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ABSTRACT
For modelling and simulation of façade integrated
active components efficient computation tools are
required. The influence of the façade-integrated
component on the building and at the same time the
influence of the building on the component have to be
considered. This work deals with the development,
optimization and validation of a one-dimensional
hygrothermal wall model, which allows the
calculation of the moisture transport and moisture
storage. In addition, a two-dimensional thermal model
is developed. Both models are fully coupled to the
room model of the CARNOT toolbox for
Matlab/Simulink and allow a detailed simulation of
the influence of façade integrated active components.

INTRODUCTION
Within the European project iNSPiRe energy efficient
renovation packages (integrated solutions) and energy
efficient 'kits' such as multifunctional systems,
including energy production, distribution and storage
technologies, integrated into the envelope system are
developed. Such system can be pipes, ventilation
systems, heat pumps, thermal collectors or
photovoltaic. The façade integration of active and
passive components allows cost-effective and
prefabricated solutions. The susceptibility to error is
minimized too. Moreover, the area demand of HVAC
components can be reduced.
The University Innsbruck is working within the
project iNSPiRe on a façade integrated mechanical
ventilation system with heat recovery and a micro heat
pump with a power up to 1 kW. This prototype will be
installed in a demo building in Ludwigsburg
(Germany). Figure 1 shows the view and the section
of the façade integrated ventilation system. The entire
ventilation system is installed within cellulose in a
pre-fabricated wall. Moreover the silencers for the
ambient and exhaust air are integrated in the façade.
The ventilation system is accessible from outside. The
micro heat pump is not considered here.
The use of such systems requires a detailed analysis of
all aspects of building physics and requires coupling
of building and component. Thermal simulations e.g.
in COMSOL allow a first approach about the
behaviour of such components even as a threedimensional model.

Figure 1: View and section of the façade integrated
ventilation system with heat recovery; amb: ambient
air, sup: supply air, ext: extract air, exh: exhaust air
Figure 2 shows the simulation results of a façade
integrated ventilation system that was also built as a
prototype and tested in PASSYS test cells at the
University Innsbruck (see Figure 3). Such a simulation
always requires assumptions of the boundary
conditions and do not allow a coupling of the
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component with the simulation model of the building.
For this reason, a model of a one-dimensional
hygrothermal wall and a two-dimensional thermal
wall is developed for the CARNOT toolbox and
allows coupling of building and component.

heat pump with exhaust air as a source need a reliable
and accurate evaluation of the indoor air humidity. For
this reason, the moisture storage of all components of
a building has to be simulated. Also for the complex
overall view of a building facade with integrated
(active) components, using dynamic building
simulations, a hygrothermal wall model is needed
which calculates the moisture storage and moisture
transport. For detailed view on the thermal behaviour
of complex façade integrated component, at least a
two-dimensional thermal model is required. The
models developed within this work are fully coupled
to the existing room model of CARNOT. The used
room model of CARNOT is a 2* node model with
separated nodes for convective and radiative
temperature.

MATHEMATICAL MODEL AND
IMPLEMENTATION
One-dimensional Hygrothermal Model

Figure 2: COMSOL model of a façade integrated
ventilation system (view from inside)

For the model, a coupled hygrothermal model
approach with a formulation of the relative humidity
is chosen; this leads to two coupled partial differential
equations (PDEs) (compare with (Bianchi Janetti et
al., 2012)):
𝜕𝑢 𝜕𝜑
𝜕
𝜕𝜑
𝜕𝑇
= 𝜕𝑥 (𝐷𝑚,𝜑 𝜕𝑥 + 𝐷𝑚,𝑇 𝜕𝑥)
𝜕𝜑 𝜕𝑡
𝜕ℎ 𝜕𝑇
𝜕ℎ 𝜕𝜑
𝜕
𝜕𝑇
𝜕𝜑
+ 𝜕𝜑 𝜕𝑡 = 𝜕𝑥 (𝐷𝑒,𝑇 𝜕𝑥 + 𝐷𝑒,𝜑 𝜕𝑥 )
𝜕𝑇 𝜕𝑡

(1)
(2)

The temperature 𝑇 and the relative humidity 𝜑 are the
dependent variables of the system. 𝑡 is the time and 𝑥
is the position. 𝑢 is the absolute moisture and ℎ the
enthalpy. 𝐷𝑚,𝜑 , 𝐷𝑚,𝑇 , 𝐷𝑒,𝑇 and 𝐷𝑒,𝜑 are the diffusion
coefficient which are material-specific.
The definition of the coefficients and their meaning
are descripted in (Bianchi Janetti et al., 2012).

Figure 3: Prototype of the façade integrated
ventilation system in a PASSYS test cell
The toolbox CARNOT allows performing building
and system simulations in Matlab/Simulink in a more
detailed way than many other programs due to almost
endless flexibility. The programming language
MATLAB and the graphical programming language
Simulink allow fast development, e.g. of control
strategies or new HVAC components. The available
toolboxes of Mathworks allow e.g. system
optimization, reverse engineering and control design.
A deep integration of the programming language C
additionally allows an optimization of developed
models for more moderate calculation times. In
addition, a porting to other software is possible.
Simulations and the modelling approaches of classical
and modern ventilation and building technology, such
as ventilation systems with heat recovery or air-to-air

The equations (1) and (2) have to be discretized within
time and space. The well-known algorithm method of
lines is used. Matlab provides the function pdepe for
solving PDEs that employs the method of lines. This
function is not available in Simulink. For this reason,
a simplified version of this function adapted to the two
coupled partial differential equations are implemented
in Simulink. The so-called S-functions are used. Sfunctions allow programming more complex
calculations and function with the graphical
programming within Simulink. The programming
languages MATLAB and C can be used. With
MATLAB, a model or a function concept can be tested
very quickly but the performance of the calculations is
rather poor. The programming in C is much more
complicated and only limited debugging is possible
but delivers higher computational efficiency. Figure 4
shows a schematic approach of solving PDEs within
Simulink. Within the S-function the derivation of any
ordinary differential equation can be calculated.
During the simulation Simulink is responsible for
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solving the ODEs and the user has not to care about
margin of error and so forth.
The method of lines was implemented as an S-function
in MATLAB and C. According to the Matlab function
pdepe the PDEs to be solved must have the form:
𝜕𝑢

𝑐 (𝑥, 𝑡, 𝑢, 𝜕𝑥 )
𝜕𝑢

𝜕𝑢
𝜕𝑡

𝜕

= 𝑥 −𝑚 𝜕𝑥 (𝑥 𝑚 ⋅
𝜕𝑢

𝑓 (𝑥, 𝑡, 𝑢, 𝜕𝑥 ) ) + 𝑠 (𝑥, 𝑡, 𝑢, 𝜕𝑥 )

(3)

𝑢 is the dependent variable of the system. 𝑚 specifies
the symmetry of the system, in this case 0 describe a
plane problem. 𝑡 is the time and 𝑥 is the position.

𝑀 is the mass matrix of the system, 𝐾 the stiffness
matrix. 𝐹 is a vector with sinks and sources. 𝑄 is a
matrix and 𝐺 a vector for the boundary conditions. 𝐻
and 𝑅 are for a Dirichlet boundary condition. In case
of a Neumann boundary condition 𝐻 and 𝑅 are zero.
Furthermore, for a 3rd type boundary condition defined
as a heat flow the matrix 𝑄 gets zero and for this
reason the boundary conditions only depend on the
vector 𝐺. For constant values of 𝜆, 𝜌 and 𝑐𝑝 the mass
matrix 𝑀 is constant and can be calculated in a preprocessing. The vectors 𝐹 and 𝐺 have to be calculated
for each boundary condition. For 𝑛 different bound
conditions 𝑛 vectors 𝐹 and 𝐺 exists. For a fast
calculation within the simulation the vectors are
generated in a pre-processing step and they are filled
only with 0 and 1. Within the simulation they are
multiplied with the actual value for the heat flows of
sinks/sources and the boundary conditions within each
time step.
For using the equation (7) in Simulink the mass matrix
has to be inverted:
𝑑𝑢
𝑑𝑡

Figure 4: Schematic approach of solving PDEs within
the Simulink environment (Ochs et al., 2012)
The boundary conditions must have the form:
𝜕𝑢

𝑝(𝑥, 𝑡, 𝑢) + 𝑞(𝑥, 𝑡) ⋅ 𝑓 (𝑥, 𝑡, 𝑢, 𝜕𝑥 ) = 0

(4)

The equations (1) and (2) obey this scheme and they
are implemented in the S-function. The discretisation
and all properties of the structure have to be defined in
pre-processing as variables. The boundary conditions
are a heat and a mass flow, which are calculated within
the Simulink environment according to common
assumptions.
Two-dimensional Thermal Model
The formulation of the well-known two-dimensional
heat transfer equation is:
𝜕𝑇

𝜕𝑇

𝜕𝑇

𝜕𝑇

𝜕𝑇

𝜌𝑐 𝜕𝑡 = 𝜕𝑥 (𝜆 𝜕𝑥 ) + 𝜕𝑦 (𝜆 𝜕𝑦) + 𝑞̇

(5),

where 𝑇 is the temperature, 𝜌 the density and 𝑐 the
heat capacity. 𝑡 is the time and 𝑥 is the position. 𝑞̇ is
an additional source or sink.
The implementation of a two-dimensional thermal
model as an S-function with MATLAB was already
presented in (Ochs et al., 2012).
The geometry and boundary conditions can be
generated with the Matlab tool pdetool. The Matlab
functions assema und assemb generate matrices of the
system. The resulting problem can be written in the
form:
𝑑𝑢

𝑀 𝑑𝑡 = 𝐹 + 𝐺 + 𝑅 + 𝐾𝑢 + 𝑄𝑢 + 𝐻𝑢

(6)

= 𝑀−1 (𝐹 + 𝐺 + 𝑅 + 𝐾𝑢 + 𝑄𝑢 + 𝐻𝑢)

(7)

Due to numerical reasons and because of the huge
storage demand, this operation cannot performed by a
classical inversion and multiplication. In (Ochs et al.,
2012) a Cholesky decomposition of the mass matrix
was used in a pre-processing. This leads to a nonsparse matrix. However, this only works for small
systems.
Within this work, the implementation in MATLAB
was optimized using sparse matrices. In addition, an
implementation with C and sparse matrices is shown.
Using sparse matrices allows handling huge systems
of matrices, e.g. a matrix of a finite element problem
with a size of 10000x10000 has a memory
requirement of 850 MB. The same matrix defined as a
sparse matrix needs only 4.5 MB. S-functions written
in MATLAB support all kind of sparse matrices and
algorithms. For the implementation in C the so-called
CXSparse framework (Davis, T.A., 2006) was used.
In ftuture developments, more complex algorithms
like the framework SuiteSparse (Davis, T.A., 2011)
may be used.

VALIDATION
One-dimensional Hygrothermal Model
The one-dimensional hygrothermal model was
validated with real measured data. For the validation
of the hygrothermal model, a drying period of a wall
construction with a clay plaster is used.
The structure of the wall is listed in Table 1. For the
material properties the values of the Delphin database
(TU Dresden, 2011) are used. For the fine and coarse
clay, measured material parameters are available. The
sorption isotherms and the water vapour diffusion
coefficients were measured in the lab of the
University.
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Table 1: Structure of the wall (from inside to outside)
Material

Thick
ness
[mm]
6.0
14.0

𝒖𝒇𝒔
[kg/m³]

𝝁
[-]

Fine clay
12
Coarse clay
10
Aluminium
0.001 1000
cladding
PU foam
20.0
60
Aluminium
0.001 1000
cladding
Plywood
10.0 1200
board
Mineral wool 100.0
1
Profiled steel 0.006 10000
* measured material

Delphin
database

237.0 Fine clay*
572.5 Coarse clay*
0.0 PE-Foil*
949.0 PU-Foam
0.0 PE-Foil*
350.0 OSB Board*
900.0 Mineral Wool
0.0 PE-Foil*

Figure 5 shows the used sorption isotherms for the
clays.
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Figure 5: Sorption isotherm of the used clay plaster
A sensor for temperature and humidity was installed
in the fine and coarse clay. The boundary conditions
for the simulation model are the indoor temperature
and humidity, the ambient temperature and humidity
and the solar radiation on the surface, which were
measured.
Figure 6 show the results of the simulations and also
the measurement results with the inaccuracy for the
relative humidity. Figure 7 shows the same picture for
the temperatures.

Figure 7: Measured and simulated temperature for the
test wall
The coarse clay shows a good correspondence
between simulation and measurement results.
Moreover, the daily peaks in the relative humidity can
be seen in the simulation. These peaks were caused
due to a high moisture content in the plywood board
and the daily solar radiation on the outer surface. The
fine loam shows higher deviations especially for the
high relative humidities. There are some explanations
for this behaviour. First, the water vapour diffusion
coefficient in this model is constant, in reality it
strongly depends on the water content especially for
high relative humidities. The deviations can also be
explained with the position of the sensor. The
thickness of the fine clay layer is very thin and in the
area of the sensor, e.g. more cracks may have formed
themselves. Another possibility could be the
difference of some material properties between actual
and tested loam.
For relative humidities below 60 % good agreement
can be determined. However, the model is applicable
for the analysis of façade integrated components.
Two-dimensional Thermal Model
The two-dimensional thermal model was crossvalidated with other finite element programs and
analytic calculations, which is not described here.

COMPUTATIONAL EFFICIENCY
The computational efficiency of the one-dimensional
hygrothermal model was observed more detailed. For
the examinations a container with a clay plaster were
simulated. Each wall, the roof and the floor were
simulated as a hygrothermal component. Table 2
shows the structure of the north outer wall which is
considered in more detail. Due to the small layer
thickness and the vapour barrier, the structure is very
complex and requires a fine discretisation. For the
discretisation a logarithmic mesh was used. The
discretisation for each layer is very fine at the
boundary. Figure 8 shows the discretisation of the
wall.

Figure 6: Measured and simulated relative humidity
for the test wall
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Figure 8: Discretisation of the wall according to
Table 2 (with pipes of the heating and cooling system,
see Application Examples)
Table 2: Structure of the wall (from inside to outside)
Thickness
[mm]
Fine clay
18.0
Coarse clay
40.0
Sheep wool
60.0
Steam break
0.20
Timber formwork
25.0
Hanf
200.0
Windpaper
0.45
Material

Delphin database
Insulation-Clay-Cork-FW
Clay mortar
Sheep Wool
Intello_proclima
Spruce
Thermo Hanf
Windpaper_proclima

duration of run [min]

wall moisture [kg/m²]

Figure 9 shows the computational time (computed
with an Intel Core i7-3770K) and the total moisture
content of the whole wall for different numbers of
discretisation layers. The moisture content is observed
for the last point of a 2-year simulation and the
computational time is applied for this period. The time
for a run increases quadratically with the number of
discretisation layers. The total moisture content of the
wall at the end of the simulation period is decreasing
slightly with the number of discretisation layers but
the influence is with about 3 % relatively small. Even
with 26 discretisation layers, a good result can be
achieved. In this case, the computational time is about
114 minutes. For a more homogenous structure (e.g. a
brick wall with insulation) the number of
discretisation layers might be less.

number of discretisation layers [-]

Figure 9: Computational time and moisture content
for a 2-year simulation

In a next step, the differen ces between the
performances of the programming language
MATLAB and C for the S-functions were observed.
The same container with six hygrothermal
components is simulated for a period of 2 years with
the hygrothermal wall written in MATLAB and in C.
Moreover, the container is also simulated with the
standard wall model of CARNOT that represents a
thermal Beuken model. Table 3 shows the
computational times for the three variants. For a better
comparison between the hygrothermal and thermal
model the same number of discretisation layers is used
for each simulation. For the Beuken model an
additional simulation was done without the vapour
barrier and another one with only one discretisation
layer for each structure layer. In standard thermal
simulation a Beuken model with one or two
discretisation layers for each structure layer is enough
for accurate results of the thermal behaviour.
Table 3: Computational time for different wall models
Wall model
Computational time
Hygrothermal (MATLAB)
104.45 min
Hygrothermal (C)
1455.58 min
Beuken (fine)
125.19 min
Beuken (fine without foils)
60.59 min
Beuken (approximate)
28.44 min
The computational time of the S-function written in
MATLAB is about 13 times higher than for the same
S-function written in C. The hygrothermal model
needs about four times higher computational time than
the simplest Beuken model. In this case a high
increase in efficiency can be obtained with the
programming language C.
For the two-dimensional thermal model the
computational efficiency can be only increased by a
factor 1.2. This is because for the hygrothermal model
much more calculations are necessary within each
time step than for the thermal model.

APPLICATION EXAMPLES
Heating and Cooling
The hygrothermal model allows using sinks and
sources in all discretisation layers. This enables
simulation of heating and cooling systems. Especially
for the cooling system the hygrothermal model is very
interesting, because it allows an evaluation with
respect to a higher humidity and condensate within the
cooling period. Therefore, the same container as for
the part of the computational efficiency is used. The
position of the pipes is shown in Figure 6. The
effective power output of the heating/cooling system
is calculated as a function of the temperatures and the
wall and pipe geometry with the block FH-TABS from
the CARNOT toolbox. The flow temperature in winter
is 35 °C and in summer 10 °C.
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Figure 10 show the differences of the operative
temperature for a radiator and a wall heating (panel)
system for the winter case. Figure 11 shows the
influence of the cooling system compared to the
simulation without cooling. The winter case shows the
higher time constants of the system. The high time
constant is also visible in the summer case.

point) for the cooling case. The isopleths allow an
assessment of the risk of mould. In this case, the
temperature and humidity is only about 50 hours
above the recommended limit value, which is no
problem at all.
Germination after 1 day
Germination after 2 days
Germination after 4 days
Germination after 8 days
Germination after 16 days
Recommended limit
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Figure 13: Isopleths for the internal wall surface
(detail)

Figure 10: Operative temperature in winter case
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Figure 11: Operative temperature in summer case
Figure 12 shows the temperature and humidity profile
for a point near the pipes. The relative humidity in
summer increases up to 65 %, which has no negative
influence on the building physics of the structure.
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Figure 12: Temperature and relative humidity near
the pipes of the heating and cooling system

Façade integrated Mechanical Ventilation with
Heat Recovery
The MVHR presented in the introduction is observed
here in more detail. With the two-dimensional thermal
model the influence of the façade integration on the
building and the structure can be shown and with the
one-dimensional hygrothermal model the moisture
content behind the ventilation system can be
estimated.
For the simulation a model of a flat within the iNSPiRe
demo building in Ludwigsburg (Germany) is used. For
further information on the demo building and the used
simulation model please have a look at (Ochs et al.,
2013) and (Ochs et al., 2014).
The construction needs to be simplified for the twodimensional simulation. For accurate results realistic
boundary conditions are an essential input. The
section with the ambient and exhaust air seems to be
reasonable because here the highest temperature
differences can be expected. Figure 14 shows the used
mesh and boundary conditions for the simulation. The
modelled structure has a width of 1.95 m and a height
of 1.00 m. In the simulation model the unit is placed
in the north wall near the bath. The mesh has a quite
fine discretisation with 3866 parts, just to show the
possibilities of the model. A coarser discretisation
would deliver sufficiently accurate results. The mesh
was generated with the Matlab tool pdetool. The mesh
has a rather bad quality and shows the limitations of
the tool. A better discretisation with an automatic
generated mesh in Matlab is almost not possible. Other
algorithms and an extension to quadratic elements
would be available (Prüfert, 2010) but were not tested
here.

Another interesting point is the internal surface of the
wall. Figure 13 shows the isopleths and the critical
points for temperature and humidity (each hour one
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To evaluate the moisture profile of the whole wall and
behind the ventilation system a simulation with a
period of six years was performed.
Figure 16 shows the profile of the total water content
within the wall. The moisture content after one year is
around 1.939 kg/m² and therefore slightly smaller than
after two years (1.942 kg/m²).

room

exh

amb

1.95

moisture of wall [kg/m2]

ambient

Figure 14: FE mesh for the simulation
The simulation results show only a small influence of
the face integrated MVHR on the heating demand of
the flat. It increases from 5.35 kWh/(m².a) up to
5.41 kWh/(m².a).
Figure 15 shows the temperature profile of the
minimum internal surface temperature. The
temperature does not drop below 18.98 °C and
therefore no problems with building physics are
expected for the room.
27
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Figure 16: Minimum surface temperature
Figure 17 shows the moisture profile of the wall
behind the ventilation system for the worst point of
time. The layer with the cellulose has a moisture
content of 5 kg/m³.
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Figure 15: Minimum internal surface temperature

1
0

With simplifications also the one-dimensional
hygrothermal model can be used. It allows an
estimation of the expected humidities in the wall
behind the ventilation system. This estimation is on
the safe side, because an infinitely large ventilation
system is supposed. Table 4 shows the structure which
is used for the hygrothermal model. The ventilation
system is considered as a virtual layer with a high
vapour diffusion resistance.
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Figure 17: Moisture profile behind the ventilation
system according to Table 4
Figure 18 shows for comparison the undisturbed wall
with additional 24 cm cellulose, 6 cm wood soft
fibreboard and 1 cm external plaster. The same layer
with the cellulose has a moisture content of 3.5 kg/m³.
The additional 1.5 kg/m³ water can be regarded
without problems.

Table 4: Structure of the wall (from inside to outside)
Material

1 Internal plaster
2 Brick
3 Insulation
(existing)
4 Cellulose
5 OSB plate
6 Ventilation
System

40
u [kg/m3]

#

50

Thickness
Delphin database
[mm]
10.0 Lime-cement mortar
240.0 Wienerberger Normal Brick
60.0 PSFoam-expanded

30
20
10
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10.0 OSB Board

0

10.0 PE-Foil

1
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Figure 18: Moisture profile of the undisturbed wall
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Dynamic Building and System Simulation, 13th
Conference
of
International
Building
Performance Simulation Association, Chambéry,
France.

Within (Siegele, 2013) more examples were simulated
with the hygrothermal model.

CONCLUSION
With the two developed S-functions and the CARNOT
toolbox façade integrated active components can be
investigated by means of dynamic building
simulation. Only with accurate relative humidities of
the zones and the detailed moisture content of the
façade with the active component a reliable conclusion
about the influence of the façade integration on the
building can be made. Moreover, the one-dimensional
hygrothermal model allows more detailed
considerations of humidity even in conventional
building simulations with Simulink and the toolbox
CARNOT.
With the two-dimensional thermal model, also the
impact of thermal bridge effects and the influence of
high heat fluxes on the thermal behaviour can be
considered. Due to the simplification of a onedimensional respectively two-dimensional model,
accurate assumptions must be made. A threedimensional model would be possible but the
computational time would be very high. Furthermore,
an extension of the two-dimensional thermal model to
a hygrothermal model is feasible but costly. The deep
integration of such a model in the building simulation
may not make much sense. The coupling of two
programs (e.g. Simulink and COMSOL Multiphysics)
respectively two models with simplified boundary
conditions is maybe more reasonable.
Façade integrated components like the ventilation
system have to be investigated with such models in
detail to avoid problems with building physics.
Different impacts from the façade integrated
components to the building and influences from the
building to the component should be investigated.
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