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ABSTRACT
In this paper we address the modelling, implementation and validation of the energy performance
simulation of a fluid-bearing thermally activated
textile reinforced concrete element. The absorber
element at the same time serves a load-bearing roof
element integrated into the building construction. The
active component is approximated as a one-dimensional thermal network model based on resitances
and capacities. The model is implemented in
MATLAB/Simulink using the CARNOT (Conventional And Renewable eNergy systems OpTimization)
Blockset. Furthermore, the implemented model is
validated against real mesurement data, taken from a
solar simulation test bench.

KURZFASSUNG
Das Ziel der hier beschriebenen Untersuchung ist es,
das implementierte und validierte Modell eines
neuartigen, thermisch aktvierten, textil-bewehrten
Betondachelmentes vorzustellen. Das Betondachelement als Absorber wird als großformatiger Dachziegel direkt in die Umschließungshülle integriert.
Das thermische Modell beschreibt den Absorber
anhand
eines
eindimensionalen
Wärmeleitwiderstands-Kapazitäten-Netzwerkes, welches in die
Simulationsumgebung MATLAB/Simulink implementiert und in das CARNOT (Conventional And
Renewable eNergy systems OpTimization) Blockset
integriert wurde. Dieses Absorbermodell wird
anhand von realen Messdaten validiert, welche an
einem Solarsimulator-Prüfstand ermittelt wurden.

INTRODUCTION
Thermal energy demand and solar thermal energy
supply typically do not prevail simultaneously. Thus,
the use of solar thermal energy systems is restricted
from an economical point of view, making it difficult
to be applied in locations like Germany which do not
offer a high solar potential. Based on appropriate
measures such as optimizing plant operation by
controls or by temporarily storing energy, this
problem can be partly solved. The European solar
thermal power market develops well. Furthermore, it
is to be expected that research and development in
the field of renewable energies including solar
thermal energy, will be even more desired and

strongly promoted in the near future because of the
political ruling about the nuclear phase-out.
Because of a limited application field, the absorber
segment is often neglected in comparison with that of
collectors. New developments in solar thermal industry are mostly related to the glazed collectors, while
conventional building facades offer some potential.
Nevertheless, some innovative absorbers, including
roof structures have been developed and brought to
the market in recent years. These often represent
different and unique designs that can be difficult to
systematize, as it is in the case of collectors such as
flat plate and evacuated tube collectors.
Among the new products, the iRoof is worth to be
mentioned as a related development (Hohnerlein et
al., 2005). This is a massive prefabricated roof combining both solar thermal and photovoltaic properties,
since the concrete absorber is coated with a photovoltaic film. This coating improves the absorptivity of
the short wave radiation, which raises the temperature level of the useful energy. At the same time, the
massive absorber dissipates the heat and thus increases the efficiency of the photovoltaic module.
The synergy between the solar thermal and the photovoltaic system represents a useful concept. However, because of its weight the concrete roof absorber is
difficult to be applied in building constructions. An
assembly often requires the use of heavy and expensive tools and a service may also therefore be difficult or even uneconomical.
Concerning rising energy costs, reducing the transmission heat losses in the building and considering
the development done to date, an innovative solar
textile reinforced concrete absorber as an alternative
to the conventional roof structure is invented and its
energetic potential is investigated.
The textile reinforcement offers an alternative to the
heavy steel reinforcement. Their main advantage is
due to a significantly reduced weight compared to
similar construction with steel reinforcement, as the
corrosion protection is by the textile reinforcement
unnecessary (minimum concrete thickness for conventional steel reinforcement is 60 to 80 mm) (Hegger et al., 2007).
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In order to optimize the construction of the absorber
roof and to achieve most possible energy yield from
the ambient, the calculations and measurements are
needed to obtain meaningful results to this respect.
The test bench for measurements of the absorber
under the steady state is built in compliance with the
European Norm DIN EN 12975, part 2. To investigate the absorber dynamics and to simulate it in connection to other building services elements, an absorber model needs to be modeled.

G
G’’
I
Δϑmax

There are already many models for covered solar
collectors in common modelling software (e.g.
TRNSYS, Type 132). The model of a simple uncovered plastic absorber can be found as well. The modelling of thermally activated components represents
physically a complicated task. There are 3D heat
transport phenomena proceeding inside of the building element under time-dependent boundary conditions. The presentation of these heat transport mechanisms in two or three dimensions is complicated and
might cause a high computational cost for the purpose of a whole year simulation. For this reason a
one-dimensional thermal model of the textile reinforced absorber is implemented.

Rz

The most relevant work and also a basis for the proposed model is presented by Koschenz et al. (2000).
It includes the way of proceeding by modelling of
pipes and capillary tubes in the core of structural
components. The one-dimensional approach of the
model is compared with a computation according to
the finite element method. It is shown that the results
of the 1D computation are in a good correspondence
to the 3D consideration (Koschenz et al., 2000). This
confirms the use of the 1D model to estimate the
energy input and to investigate the absorber in connection to other building systems facilities.
However, the proposed model represents not only the
thermal activated concrete roof but at the same time a
solar absorber. The interaction between the ambient,
solar irradiation and the absorber surface is implied
in the model.
Nomenclature
A
D
ϑAbsorber
ϑoutside
ϑAbsorber
↔ Isolation

ϑ̅fluid
ϑpipe_in
ϑpipe_out
ϑm
ϑin
ϑout
ϑamb
ϑMID-out
ϑSt-out
ϑSt-1
ϑSt-2
W
EL

distance between capillary tubes [m]
concrete layer thickness [m]
absorber temperature [°C]
temperature outside the absorber [°C]
temperature between absorber and isolation layer
[°C]
mean temperature of heat transfer fluid [°C]
temperature inside the capillary tube [°C]
temperature outside the capillary tube [°C]
mean fluid temperature in the capillary tube [°C]
fluid temperature on the absorber inlet [°C]
fluid temperature on the absorber outlet [°C]
ambient temperature [°C]
fluid temperature above the mass flow meter [°C]
fluid temperature at the storage vessel outlet [°C]
fluid temperature measured inside the storage [°C]
fluid temperature measured inside the storage [°C]
air velocity parallel to absorber surface [m/s]
long-wave irradiation [W/m2]

Rt
Rx
Rp
Rw

Da
Di
L
T
Ta
Swall
λconcrete
λpipe
λfluid
cfluid
ṁsp
ṁpipe
ṁ
n
Q̇ Use
U
η0
η
α
ε
σ

short-wave irradiation [W/m2]
net solar irradiation [W/m2]
global irradiation [W/m2]
maximal difference between mean fluid temperature inside the capillary tube and ambient temperature [K]
total thermal resistance [(m2 · K)/W]
thermal resistance between the absorber and capillary tube wall [(m2 · K)/W]
thermal resistance of the capillary tube wall [(m2 ·
K)/W]
thermal resistance between the wall of capillary
tube and the heat transfer fluid [(m2 · K)/W]
thermal resistance between the heat transfer fluid at
average temperature inside of absorber and temperature at the inlet to the absorber [(m2 · K)/W]
outer tube diameter [m]
inner tube diameter [m]
length of rectangle rib [m]
distance between capillary tubes [m]
absorber surface temperature [K]
capillary tube wall thickness [m]
thermal conductivity of concrete [W/(m · K)]
thermal conductivity of capillary tube [W/(m · K)]
thermal conductivity of heat transfer fluid [W/(m ·
K)]
heat capacity of heat transfer fluid [J/(kg · K)]
specific mass flow rate in a rib [kg/s]
specific mass flow rate in a capillary tube [kg/s]
mass flow rate [kg/s]
number of sections in the model [-]
heat flux [W]
heat transfer coefficient U = 1/R [W/(m2 · K)]
optical solar efficiency factor [-]
solar efficiency factor [-]
absorption factor [-]
emission factor [-]
Boltzmann constant [W/(m2·K4)]

The following sections introduce the absorber
construction. Thereafter, the absorber model and its
equations are described and explained. The test
bench used to validate the implemented model is
introduced and described.
Based on the validation results the application-range
of the model is defined.

METHODOLOGY
The following methodology was adopted for validating the absorber model:
 Define the equations estimating model
 Implement the equations into the modelling
and simulation software
 Steady state measurements on a test bench
 Compare the simulated and experimental
data using graphical and statistical methods

DESCRIPTION OF THE ABSORBER
The absorber, an uncovered textile reinforced sandwich element, consists of three layers: a textile reinforced concrete (upper layer), an isolating polyurethane rigid foam and an expanded perlite composite
(bottom layer). Due to the textile reinforcing of the
concrete layer, as already stated, it can be much thinner and lighter compared to the reinforcing with
steel. Furthermore, it is still load-bearing enough for
use as an outside part of the roof. There is a capillary
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tube mat, placed inside of the concrete, enabling a
transport of generated solar heat from the roof down
to the building heat supply system (see Figure 1). By
the thermal activation of the textile-reinforced concrete, both, the ambient and the radiation heat can be
used.

ϑ bsorber

Rib
textile reinforced concrete

capillary pipe

L

polyuerthane rigid foam

Da

ϑ bsorber
T

expanded perlite composite

Figure 3: Illustration of the fictitious absorber layer
and the rectangle rib

Figure 1: Entex layers

ABSORBER MODEL
The created one dimensional absorber model is based
on a chain of serially connected thermal resistances
between nodes. A node represents the temperature of
a layer of a material, respectively a temperature of
the fluid inside or outside of the absorber. The
explaining of the absorber construction considering
only the upper layer helps to understand the use of
resistance series (see Figure 2).

The absorber temperature 𝜗Absorber is located between
two capillary tubes. It is assumed, that the value of
the absorber temperature is constant across the
length L.
The absorber temperature builds an additional node
in the resistance net. The heat flows from the top and
the bottom layer, and from the fictitious absorber
layer into this node can be balanced. As a result the
absorber temperature is calculated.

ϑoutside
ϑin
ϑ bsorber

Rt
ṁ pipe
capillary tube

ϑ

bsorber isoloation

Figure 2: Absorber upper layer subsection and resistance series of the absorber model (own representation
based on Koschenz et al.,2000)20
The upper absorber layer is subdivided into a top
layer, a bottom layer and a fictitious absorber layer.
To simulate the top layer and the bottom layer of the
absorber (concrete) an already existing model in
Matlab/Simulink Carnot Blockset of a multilayer
outer wall can be used. However, a module that
simulates the fictitious absorber layer is needed. The
absorber layer is made of capillary tubes which are
surrounded by the concrete. As shown in Figure 2,
the total resistance Rt is used to describe the heat
flow between the absorber at temperature 𝜗Absorber
and the heat transport fluid at inlet temperature 𝜗in.
As shown in Figure 3, the fictitious absorber layer is
subsectioned in equal rectangle ribs. The number of
ribs correlates to the number of capillary tubes. The
geometric dimensions of the rectangle ribs are length
(L) and distance between the capillary tubes (T).

As shown in Figure 4, the total thermal resistance Rt
is a sum of the following thermal resistances (Koschenz et al., 2000):
Rt = Rx + Rp + Rw + Rz

(1)

with the following terms:
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 Rx: thermal resistance between the absorber and
capillary tube wall
Rx =

1
3

T∙ ∙(

T
)
π ∙ Da

2 ∙ π ∙ λconcrete

(2)

 Rp: thermal resistance of the capillary tube wall
Rp =

D
T ∙ ln( i )
Da

2 ∙ π ∙ λpipe

(3)
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ϑin
̅ϑ
fluid
ϑpipe in

ϑpipe out
ϑ bsorber

Da
L

T
ϑ bsorber

ϑpipe out

ϑpipe in

Rp

Rx

ϑ bsorber

ϑ̅ fluid

Rw

ϑin

Rz

ϑin

Rt

Figure 4: Thermal resistance between the heat transfer fluid with temperature at the inlet to the absorber and the
temperature inside of absorber
 Rw: thermal resistance in consequence of convective heat transfer between the wall of capillary tube and the heat transfer fluid
T

Rw =

π ∙ λfluid

∙…
4

…∙ (49.03 + 4.17 ∙ 𝜋 ∙

1

𝑚̇𝑠𝑝 ∙ 𝑐𝑓𝑙𝑢𝑖𝑑 ∙ 𝑇 −3
𝜆𝑓𝑙𝑢𝑖𝑑

)

(4)

 Rz: thermal resistance between the heat transfer
fluid at average temperature inside of absorber
and temperature at the inlet to the absorber
Rz =

1
2 ∙ ṁ sp ∙ cfluid

(5)

While implementing, numerical problems were detected calculating the thermal resistance of the pipe
wall. The function argument of logarithm describes
the diameter ratio of inner to outer diameter of the
capillary tube. The ratio is, because of the thin wall
size, near to 1. The logarithm of 1 is 0. The division
of very small values near to 0 causes problems. The
resistance for thin wall sizes can be calculated in
reference to the resistance of even walls (see equation 6, integrated in the current model).
Rp =

swall
λpipe

(6)

ṁ sp ∙ n ∙ cfluid ∙ (Rx + Rw+ Rz) ≥

ṁ
n∙T∙L

(8)

Equation 7 calculates the specific mass flow, which
is the quotient of the mass flow in one capillary pipe
and the rib area. The factor “n” subdivides the absorber in sections along its length. It is implemented
to get the temperature at the absorber outlet not bigger than the absorber temperature itself. In the invented model the factor “n” is assumed as “1”. This
assumption is made because of connecting of 5 identical absorber models with each other to get the same
result, as written before.
To calculate the temperature at the absorber outlet
and usable heat output of the absorber the heat transfer equations 9 and 10 can be used.
ϑout = ϑ

bsorber - (ϑ

-

bsorber - ϑin ) ∙ e

Q̇ Use = ṁ pipe ∙ cfluid ∙ (ϑout - ϑin )

U∙
ṁ pipe ∙ cfluid

(9)

(10)

In this context, the absorber temperature ϑAbsorber is
the maximal temperature that can be achieved at the
outlet of the absorber.

Due to the use of the model under unsteady state
conditions, the resistance calculation is subject to the
following conditions (Koschenz et al., 2000):
ṁ sp =

1
2

(7)
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Figure 5: Configuration diagram solar test facility

The application range of the model is limited from
the constructive point of view according to Koschenz
et al., 2000.
st

1 condition: the ratio of the concrete layer thickness
(both, top and bottom layer) to the distance between
the capillary tubes should be greater than 0.3.
2nd condition: the ratio of the tube outer diameter to
the distance between the tubes has to be lower than
0.2. This two limiting conditions are valid for both,
steady and unsteady state.
The tested prototypes, every with the capillary tube
wall thickness of 0.8 mm and the outer diameter of
the tube of 4.3 mm, fulfill both conditions. An exception is the test element D: 20 A: 40. Here is the 1st
condition equal to 0.25 (< 0.3). By prototype D: 20
A: 10 is in turn the 2nd condition equal to 0.43
(> 0.2).

DESCRIPTION OF THE TEST BENCH
In order to validate the designed simulation model,
an indoor test bench consisting of a solar simulator
and a thermo hydraulic circuit is developed based on
the European standard DIN EN 12975, part 2.
The basic elements of the test facility are shown in
Figure 5. The absorber element on the test bench is
2 x 1 m (1). The capillary mate inside of the absorber
is filled with water as a heat transfer fluid and integrated into a hydraulic circuit with other test facilities.

The facilities in hydraulic circuit are:
 Thermostat (2) (~3 kW), as temperature control
device in the system. The absorber input temperature is controlled by an integrated temperature
control.
 Heat storage vessel (3) (~20 litres) downstream
the absorber element to increase the thermal inertia in the system.
 Bypass pipe (4), used to bring a part of pretempered water back to the thermostat. With help
of the bypass pipe a constant absorber element
input temperature can be realized.
 two precision valves (5, 6) to manually adjust the
flow rate of water in the circuit
To simulate the solar radiation 14 halogen spotlights
(each 500 W) are used (7). The solar radiation per
unit area is constant. The lights can be moved in four
directions to achieve a homogeneous radiation field
above the absorber surface.
A radial flow fan allocated in front of the longer
absorber edge simulates wind straight over its surface
(8). The air flow rate can be varied manually by motor speed regulation or by changing the distance
between the fan and absorber.
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Figure 6: solar test facility, bank of lamps, radial flow fan

The picture of the test facility is shown in Figure 6.
Measurement equipment and data acquisition
The flow rate in the hydraulic circuit is measured
with a magnetic flow meter (MID).
To receive the temperature of water platinum resistance sensors are used. The temperature at following points is measured: the inlet and outlet of the
absorber, above the flow meter and inside of the
storage tank (twice).
A pyranometer is used to measure the short wave
solar irradiance (wave spectrum from 300 nm to
2800 nm). To measure the long wave radiation (wave
length from 4500 nm to 42000 nm) a pyrgeometer is
used.
A hot-wire anemometer is applied to measure the
ambient temperature and the wind velocity above the
collector surface.
The measurement data is stored automatically with
the time step length of 5 seconds.
Measurement for obtaining the efficiency factor
The collector’s efficiency factor at steady state is
determined in accordance with DIN EN 12975, part 2
for absorber prototypes with various constructive
parameters. The parameters are: the concrete layer
thickness, varied between 15 mm to 30 mm, the capillary pipe distance - between 10 mm to 40 mm.
The efficiency factor is calculated with the equation 11 as a ratio of thermal heat flux (eq. 10) to the
net irradiance (eq. 12) multiplied with the absorber
surface area.

𝜂=

Q̇Use
𝑊
[
]
𝑊
G" ∙
2
∙
𝑚
𝑚2

(11)

with:
𝜀

G“ = G + 𝛼 · (EL - Ϭ · Ta4)

(12)

To correctly achieve the optical efficiency factor η01
the temperature at the absorber inlet ϑein have to be
adjusted, that the average temperature of the fluid
inside of the absorber ϑm is equal to the ambient temperature ϑamb.
To generate the characteristic efficiency line, the
absorber is tested within its usual operating temperature range. The range depends on maximal expected
difference between the mean absorber temperature ϑm
and the ambient temperature Δϑmax. Table 1 shows
the test conditions of measurement to achieve the
characteristic efficiency line according to the European standard DIN EN 12975, part 2. It also prescribes the general following test conditions. The
absorber has to be tested at short wave irradiance G
greater then 650 W/m². The prescribed average air
velocity parallel to the absorber surface w lies between 0.5 and 3 m/s.

1

Maximal achievable solar efficiency factor, measured by average
absorber fluid temperature equal to the ambient temperature (there
is no convective heat transfer between the absorber an the ambient)
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Table 1: Test conditions for measurement within the
operation range
Measuring point

ϑm [°C]

1

ϑm = ϑamb ± 3 K

2

ϑm = ϑamb + 0.5·Δϑmax ± 3 K

3

ϑm = ϑamb + Δϑmax ± 3 K

The mass flow rate of the heat transfer fluid per 1 m2
of the absorber surface has to be 0.04 kg/s.
The test conditions for every measurement on the test
bench according to the European standard are:
- global irradiance 1.2 kW/m2
- mass flow rate 0.08 kg/s
- air velocity 1.5 m/s and 3 m/s
- maximal difference between absorber and
the ambient temperature 20 K

different input temperatures were supplied. The measured input temperatures of the fluid are the fluid
input temperatures ϑin of the above described one
dimensional absorber model. Figure 9 shows that the
calculated output temperatures are in good agreement
with the measured output temperatures. The overall
results determined for the experimental measurements of ϑout (3 cases) and its simulation predictions
within the operation range of the absorber (ϑm from
ca. 20°C to 55°) for various prototype constructions
are shown in Table 2.
Table 2: Accuracy of the simulation results: R2: coefficient of determination; RMSE: root mean
square error (D: thickness of absorber layer; A: distance between capillary pipes;
each case corresponds to one measurement
series)
D: 20 A: 10 D: 20 A: 20 D: 20 A: 40 D: 15 A: 20 D: 30 A: 20

3

R2 RSME

2
1

R2

RSME

R2

RSME

R2

RSME

R2

RSME

Case 1 0.992

0.69

0.998

0.29

0.995

0.40

0.997

0.48

0.992

0.31

Case 2 0.997

0.49

0.998

0.33

0.993

0.55

0.990

0.80

0.990

0.74

Case 3 0.997

0.51

0.998

0.32

0.998

0.39

0.976

1.18

0.997

0.51

MEAN 0.995

0.56

0.998

0.31

0.995

0.45

0.988

0.81

0.993

0.52

As shown in Table 2, the model predictions are very
close to the experimental data. The maximal root
mean square error (RMSE) is 1.8 % and the minimal
coefficient of determination (R2) is 0.98, however the
mean values for RMSE and R2 are respectively 0.5 %
and 0.994. The maximum deviations were observed
under transient conditions (see Figure 9).

Figure 7: measurement example on the test bench
(prototype D: 20 A: 20) at the wind velocity of 3 m/s

CONCLUSION

Figure 7 shows the time curve for temperatures at the
inlet and the outlet of the absorber, ambient temperature and the mean temperature of the fluid inside of
the absorber during an example test of the prototype
with a concrete layer thickness of 20 mm and a distance between capillary tubes of 20 mm (D: 20, A:
20).

MODEL VALIDATION WITH THE
MEASUREMENT DATA
The measurement results are used to validate the
created simulation model of the absorber. As shown
in Figure 8 (see page 8) the simulated temperature
and the measured temperature at the outlet of the
absorber are used as reference and compared to each
other to assess the accuracy of the model. The model
input parameters are constant, excepting the inlet
temperature which changes during the time of the
measurement or the simulation.
Figure 9 (see page 8) shows the time curve for temperatures while validating the absorber model. These
exemplary measured data were taken with an absorber of the prototype D: 20 A: 20 on the test bench. The
temperatures were taken over 18000 seconds and

This paper investigates the one-dimensional model of
an uncovered textile reinforced solar absorber roof
element. The validation results show that the model
can be successfully used within the whole absorber
operating range, because even the maximal deviation
between the measurement and the simulation is relatively small. The model predictions for test elements,
which do not fit the constructive boundary conditions
(Koschenz et al., 2000) are satisfying as well.
The validated absorber model enables also an analysis of other important constructive parameters by
simulation. The influence of the direction of the roof
and the roof pitch on the annual thermal energy yield
from the absorber can be tested with the model.
The invented model can easily be integrated into the
common thermohydraulic building heat supply
system model. The simulation under real
environmental conditions such as dynamic solar
irradiation, outside temperature or air flow rate can
be realised with the presented model as well by
feeding it with the weather data timeseries. To assess
the model, the transient experiments on the real roofabsorber have been carried out.
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Figure 8: Schematic representation of the absorber model validation with the test bench data (* Time step size
by simulation and by test bench data equal to 5 Seconds)

Figure 9: Modell validation graph for the prototype D:20 A:20
The modelling of other activated concrete building
outside elements, e.g. facade can be realized with the
presented model.
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