerning the hydrogen production rate. Consequently
the main purpose of the model is not the prediction
of hydrogen production rate but the dynamical ther-
mal analysis of the reactor since the spatial and tem-
poral temperature distribution inside the ceramic
monolith is of great importance for the reactor per-
formance.

For this qualitative comparison the input data was
simplified and smoothened because particularly the
solar power shows many fluctuations and the ex-
perimental dataset has a temporal resolution of 5 sec-
onds. According to the Modelica concept, this would
lead to many events and thus to unacceptable simula-
tion times. Figure 9 shows the simplified power in-
put and two calculated temperatures. T1 is the tem-
perature in the center of the monolith near the front
side and T6 at the outer rim of the monolith near the
back side.
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Figure 9: Solar power input and calculated tempera-
tures of a reactor startup and 3 cycles of hydrogen
production and regeneration. (see Figure 1 for the
position of T1 and T6)

The first hour was used to heat up the whole installa-
tion by solar radiation and the steam admission starts
at t=3600s. At the same time the hydrogen produc-
tion starts with a peak mass flow rate, which is de-
creasing during the next 1200s of the experiment
(Figure 10). At t=4800s the steam input is stopped,
the solar power input is increased immediately to
heat up the reactor and the regeneration period starts.
At t=6000s the hydrogen production starts again, but

with a lower initial rate than the first time. This peri-
odic operation is repeated two more times. From
Figure 9 it is obvious, that the temperature difference
between T1 and T6 is about 100 — 170K, which con-
currently represents the largest temperature differ-
ence inside the monolith.

An acceptable matching between experiment and
simulation was reached by adjusting the reaction rate
parameters k; and k,, although the reaction rates are
highly temperature dependent and more reliable ki-
netic data is urgently desired.
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Figure 10: Comparison of calculated and measured
hydrogen production rates

The temperature difference between T1 and T6 in
Figure 9 may be used to explain the decreasing ini-
tial hydrogen production rate, which is presumably
caused by large temperature gradients inside the ce-
ramic structure. These temperature gradients are pre-
venting a complete regeneration of the reactive layer
since a certain temperature level is necessary for this
step.

Figure 11 shows the absolute mass of available fer-
rite, which is the figure determining the potential of
hydrogen production since the oxygen is captured by
these ferrite molecules. Three curves are shown, the
total amount of ferrite, the amount in the center and
at the outer rim of the monolith.

The amount of available ferrite for the new monolith
starts at a high initial level, decreases during the first
hydrogen production period (3600 — 4800s) and in-
creases again during the regeneration period (4800 —
6000s). The regeneration is incomplete and the next
cycle starts at a lower initial peak ferrite concentra-
tion compared to the first cycle. The simulation re-
sults are demonstrating that the regeneration reaches
an almost constant peak level at the second regenera-
tion cycle (8400s) because the same value (0.06 mol)
is achieved for the following cycle. From Figure 11
it is also obvious, that the incomplete regeneration is
caused mainly by the outer areas of the monolith,
which are not hot enough for regeneration. This
lower temperature is caused by the lower solar power
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input towards the rim and the radial heat losses at
this area.
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Figure 11: Calculated values of available ferrite for
the center part, the outer part and the whole monolith
during the periodic operation

S Conclusions
The Modelica language has been used to set up a

model for a solar heated hydrogen generation reactor
and to simulate the dynamic behavior of the reactor.
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Symbols
A area m?
ao coefficient of the solar power
input distribution -
c specific heat capacity J/(kg K)
k, reaction rate constant for water
recombination mol/(dm? s Pa'")
k, reaction rate constant for

water splitting mol/(dm? s Pa"*)

First results are promising and the model may be ks reaction :a te constant for Uk
used to explain the decreasing reaction rates, which regeneration mol/(kg s)
have been observed during the experiments. The P power input W
main purpose of the model is the prediction of the artial pressure Pa
thermal dynamics of this reactor rather than the pre- p p P
diction of the hydrogen production rate. Nevertheless R gas constant kJ/(mol K)
heat production and heat consumption are combined . . . C

. . r radius, coordinate in radial direction m
with the reactions and therefore the proper calcula-
tion of the reaction rates is important for the heat T temperature K
balances. ¢ time S
Model developments as well as experimental inves- . . ,
tigations are continued, in order to get a deeper in- reaction velocity mol/(dm’s)
sight into this interesting path of solar energy utiliza- w standard deviation of the power
tion. Next steps are model refinements as well as the distribution _
set up of a structured library and simulations of an .

Yo coefficient of the solar power

up-scaled plant. ) R

) ] ) input distribution -
This project was the first experience of the authors . S
using Modelica/Dymola though they have been using Z coordinate in axial direction m
other. quellng 1anguages .(Sm.lle [5]) in the pqst. 5 amount of excess cations )
The initial orientation period in Dymola/Modelica
was rather short and successful working was possible ¢ internal heat source W/m?
after an acceptable time. Due to ‘Fhe complex matter, A thermal conductivity W/(m K)
general knowledge about dynamical models and the
continuous working with the software is an advan- p density kg/m?
tage for the person performing the work.
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