
tm – Technisches Messen 2020; 87(5): 360–371

Steffen Menz*, Jörg Lampe, Uwe Tröltzsch, Philipp Weiler, Arne Pahl, Thomas Fend, and
Thomas Seeger

Real time executable model for dynamic heat flow
analysis of a solar hydrogen reactor
Echtzeitmodell zur dynamischen Wärmestromanalyse eines solarbetriebenen
Wasserstoffreaktors

https://doi.org/10.1515/teme-2019-0128
Received September 9, 2019; accepted March 29, 2020

Abstract: A real time executable model developed for dy-
namic heat analysis of a solar hydrogen reactor is de-
scribed and characterized. To calculate the local distribu-
tion of radiation caused by multiple reflection inside the
solar receiver the radiosity method is used. Significant op-
tical characteristics including reflectance, transmittance
and absorption are investigated related to the used mate-
rials and operating conditions. Furthermore, the influence
on the model behavior is presented by variation of optical
parameters. Simulation results are presented, which show
good agreement with experimental data.

Keywords: Solar fuels, hydrogen, water splitting, CO2
reduction, concentrated solar power, renewable energy,
thermodynamics.

Zusammenfassung: Ein in Echtzeit ausführbares Modell
für die dynamische Wärmeanalyse eines solaren Wasser-
stoffreaktorswird beschriebenund charakterisiert. Zur Be-
rechnung der lokalen Strahlungsverteilung durch Mehr-
fachreflexion im Reaktor wird die Nettostrahlungsmetho-
de verwendet. In Bezug auf die verwendeten Materiali-
en undBetriebsbedingungenwerden signifikante optische
Eigenschaften wie Reflexion, Transmission und Absorp-
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tion untersucht. Das Modellverhalten wird durch die Va-
riationoptischer Parameter dargestellt. Abschließendwer-
den Simulationsergebnisse vorgestellt, welche gut mit ex-
perimentellen Daten übereinstimmen.

Schlagwörter: Solare Brennstoffe, Wasserstoff, Wasser-
spaltung, CO2 Reduzierung, konzentrierte Solarstrahlung,
erneuerbare Energie, Thermodynamik.

1 Introduction

Solar fuels offer promising potential to reduce CO2 emis-
sions in the electricity, heat and transport sectors. This
work is based on the hydrogen production process via a
two-step thermochemical redox cycle by use of concen-
trated solar power (CSP) [1, 2].

Using ceria as reactive material, the method offers a
theoretical solar-to-fuel efficiency up to 30% [3] that ex-
ceeds the efficiency of established photovoltaic combined
with subsequent electrolysis. Currently, research is carried
out in thermal analysis [4, 5, 6], reactive materials [7, 8],
reactor design [9, 10], plant operation [11, 12] and techno-
economic analysis [13, 14]. In order to increase efficiency,
a fully automated plant operation has to be developed.
Thus, a detailed simulation model is required for state es-
timation of several aspects including fluid flow, heat trans-
fer and chemical reactions. The proposedmodelwill be ex-
ecuted in real time using a programmable logic controller
(PLC) controlling the whole hydrogen production process
by means of system temperature and mass flow rates.

The solar receiver is one of the most important core
components of the reactor, see Figure 1. Several design
studies have improved the reactor geometry to ensure an
efficient heat transfer by use of computationally expensive
ray tracing methods and highly detailed pore level simu-
lations [15, 16]. The thermal performance has strong influ-
ence on theworking conditions, since the thermochemical
cycle is highly temperature dependent. The focus of this
paper is on the model part of local temperature distribu-
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Figure 1: Thermochemical reactor including the main components
absorber, quartz window, insulation, inlet and outlet.

tion throughout the volumetric absorber depending on so-
lar and thermal radiation. Therefore, a simplified fast exe-
cutable heat flowmodel considering several aspects of the
incoming solar fluxprofile, the reactor geometry andmate-
rial properties has been developed. To predict the reactors
complete thermal behavior under different operating con-
ditions in more detail, the presented heat flow model has
to be coupled to additional domains of multiple dynamic
varying gas mixtures and chemical processes.

2 Plant operation

The plant concept has been developed by the German
Aerospace Center (DLR) within several projects [11, 15, 17].
For the current plant operation, the reactor is mounted
on a solar tower and irradiated by a heliostat field. So-
lar power enters the reactor through the quartz window
and heats up the volumetric metal oxide absorber. The
absorber front side is made of porous ceria, used as cat-
alytic material for hydrogen production via water split-
ting.

The used two-stage thermochemical redox cycle is il-
lustrated in Figure 2, together with the associated chem-
ical reactions of thermal reduction, see Equation (1); and
oxidation, see Equation (2).

In the endothermic reduction step, outgoing from oxi-
dized stateMOox in Figure 2 and formulated by the associ-
ated chemical Equation (1), oxygen is separated from the
cerium oxide at a temperature level of 1400 °C. The sep-
arated oxygen molecules are carried away using nitrogen
as backflushing gas. In the exothermic oxidation step, out-
going from reduced stateMOred in Figure 2 and formulated
by Equation (2), steam is decomposed at temperatures be-
tween 800 and 1100 °C into its individual components, hy-
drogen and oxygen. The cerium oxide is enriched by oxy-

Figure 2: Thermochemical two-step metal redox cycle with the sepa-
rated steps of thermal reduction and oxidation.

gen again; generated hydrogen leaves the reactor through
the outlet. After the ceriumoxide is saturatedwith oxygen,
the process can be started again. In Equations (1) and (2),
δox and δred are the nonstoichiometric coefficients for re-
duction and oxidation and Δhred and Δhox represents the
change in enthalpy in J/mol for the reduction and oxida-
tion steps.

CeO2−δox
+ΔhredÚ→ CeO2−δred +

(δred − δox)
2

O2 (1)

CeO2−δred + (δred − δox)H2O
−ΔhoxÚ→ CeO2−δox + (δred − δox)H2

(2)

The two operating temperatures are crucial for the ef-
ficiency of the complete plant set up. In the reduction step,
high temperatures offer several advantages of fast reaction
rates following Arrhenius law and high extent of reduc-
tion efficiency by means of change in oxygen stoichiom-
etry. According to [18], the extent of non-stoichiometry at
equilibrium state is δ = 0.0048 at 1200 °C, δ = 0.0126
at 1300 °C and δ = 0.033 at 1400 °C at 10−5 bar oxy-
gen partial pressure. Practical limiting factors are mate-
rial properties of the quartz window and sealing. In the
exothermic oxidation step, the temperature has to be large
enough such that enough activation energy is provided,
but small enough for a low back-reaction rate. With re-
gard to the overall efficiency, the temperature gap is an
important aspect. The operating temperatures result in
different cycle times for both steps caused by additional
heating up and cooling down times. Due to the thermal
management, three reactors are working simultaneously
for a quasi-continuous hydrogen production. One reactor
in the oxidation step and two reactors in the reduction
step. With the use of suitable control strategies, the pro-
cess temperatures can be optimized in future investiga-
tions.
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Figure 3: Cell segmentation of the solar absorber used for the sim-
plified real time model including segments I–VII and radial sublay-
ers a–h exemplary sketched in Seg. VII.

3 Heat transfer model

A complex heat transfer model of the solar reactor is cre-
ated within Matlab’s physical development environment
Simscape by use of the versions 2017b–2019a [19]. Sim-
scape includes various toolboxes with basic models for
fluid flow and heat transfer systems, considering essential
governing equations. It is possible to customize the basic
models and to develop additional blocks with any desired
functionality. To discretize the reactor geometry, the cell
method is used. After a process analysis of gas flow and
heat transfer behavior inside the reactor, several sets of
segment classification in different abstraction levels have
been defined.

Figure 3 shows a schematic of the used cell classifi-
cation of the illustrated simplified real time model ver-
sion. The absorber is discretized by six annular segments
(Seg. I–VI) due to axis symmetry and one circular segment
(Seg. VII). Each segment is subdivided into eight radial
sublayers a–h, in order to additionally calculate a radial
temperature gradient inside the porous absorber. The ra-
dial segments a–d have a length of 5mm, while the last
four segments e–h have a radial length of 10mm. The
first sublayer (a) represents the surface, which addition-
ally considers the spatial heat transfer caused by solar and
thermal radiation. The quartz window is implemented as
one single segment. The temperature is calculated in each
segment, which is assumed to be isothermal.

By the use of intended mesh refinement and conver-
gence analysis, optimal cell arrangements can be deter-
mined to establish rapid executable approximation aswell
as computational intensive high accurate model versions
in ongoing work.

Governing equations
In the following, a set of governing equations according to
fundamental model components is illustrated. Generally,
the gas domain is following the ideal gas law

p ⋅ V = m ⋅ Rs ⋅ T (3)

where p and T are the pressure and temperature of the gas
volume in bar and Kelvin, V is the Volume in m3, m is the
mass in kg and RS is the specific gas constant in J/(kg⋅K).
Mass conservation is related tomass flow rates and the dy-
namics of the pressure and temperature of gas volume.

àM
àp, c
⋅
àp
àt
+
àM
àT , c
⋅
àT
àt
= ṁin + ṁout (4)

The term àM/àp, c is the partial derivative of the gas
mass of a discrete volume element with respect to pres-
sure at constant temperature and volume and àM/àT , c is
the partial derivative of the gas mass with respect to tem-
perature at constant pressure and volume. Further, t is the
time in seconds, ṁin and ṁout are themass flow rates at the
segment inlet and outlet in kg/s, whereby inflowing gas is
related to positive sign and effluent gas to a negative sign.
Energy conservation relates the energy and heat flow rates
to the dynamics of the gas volumes pressure and tempera-
ture of the gas volume

àU
àp, c
⋅
àp
àt
+
àU
àT , c
⋅
àT
àt
= ϕin + ϕout + ϕadd (5)

where àU/àp, c is the partial derivative of internal energy
of the gas volumewith respect to pressure at constant tem-
perature and volume and àU/àT , c is the partial derivative
with respect to temperature at constant pressure and vol-
ume. The variablesϕin,ϕout andϕadd represent the energy
flow rates in W at the inlet, outlet and additional energy
flow bymeans of solar power or heat transfer from of adja-
cent segments. The momentum balance models the pres-
sure drop due to momentum flux and viscous friction

pin − pout = (
ṁin + ṁout

A
)
2
⋅ (

1
Δρ
) + Δp,fr (6)

where pin and pout are the pressure at the inlet and the out-
let of one element,A is the area inm2, Δρ is thedifferenceof
density at the inlet and outlet and Δp,fr is additional pres-
sure loss due to viscous friction. Further, the energy bal-
ance of thermal masses Q̇m is defined as:

Q̇m = cp ⋅m ⋅
dT
dt

(7)

where Q̇ is the heat flow in W and cp is the specific heat
capacity of the material in J/(kg⋅K). Conductive heat trans-
fer Q̇cond between two material layers is governed by the
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Fourier law

Q̇cond = k ⋅
A
d
⋅ (T1 − T2) (8)

where k is the thermal conductivity in W/(m⋅K) and d is
the distance, respective the material thickness in m. Con-
vective heat transfer Q̇conv bymeans of fluidmotion is gov-
erned by the Newton law of cooling

Q̇conv = α ⋅ A ⋅ (T1 − T2) (9)

where α is the convective heat transfer coefficient in
W/(m2⋅K). Radiative heat transfer Q̇rad is given by:

Q̇rad = hr ⋅ A ⋅ (T
4
1 − T

4
2 ) (10)

where hr is the radiation coefficient in W/(m2⋅K4).

3.1 Model components

Various material properties, geometric and optical effects
have strong influence on the spatial temperature distribu-
tion inside the solar receiver. In this subsection, the main
aspects including solar flux, geometrical aspects, as well
as optical and material properties of the used component
models are described.

Incoming solar flux profile
The incoming solar flux profile depends on the heliostat
field configuration. Important aspects are the position and
alignment of active heliostats, as well as the distance from
the heliostat field to the solar tower. Usually, the incoming
solar flux profile is provided inhomogeneously which can
lead to spatial irregularities of the temperature profile. Fig-
ure 4 shows the spatial temperature distribution on the ab-
sorber measured at the sun simulator laboratory Synlight
[20] during the reduction step by use of a thermal camera.
Due to the focus setting of the high-performance radiators,
two hot spots are created on the absorber surface. To in-
clude the aspect of varying flux distribution in the model,
the amount of solar flux provided on one segment Q̇seg is
calculated considering the total amount of incoming so-
lar power Q̇CSP,s in W, the area as a relation of one sin-
gle segment Aseg and the total absorber front side area AA
and the factor fflux to describe the local solar flux concen-
tration which can be calculated by the number, position
and angle of active spotlight modules, see Equation (11).
Therewith, heliostat fields of varying size, settings and in-
homogeneous intensities can be considered in a reason-
able way.

Q̇seg = Q̇CSP,s ⋅
Aseg
AA
⋅ fflux (11)

Figure 4: Absorber temperature profile taken during Synlight mea-
surement campaign by thermal camera.

Quartz window
To evaluate the optical behavior of the quartz window and
to determine the optical efficiency,material properties and
plant design is considered.

The incoming radiation of the solar field is partly ab-
sorbed, transmitted and reflected by the window. In the
current application, the incidence angle of incoming so-
lar radiation is less than 20°, thus polarization can be ne-
glected. The overall transmittance τ, absorbance α and re-
flectance r are initially calculated depending on the char-
acteristics of the incoming radiation.

The optical factors of the quartz window for solar ra-
diation are determined following Planck’s law, where the
sun represents a black body with the spectral specific ra-
diation Mλ,s and a temperature of 5777 K. Due to Planck’s
law the required overall optical factors can be calculated
for all temperatures with the help ofMλ,s and the spectral
factors τλ, αλ and rλ, which are available for the used win-
dow with steps of 1 nm from 250nm to 5000nm [21]. Fig-
ure 5 shows these spectral factors as well as the spectral
specific radiation of the sun at 5777 K. The overall optical
factors are determined as follows [11]:

i =
5000nm

∫
250 nm

iλ ⋅Mλ,s(T)dλ, i = τ, α, r (12)

For the used quartz window, an overall transmittance
of τ = 0.92 is calculated while the absorbance and re-
flectance are determined to α = 0.01 and r = 0.07, which
represents a high efficiency for solar irradiation. The opti-
cal efficiency η of the quartz window is assessed as the ra-
tio between the incoming solar radiation and the amount
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Figure 5: Spectral properties of transmission, absorption and reflec-
tion of the used quartz window together with spectral radiation of
the sun as a black body of 5777 K.

of radiation that is transmitted or absorbed by the win-
dow.

η = (1 − r) = 0.93 (13)

Absorber
The thermal performance of the reactor strongly depends
on the geometrical design and absorber material proper-
ties. Design studies have revealed that a hemispherical ab-
sorber shape reduces thermal radiation losses back to the
environment, in comparison to flat or conical shapes [15].
The used hemispherical absorber consists of 109 separate
elements. A center disc and 6 annular segments each of
which are made of truncated pyramid shaped ceria coated
zirconia blocks of different size. The blocks are separated
by a metal oxide fiber-mesh based insulation material.
Typically, these kinds of materials have thermal conduc-
tivities of 0.4–2.7W/(m⋅K) depending on their porosity. The
absorber construction is illustrated schematically in Fig-
ure 3.

Several optical and thermodynamic material proper-
ties of ceria with comparable structure were investigated
in [4, 16]. The absorbance and reflectance of the mate-
rial change as a function of temperature caused by a
change in the material color. The temperature from start
up to reduction phase ranges from 20 °C to 1400 °C. Ac-
cording to [4], that leads to a change in reflection coef-
ficient of about 17%, i. e. in absolute values the reflec-
tion coefficient varies between 0.23–0.27. The properties
of porousmaterials strongly depends on grid arrangement
and material structure. Relevant parameters of porosity

(ε = 0.65), mean pore diameter (dp = 2.27mm) and cellu-
larity (10.4 ppi) were measured by use of small samples at
different locations and summarized asmeanvalues,which
are needed to apply volume averagedmodels. Correspond-
ing parameters of specific surface area (A0 = 981m−1) and
extinction coefficient (β = 500m−1) are determined ac-
cording to [16]. Required material properties of effective
thermal conductivity and effective heat capacity are mea-
sured by use of hot disc method [22] and adjusted to the
course of high temperatures according to [4].

Inside the porous absorber, the temperature of solid
and fluid phase may be different due to fluid flow and ma-
terial properties. The Darcy-Forchheimer equation is used
to account flow through porous media with μdyn as dy-
namic viscosity in Pa⋅s, u as fluid velocity in m/s, ρf as the
fluid density in kg/m3, klam is the permeability for laminar
flow in m2 and kturb is the permeability for turbulent flow
in m [5].

∇p =
μdyn
klam
⋅ u +

ρf
kturb
⋅ |u| ⋅ u (14)

Local thermal non-equilibrium models are widely ap-
plied to calculate the solid and fluid temperatures of
porous media [5, 16]. Two separate energy conservation
equations for the fluid phase (f ) in Eq. (15) and solid phase
(s) in Eq. (16) are solved for a single representative volume
element with ε as the porosity, cpf and cps as the specific
heat capacity of fluid and solid in J/(kg⋅K), Tf and Ts as the
temperature of fluid and solid in K and kf and ks as the
thermal conductivity of fluid and solid in W/(m⋅K).

ε ⋅ ρf ⋅ cpf
àTf
àt
+ (ε ⋅ ρf ⋅ cpf ) ⋅ u ⋅ ∇Tf = kf∇ ⋅ ∇Tf + Qfs (15)

(1 − ε)ρs ⋅ cps ⋅
àTs
àt
= ks∇ ⋅ ∇Ts − Qfs (16)

Both equations are coupled by interfacial convective
heat transfer Qfs calculated by use of the specific surface
area A0 and the corresponding heat transfer coefficient αfs
calculated by use of the Nusselt-Reynolds correlation [16].

Qfs = αfs ⋅ A0 ⋅ (Ts − Tf ) (17)

The diffusion of radiative flux qr in W/m2 is given by
the Rosseland equation with σ as Stefan–Boltzmann con-
stant in W/(m2⋅K4) and ω as index of refraction [5].

qr = −
16 ⋅ σ ⋅ ω2 ⋅ T3s

3 ⋅ β
⋅ ∇Ts (18)

Additional heat flow due to chemical reaction Q̇reaction
is calculated according to [23] with respect to the amount
of ceria nmol in mol.

Q̇reaction =
dδ
dt
⋅ Δh ⋅ nmol (19)
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The change in oxygen content of the corresponding
absorber element depends on the reaction rate dδ/dt in
s−1, which is calculated according to [23] with δ as the cur-
rent oxygen stoichiometry acc. to Equations (1) and (2), x as
the theoretical maximum change in stoichiometry, Ared as
the frequency factor for reduction in s−1 and Aox the fre-
quency factor for oxidation in s−1⋅bar−n, Ea,red and Ea,ox
are the activation energies for reduction and oxidation in
kJ/mol, Po2 is the partial oxygen pressure in bar and n is
the oxygen gas power dependency:

dδ
dt
= (x − δ)Ared ⋅ e

−Ea,red
R⋅T − δ ⋅ Pno2 ⋅ Aox ⋅ e

−Ea,ox
R⋅T (20)

The change in reaction enthalpy Δh in J/mol is calcu-
lated according to [24], whereby reduction is related to a
positive sign and oxidation to a negative sign.

Δh(δ) = (478− 1158 ⋅δ+ 1790 ⋅δ2 + 23368 ⋅δ3 −6492 ⋅δ4) ⋅ 103

(21)

3.2 Radiosity method

To model the spatial thermal distribution caused by mul-
tiple reflections between the participating reactor parts
the radiosity method is applied, which presents a numer-
ical solution of the shading equation of the finite ele-
ment method [25]. The segmentation of the absorber sur-
face into seven elements as shown in Figure 3 is used,
where each segment represents a small element surface
with an approximated constant intensity distribution. For
this method the surface reflection is assumed to be dif-
fuse and thus generates the same intensity in all direc-
tions. The approximated radiative heat exchange Q̇ in W
for each segment is given by the following two Equa-
tions (22) and (23), which consider the radiosity Hi of the
surface i.

̇Qi =
Aiϵi
(1 − ϵi)
(σT4i − Hi) (22)

̇Qi = Ai
n
∑
j=1

Fij(Hi − Hj) (23)

Equation (22) describes the heat transfer balance for
the surface element i as the amount of emitted radiation
Mi and reflected irradiation riEi using the radiosity H of
the surface in W/m2, see Figure 6. Furthermore, ϵ is the
emissivity, T is the temperature in K and A the area in m2.
Equation (23) contains the radiosityHj of surrounding sur-
faces including geometrical view factors F, which consider
the geometrical position of the surfaces i and j towards
each other. The localized heat distribution is determined

Figure 6: Illustration of energy balance and radiosity method as
example for surface element i.

by a numerical solution of a resulting system of equations.
Analogously, two separate physical networks for thermal
and solar radiation are developed to calculate a heat pro-
file of the absorber depending on the heat flux density q̇i
in W/m2, based on a schematic shown in Figure 6.

Note that the quartz window can be described as a
semitransparent body. To ensure a correct application of
the radiosity method for this component the above system
of equations is extended by adding the transmissive char-
acteristics of the used quartz glass [26].

3.3 Model overview

The heat transfer model has been developed in the subdi-
videdparts of solar radiation and thermal radiation. In Fig-
ure 7, an overview of the considered quantities and effects
is illustrated. At the quartz window, incoming concen-
trated solar radiation (Q̇CSP,s) is partly reflected (Q̇CSP,s,W ,r),
absorbed (Q̇CSP,s,W ,a) and transmitted (Q̇CSP,s,W ,t). Due to
absorption, energy is taken up by the quartz window
which leads to a change in material temperature (TW ).
The transmitted solar radiation enters the reactor and
hits the absorber where it is partly absorbed (Q̇CSP,s,A,a).
The absorption of thermal radiation (Q̇A,rad,A,a) coming
from other segments (Q̇A,rad) is considered analogously.
Depending on the absorber material temperature (TA),
the surface emits radiation. Solar and thermal reflection
(Q̇CSP,s,A,r , Q̇A,rad,A,r) are provided to the other absorber seg-
ments and to the quartz window. The part of irradia-
tion going to the quartz window is again partly absorbed
(Q̇CSP,s,W ,a, Q̇A,rad,W ,a) transmitted (Q̇CSP,s,W ,t , Q̇A,rad,W ,t) or
reflected back into the cavity (Q̇CSP,s,W ,r , Q̇A,rad,W ,r).

The gas is assumed ideal and not participating in the
process of radiation heat exchange in the presentedmodel
version. Considered gas properties are specific enthalpy,
specific heat, dynamic viscosity, and thermal conductivity.
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Figure 7: Heat transfer model scheme including the main model
aspects of solar and thermal radiation.

Heat losses from the window to the environment Q̇loss,qw
and through the lateral surface Q̇loss,sur are included by
means of thermal radiation, conduction through the win-
dow and insulation and natural convection. The material
temperature of the entire reactor is initially set to 25 °C; the
ambient temperature is set to constant 30 °C. Nitrogen en-
ters the reactor with an initial temperature of 25 °C, steam
is fed by a vaporizer and entering the reactor with a tem-
perature of 100 °C. Heat of incoming fluid through the inlet
is defined as Q̇fluid,in and Q̇fluid,out leaves through the out-
let. The energy balancing is defined as follows.

Q̇CSP,s = Q̇A,rad,A,a + Q̇CSP,s,A,a + Q̇CSP,s,W ,a + Q̇A,rad,W ,a

+ Q̇A,rad,W ,t + Q̇CSP,W ,r + Q̇loss,qw + Q̇loss,sur

− Q̇fluid,in + Q̇fluid,out + Q̇reaction (24)

Note that Q̇reaction has not been considered in the sim-
ulation within this paper and thus set to zero.

4 Results and discussion
In this section, the thermodynamic model behavior is in-
vestigated. First, the local temperature distribution is com-
pared to measurement results to validate the dynamic
model behavior. Further, the model response by varying
a selection of model parameters is discussed. The used
measurement campaigns for validation were carried out
in the high-flux solar simulator Synlight, which consists
of 148 spotlight modules with an average radiation power
of 2.7 kWrad and a total facility power of approximately
400 kWrad. Due to the modularity, various flux distribu-
tions can be set up according to experimental require-
ments bymeans of different power levels and spotlight po-
sitioning. The spotlight modules are equipped with xenon

Table 1: Comparison of measured and simulated mean and maxi-
mum temperatures of each segment in K.

Segment Tmeas,mean Tmeas,max T sim,mean T sim,max

I 674 920 692 1015
II 731 1036 706 1028
III 693 1017 697 1010
IV 707 1003 697 1010
V 701 992 695 1004
VI 730 1024 703 1028
VII 770 1084 780 1142

short arc lamps, the radiation spectrum similar to the so-
lar spectrum. The provided heat flux and temperature can
be measured by a thermal camera system and a radiome-
ter [20]. During the campaigns, the general reactor func-
tionality has been ensured by several heating and cooling
cycles with large temperature ranges about more than five
hours. The absorber temperaturewasmeasured by 55 ther-
mocouples (Type K, Class 2; Average tolerance: 0.0075 ⋅ T;
Sample rate: one second) embedded from the backside of
every second element and one in the center disc.

Dynamic model behavior
To investigate the thermal model behavior, the simulation
results of the local heat distribution are compared to mea-
sured temperature data. Therefore, the incoming solar ra-
diation for generating the absorber temperatures is cal-
culated according to the number of active spotlights dur-
ing the experiment. Generally, at the segments I to VII
the resulting temperature distribution is very similar. Ta-
ble 1 shows an overview of the measured mean tempera-
tures of the radial layer (h) of segments I–VII during the
experiment in the second column and the corresponding
simulated mean temperatures in the fourth column. The
measured mean temperatures are ranged between 674–
770K (Seg. I and Seg. VII). Thus, the mean temperatures
lie within in a 100K range, which is also the case for the
simulated data. In segment VII, the temperature is high-
est due to the central focus of the spotlight modules. In
segment I, the temperature is lowest due to limited radia-
tion and an indirect connection to the reactor front flange,
which causes additional heat losses. In the third column
the maximal measured temperature of segments I–VII are
displayed, which corresponds to the simulated maximum
values in the last column. The maximum measured short-
term temperature difference between two segments has
been noticed with 272 K between segments I and III dur-
ing the first heating-up phase at a simulation time of 1750
seconds.
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Figure 8:Measured absorber temperature and simulated temperature of segment V and VII depending on solar power.

Figure 8 shows a comparison of simulated and exper-
imental data at a given concentrated solar input power as
an example of segments V(h) and VII(h). The dotted curve
displays the used solar power, calculated based on the
number of active lamps, which shows that a large temper-
ature range and several heating and cooling cycles are ap-
plied. The dashed and the solid line in Figure 8 correspond
to the measured and simulated temperature in Seg. V(h),
which show a very good agreement with a maximum dif-
ference of 67.2 Kandamean relative difference of 2.46%.At
the center disc, Seg. VII(h), higher differences with a max-
imum of 181.81 K and a relative difference of 6.98% can
be detected. Because of the small surface area and small
mass of segment VII, marginal inaccuracies of optical pa-
rameters can strongly affect the temperature calculation.
Measurement tolerances are displayed by using error bars
with a range of ±3σs, with σs as standard deviation. Due to
the porous absorber structure, view factors can be subject
to tolerances because of inhomogeneous scattering that
may lead to local differences. As a result, optical view fac-
tors were adjusted by a parameter determination routine.
An overview including the temperature differences is illus-
trated in Table 2.

Influence of the absorber material reflection
The reflection of the absorber layer strongly depends on
the used material. One important aspect of the used ce-
ria is the change in color at different temperatures. Other
suitable redox materials like nickel ferrite provide differ-
ent optical properties with higher absorption capacity [11].

Table 2:Maximum absolute difference Δmax,abs in K, absolute av-
erage difference Δav,abs in K and average relative difference Δav,rel
in % of absorber segments I–VII as mean values of all temperature
sensors per segment.

Segment Δmax,abs in K Δav,abs in K Δav,rel in %

I 103.95 31.20 5.46
II 119.23 29.68 4.32
III 55.33 21.03 3.54
IV 67.72 17.53 2.47
V 67.20 17.39 2.46
VI 146.50 31.77 4.51
VII 181.81 53.61 6.98

To investigate the local temperature distribution depend-
ing on optical material properties in terms of difference
between nickel ferrite and ceria, the reflection coefficient
of the absorber material is varied from 0.1 to 0.4. Thus,
the absorption coefficient is adopted correspondingly from
0.9 to 0.6, since the sum of reflection and absorption co-
efficient equals one. In Figure 9, the influence on the
temperature of different reflection and absorption coeffi-
cients is illustrated by segments V, VII and the quartz win-
dow.

As expected, an increasing absorption coefficient and
decreasing reflection coefficient leads to a higher absorber
temperature. Less solar radiation is reflected to the quartz
window and transmitted to the environment. By decreas-
ing solar reflection and increasing absorber temperature,
also thermal radiation from the absorber to thewindow in-
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Figure 9: Absorber segment V, VII and window temperature depending on reflection and absorption coefficients.

creases, which effects a higher temperature of the quartz
window. Reflected solar radiation from the absorber to the
window has no big influence on the window temperature,
since this part is almost completely transmitted.Maximum
temperature differences of 13.5 K in Seg. V, 27.5 K in Seg. VII
and 22.1 K in the quartz window are achieved. By use of
volumetric absorbers, a large part of the radiation remains
inside the cavity and only a small part reaches the outside
through the quartz window. Depending on the absorber
geometry, the effective absorption and reflection proper-
ties may change not significantly, which lead to small tem-
perature differences [27].

Influence of solar flux profile
The local intensity of the solar flux profile depends on the
configuration of the heliostat field. The influence on the lo-
cal temperature distribution is illustrated by two different
scenarios. In scenario 1, the thermal performance is inves-
tigated in case of a small solar field. Therefore, the flux is
assumed to be provided nearly homogenously throughout
the entire absorber surface. In scenario 2, the influence of
large heliostat fields with a larger angle of incidence is in-
vestigated. Several hot spots in the middle region of the
absorber surface are created, comparable to the tempera-
ture profile illustrated in Figure 4. The static local temper-
ature distribution after 2 h radiation with constant 90 kW
is shown in Figure 10 as an axisymmetric horizontal cross
section through the absorber center. It can be seen that the
local component of incoming solar flux strongly influences

Figure 10: Absorber temperatures depending on the local incoming
solar flux concentration.

the temperature distribution throughout the solar receiver.
In comparison, radiation with several hotspots in the seg-
ments V–VII leads to higher temperatures in themiddle re-
gion of the absorber. At the outer parts, the temperature
decreases in comparison to the scenario of nearly homo-
geneous provided flux.

Runtime analysis
The simulations of the measurement campaign illustrated
in Figure 8 requires a simulation runtime of 138 s for the
measurement campaign of 18855 s real time using a stan-
dard 2.2 GHz CPU with 8GB RAM by use of Matlab Version
2019a. Thus, the ratio of real time to simulation time is de-
termined by 136.
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5 Conclusions and outlook
A real time executable heat transfer model of a solar hy-
drogen reactor has been developed. The local tempera-
ture distribution is calculated in a first model approach
with 7 segments for the absorber surface and 1 segment
for the quartz window. The dynamic model behavior has
been validated by comparing simulation data and mea-
surement results. Several optical parameters like optical
view factors were adjusted by a parameter matching rou-
tine. The influence of selected sensitive parameters is illus-
trated by means of model response with different param-
eter settings. With the presented model version, the tem-
perature distribution is calculatedwith sufficient accuracy
in order to develop control algorithms for automated plant
operation.

In ongoing work, the presented model will be linked
to additional components to ensure amore detailedmodel
for several purposes.With the resulting overall model, fur-
ther validation will be carried out by future measurement
campaigns and eventual model adaptions in order to im-
prove accuracy. Several model properties are potentially
related to tolerances that should be determined by param-
eter uncertainty studies and additional parameter match-
ing. For example, optical view factors and mean values of
the absorber structure like pore size, cellularity and poros-
ity have to be adjusted. Also, experimental fitting parame-
ters of the used Nusselt-Reynolds correlation and reaction
rate calculation carried out by use of comparable material
must be investigated.

Afterwards, the overall model can be applied for sev-
eral additional purposes. One aspect is the investigation
of the influence of several reactive materials and absorber
material properties in relation to an optimal control strat-
egy. Further, mesh refinement studies and convergence
checks are carried out to develop high-resolution cell clas-
sificationswith improved accuracy. Thereby, the local tem-
perature distribution can be calculated in more detail
which might be used for optimizing control strategy of he-
liostat field considering the local temperature distribution
and an improvement of absorber design.
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