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As buildings are highly energy consumers [1], building 
energy simulation tools have been developed since the 
seventies aiming at improving their energy efficiency.  
Many tools have been reported in [2-4] and several 
research work focusing on energy efficiency of building 
envelopes can be found in the literature as in [5-13]. 
Wall parameters such as thermal resistance and thermal 
inertia are commonly investigated  such as in [4-6] or 
thermal conductivity in [7]. Many studies are also 
focused on determining the optimum insulation thickness 
of different wall configurations [8–13]. Nevertheless, 
most of BES tools use purely diffusive 1-D formulation, 
including walls built with elements that have cavities. 
The purely diffusive 1-D formulation neglects important 
phenomena relating to heat transfer and fluid mechanics. 
Heat transfer phenomena that occur inside cavities are 
erroneously simplified. The present study investigates 
errors this assumption causes by developing a co-
simulation using a BES and a CFD program, and 
comparing the results of three case studies. 

The main objective of the present work is to 
investigate the effects of considering cavity detailing 
with correct mass distribution, convection and radiation 
phenomena in the interior of walls on the results of 
transient simulations of the building scale. The 
methodology presented has the potential to increase 
precision in energy analysis of buildings and analysing 
the performance of constructive elements. 

To achieve the objectives, three case studies are 
configured, with an increasing degree of complexity in 
both the construction of the wall and the boundary 
conditions, from a model of two superimposed blocks to 

a ventilated wall model with short wave radiation 
asymmetry, as detailed in the methodology section. The 
simulations are transient, at the scale of a building, by 
means of two simulation methods: i) Traditional, 1-D, 
purely diffusive method where the layer containing 
elements with cavities is represented by three equivalent 
thermal properties; and ii) New 3-D co-simulation 
method using BES and CFD programs where the 
elements are physically modelled in more detail.  

The coupling of the two programs provides a refined 
and more realistic three-dimensional analysis of the 
phenomena inside the wall. The development of the co-
simulation method using the BES and CFD programs 
was part of the present work. 

In a different way, the present work uses the coupling 
between the two programs to detail the interior of the 
wall. However, there have been developmental and 
experimental validations of coupling methodologies 
between these two types of formulations since 1998, 
such as Negrão [14], Zhai and Chen [15, 16, 17 and 18], 
Bartak et al. [19], Djunaedy et al. [20] and Wang and 
Wong [21]. The coupling between these two types of 
software is interesting because they complement each 
other.  

��������������

����
��������	�
��

Transient simulations in both softwares occur 
simultaneously over the same period for calculating heat 
transfers through the wall and energy balances in the 
environment. BES (Domus) has a dynamic model for the 
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analysis of building energy performance. The heat 
transfer on each wall is calculated by finite differences in 
1-D analysis; however, in the coupled method, the three-
dimensional velocity and temperature fields are 
calculated at each time step by the CFD software 
(Ansys-CFX). 
 Given the boundary conditions, the BES starts the 
transient trajectory transferring them to the CFD with 
each BES time step, where it is usually taken as 5 to 30 
mins. The CFD then initiates the first transient 
simulation within the selected period that coincides with 
the BES time step. 
 In the simulations performed in this work, the BES 
time step will be 20 mins. The time step chosen in the 
CFD for the transient simulation inside the wall is 1 min. 
The CFD output file informs the average internal surface 
temperature of the internal plaster, which is then used by 
BES to perform a new energy balance in the 
environment. BES, in turn, updates the CCL file of the 
CFD Setup with updated indoor and outdoor boundary 
conditions and a new transient period of 20 mins starts. 
The cycle repeats to convergence. The convergence 
check is performed by comparing the results at each time 
step of the previous day and considering the convergence 
reached where the results are unchanged, less than 
residue. Before each transient trajectory of 20 min, a 
steady-state simulation is performed in the CFD to 
update the internal air velocity field into the cavities. 
This process of freezing the air velocity field, every 20 
min inside the cavities, minimizes the processing time 
and maintains the precision of the results according to 
the study presented in [22]. The residue used for 
convergence of the transient simulation in the CFD is of 
1E-4 for Cases #1 and #2 and 1.5E-4 for Case #3, 
determined from the study presented in [22]. The Python 
computational language is used for the data exchange 
files, according to Ansys. 

���������	������

The three cases use the standard test environment 
illustrated in Figure 1, which shows the top view of the 
environment where black filled walls are adiabatic. Only 
on the wall under analysis heat transfer occurs. This 
environment adopts the same internal dimensions of the 
BESTEST environment [23]. For all three cases, the 
internal temperature of the environment is fixed. In Case 
#1, this is 24°C; and in other cases, it is 20°C, simulating 
a perfect control. The external boundary conditions of 
each case are described below. For all three cases, the 
same settings apply to both simulation methods for the 
comparison of the results. 

The CFD domains are a pile of blocks. In Case #1 are 
2 blocks. Other cases are 14 blocks. The four side faces 
are adiabatic and the interior of wall is completely 
modelled to transfer heat from indoor to outdoor or the 
opposite. 
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The outdoor temperature varies sinusoidally with a 
period of one day. The chosen sinusoidal function 
represents the winter temperatures of the southern 
Brazilian region. The external surface of the wall under 
analysis receives radiation, which includes direct and 
diffuse radiation. The radiation has variable magnitude 
starting from 0 W at 7:00AM, peaking at 498 W at noon 
and returning at 0 W at 6:00PM. In this way, the 
boundary conditions take on the natural behaviour of a 
day. Therefore, there is a cold night and a sunny day, 
causing inward and outward heat fluxes. 

The wall in analysis is constructed with concrete 
blocks of dimensions of 390 (L) x 190 (W) x 140 mm 
(H), assembled with mortar and containing plaster in 
both sides, as  shown in Figure 2. It shows the enhanced 
concrete block studied by [22]. Two concrete blocks are 
used in the CFD assembling and the results found are 
considered for the entire wall. 

To evaluate the performance among different 
simulation methods the results bellow will compare the 
average of inner surface temperature [Tsurfin] of the wall 
under analysis. This temperature will be used by BES to 
calculate the amount of heat entered in the room each 
time step. 

����������	�
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In this case, the wall has its height modelled in the CFD, 
with 14 concrete blocks, also assembled with mortar and 
containing plaster in both indoor and outdoor 
environments. Both cases #2 and #3 the modelling 
considers that there are no bad finishes that partially 
close the column of cavities. In width, the domain is 
represented by the width of a single block of concrete. 
At the upper end of the wall, at the height of the ceiling, 
an overhang is considered, such that solar radiation, 
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according to the time of day, strikes totally or partially 
on, or does not reach, the wall. The objective is to 
highlight the importance of detailed modelling of the 
interior of the wall, however, here adding effects from 
the Sun in a heating up of the lower portion of the wall. 
The air that fills the cavities will be heated from below 
and its convective movement makes it possible to 
preheat the above blocks still under shade. Figure 3 
illustrates the case, showing the environment in lateral 
and cut view, where the wall under analysis has solar 
radiation incidence. The movement of the sun is 
downward in all simulations due to the orientation of the 
wall to the west, primarily heating its bottom region. 
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This procedure becomes possible in the coupling, 

even for very complex geometries, thanks to the pixel 
counting techniques implemented in Domus [24]. 
Domus also provides the boundary conditions base on 
hourly weather data files. 

In case #2 the wall under analysis is also composed 
of concrete blocks of dimensions of 390 (L) x 190 (W) x 
140 mm (H) – largely used in Brazil, assembled with 
mortar and containing plaster in both sides. Figure 5 
illustrates the concrete blocks assembled. 
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In case #3, the wall under analysis gains a layer of 
ventilated air, 5 cm in thickness, as shown in Figure 6, 
constructed with ceramic plates in the external face of 
the wall. The lower and upper entrances of the ventilated 
air layer are 10 cm high and provide freedom for air 
from the ventilated layer to leave to the external 
environment or air from the external environment to 
enter the layer. For this case, the relative pressure 
between the internal domain of the ventilated air layer 
and the external air is 0 Pa. In this way, it is considered 
that the wind is not interfering with the ventilation of the 
air layer.  

The ventilated façade is an industrialized 
constructional system in which a mechanical system is 
used to fix the coating plates. Its function is to create a 
protection against moisture and mildew and   
atmospheric agents, and to promote thermal insulation. 

Therefore, in this case, the potential of the BES - 
CFD integration is explored in greater depth with 
enrichment of details in the model. 

The overhang is present, at the height of the ceiling, 
as in the last case. The ceramic plates will be heated by 
solar radiation starting at 2 pm in the lower portion. At 6 
pm, the solar radiation reaches 100% of the wall area. 
Figure 8 illustrates the case, showing the environment on 
the side and cut view. In case #3, the wall under analysis 
is constructed with concrete blocks shown in Figure 3, 
having dimensions 390 (L) x 190 (W) x 140 mm (H). It 
is also assembled with mortar and contains plaster in 
both indoor and outdoor environments. The domain of 
CFD simulation has 14 blocks in height. 
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The results found for the three case studies are presented 
next. The graphs of the results show the root mean 
square (RMS) error of the simulations performed on 
Domus in relation to the simulations performed with the 
coupling, where their results are considered closer to real 
values. 

For the simulations with the traditional method of 
BES software, one could classify three kind of users to 
investigate the different error levels regarding simulation 
of buildings composed by hollowed elements:  

i) Basic User: this user employs the data from the 
software library or Internet and literature sources to 
choose equivalent thermo-physical properties of each 
material or element, for instance, the equivalent thermal 
conductivity of the concrete block. 

ii) Professional User: this user calculates the 
equivalent properties of the building elements according 
to existing standards, for instance, [25] and [26].  

iii) Advanced User: the highly specialized one 
who uses a CFD model to calculate the equivalent 
properties.  

Each user class above will obtain different results 
owing to the precautions taken to obtain the properties. 
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�

Figure 7 presents the mean temperature results for the 
inner surface of the wall throughout the simulated day 
for both simulation methods. For the coupled method, 
during the late night and early morning, the mean 
temperature at the inner surface of the wall is higher than 
the mean value found by the BES simulation. In these 
periods the external surface temperature is lower than 
that of the inner surface, therefore, the detailing of the 
inside of the wall increases the overall thermal 
resistance. After 10 am, when the temperature of the 
external surface increases, becoming higher than the 

mean temperature of the inner surface, it presents lower 
values in the coupled simulation, exhibiting better 
thermal insulation with the BES-CFD co-simulation. The 
temperature differences are important, reaching 0.59°C 
at 8:20 am. The averaged RMS mean difference is 
0.36°C.   

Figure 7 also presents the results obtained by a 
professional user who added to the BES the equivalent 
thermal conductivity value calculated by the method 
indicated in the standard [26], 0.304 W(mK)-1. The 
results obtained by this user are very different from those 
of the advanced user, a fact that will be demonstrated by 
the calculations of the integration of the energy 
transferred in 24 h of Table 2. 

 
 

 

��������������������	-����	��		����������������������
 
Figure 8 presents the heat flux values in the analysed 

wall for both simulation methods. The heat transfer rates 
range from –26.1W/m² to 6.9W/m². The instantaneous 
differences reach values up to 5.2 W/m².  

Table 1 indicates the integration of the daily 
transferred energy in kJ. The difference is 11.7% of heat 
transferred to the outdoors, and the heat transferred 
indoors was reduced by 29.8%. These are expressive 
differences that affect the calculations of the energy 
consumption of air conditioning equipment and the 
verifications of whether the building energy ratings are 
met.   

The concrete block that was used has five cavities, 
with the two closest to the indoor and outdoor surfaces 
presenting more intense convection activities in relation 
to the others. This allows for differing the thermal 
resistances of each cavity and valuing the internal 
detailing of the concrete block in the simulation, which 
cannot be done with the 1-D simulation common to the 
BES software. 

It is important to observe that the present study 
evaluates the difference of detailing the inside of the 
wall, comparing it to the BES, having the exact 
equivalent properties, calculated by CFD itself with the 
same model used in the coupling (advanced user). 
Therefore, detailing the inside of the wall using the 
coupling method guarantees precise results. In turn, the 
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BES method depends on the equivalent properties 
informed by the user. If this information contains errors, 
the simulations will be inaccurate, which can be 
observed in the results obtained by the professional and 
basic users. 
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����	��������.��������	. 

Energy 
�������
���� 

������
���� 

Professional BES User (1) -13,399 986 

Advanced BES User (2) -19,203 2,326 

Co-simulation BES-CFD (3) -16,947 1,633 

Difference (%) (1 -3) 26.5 66 

Difference (%) (2 -3) -12 -30 

	��������������������������

The results are presented in Figure 9, in terms of the 
mean temperature of the inner surface of the wall. As 
observed, the behavior of the temperature on the inner 
surface of the wall varies a lot between simulations and 
the gain in the precision of results is very high with co-
simulation. The surface temperatures at night are 
different, by approximately 0.35°C. During the day, the 
error levels are higher, reaching 2.15°C in the afternoon, 
when the asymmetry of the short-wave radiation 
boundary condition is more accentuated. The averageds 
RMS value is 1.0°C for the traditional simulation.  

Figure 9 also plots the results obtained by the basic 
user who applied the same concrete block from the 
Domus library, with the same dimensions. As the 
equivalent thermal conductivity of the block from the 
Domus library is lower, 0.461 W(mK)-1, the inner 
surface temperatures remain lower, approaching the 
results for the coupling during the period of solar 
incidence on the wall. In any case, the error values 

remained high when compared to the coupled 
simulation. Differences in the surface temperatures 
differences are maintained throughout the day, ranging 
from 0.1°C to 1.6°C.      
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These temperature differences might seem small, but 

they cause great differences in the heat flux. Table 2 
shows the integrated energy in 24 hours. The large heat 
exchange flows towards the environment, where it is 
reduced by 24.1% with the coupling methodology. 

  The heat flux results for the basic user are also 
calculated. However, the basic users obtained high error 
levels, a 25.4% difference in the integrated heat entering 
the environment, compromising their results. 

Table 2.����
������������������
��!��"
#�
�
�"������$��!�
�����������
�!�#��%�&��#�������'���������������. 

Energy 
���*�+�
��-� ���	
���-� 

Basic BES User (1) -198 20,346 

Advanced BES User (2) -1,142 33,616 

Co-simulation BES-CFD (3) -323 25,513 

Difference (%) (1 -3) 63 25 

Difference (%) (2 -3) -72 -24 

�
Figure 10 shows the hourly temperature fields inside 

the analyzed wall from 1 pm to 6 pm. As expected, when 
observing the air inside the cavities of the concrete 
blocks, the air that would be heated in the lower section 
of the wall already heated by the sunrays will heat the 
upper section that is still shadowed. This effect is shown 
in all figures from 2 pm to 6 pm.  

In turn, at 2 pm, the air from the cavities of the three 
upper concrete blocks is hotter than the air in the central 
blocks. The three-dimensionality offered by the coupled 
modelling method inside the wall allows this. The 
temperature of these blocks is higher, and the results are 
more precise, as the simulation is closer to reality.  

In the temperature profiles of the following times, 3 
pm–6 pm, it is clear that the air is being heated by hot 
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regions and then it is transferring heat to other regions. 
The velocity fields with vectors not showed in paper, 
also details the ascending vectors transferring heat to the 
upper blocks by convection.  

The total processing time of the reported simulation 
was 798 h. Computer data: Intel Core I5 processor, four 
2.30 GHz processors, 6.0 GB memory. 
�

�
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��
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Case #3 includes a ventilated air cavity in the wall, 
which fills the space between the outside plaster, applied 
on the concrete block, and ceramic boards. Figure 11 
shows the domains simulated in the CFD. The total 
processing time in this case was 840 h. Computer data: 
Intel Core I5 processor, four 2.30 GHz processors, 6.0 
GB memory. 

In this Case, the results found with the 3-D approach 
have even more differences in relation to the traditional 
method. Figure 12 shows the results for the mean 
temperature of the inner surface of the analysed wall, 
maintaining the results of Case #2 in the graph. 
The thermal insulation of the wall is greater in the BES-
CFD coupled method. Throughout the 24 h period, the 
temperature of the inner surface of the wall remains very 
close to the temperature of the living room, 20ºC, 
reaching a maximum value of 20.26°C. In turn, in the 
simulation performed with the BES method, the 
temperature of the inner surface of the wall presents 
larger variations, especially in the afternoon period, 
when there is direct solar radiation, reaching 22.42°C. 

Nevertheless, the heat exchanged between the wall 
and the environment corroborates the observed 

differences. Figure 13 presents the heat flux variation 
through the wall for both simulation methods throughout 
the day. The heat fluxes are less intense on the wall 
when simulated with the highest detailing level offered 
by the coupling. When the heat transfer rate through the 
wall throughout the day is integrated, as shown in Table 
3, the difference reaches 88%. 
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According to the analysis of the temperature fields, 

the air flow rate from the ventilated air layer removes the 
heat from the direct radiation in the outdoor environment  
efficiently and can avoid overheating of the wall, 
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maintaining the inner surface temperature. The airflow 
generated inside the air layer upwards is intense reaching 
a mean velocity of around 0.5 m/s. Its convective heat 
transfer coefficient is approximately 16.0 W(m²K)-1. 

Therefore, the installation of the ventilated air layer 
is effective, which can also be demonstrated when 
comparing the results of case #2 and case #3 when 
simulated with the BES-CFD coupling method. This 
effect can be analysed in Figure 13. 

�

 

���������	
��������
��5���
������
��������
��
��
�����
��
 

Table 3. ���
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Energy 
�������
��� 

������
��� 

Advanced BES User (2) 0 22,248 

Co-simulation BES-CFD (3) -646 2,645 

Difference (%) (2 -3) - -88% 

�
Therefore, despite the high computational cost, the 

BES-CFD coupling method becomes a powerful tool for 
the analysis of ventilated air layers. The ventilated air 
cavity, usually built to shield against the moisture from 
the rain and solar radiation, mitigates the influences of 
these phenomena on the inner surface of the wall. 
However, as reported in [27], the authors in the literature 
have not reached a consensus about the efficacy of the 
installation of a ventilated air layer. Specific 
characteristics of the climate conditions of each location 
and building characteristics of the air cavity could result 
in an unfavourable performance. Therefore, future 
simulations may investigate the efficacy of installations 
in buildings, study the effect of alterations of their design 
characteristics and also, for instance, evaluate the 
changes in the performance of the air gap due to the 
influences of channelled winds.  

Table 4 below summarizes the results of cases 1, 2 
and 3, which evaluated the gains in the precision of the 
results with the approach that details the inside the wall, 
provided by the coupling of software. Overall, the users 

of the Building Energy Simulation software still have to 
deal with a large number of errors. 

Table 5 brings the equivalent thermal conductivity of 
the concrete block and mortar set used by each user in 
three cases. 
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The present paper presented a novel approach for taking 
into account the 3-D heat transfer through complex 
building envelopes by coupling via co-simulation a BES 
software (Domus) with a CFD software (ANSYS CFX). 
The results of the new methodology were compared with 
those of the traditional 1-D approach and very expressive 
differences were found in terms of the inner surface 
temperature of the wall and the energy exchanged 
between indoor and outdoor environments. The 
following benefits can be listed: 

i)    A more realistic analysis of the heat transfer 
and fluid mechanics phenomena within the wall even for 
complex geometries; 

ii) The precision by the high capability of 
detailing three-dimensionally the building envelope, 
including cavities, thermal bridges, anisotropic materials, 
trombe walls, joints, heat sources, which may 
significantly affect the building energy performance; 

iii) The possibility of using the bi-dimensionality 
of information regarding radiative and convective 
boundary conditions;  

iv) Accurate design of complex and highly 
energy efficient building elements, including the thermal 
mass effects thanks to the unsteady coupled approach. ; 

 

 The present methodology has the potential to 
considerably increase the precision in the energy 
analysis of buildings or building elements. However, 
each application has its particularities and the gains in 
precision that can be offered by the 3-D analysis vary for 
each case, but the BES-CFD coupling method guarantees 
greater quality and precision to the user when compared 
to the BES software with the 1-D approach of the wall. 

Due to the high computer run time with the CFD 
coupling, in the four study cases presented, only one 
wall was modelled, while the others were considered 
adiabatic. The existence of one single non-adiabatic wall 
reduces the interference of the external climatic 
conditions on the temperature of the indoor environment. 
Therefore, it is believed that the results would be more 
expressive if all walls were participating in the heat 
exchange between the indoor and outdoor environments.   

Furthermore, the fact that the simulations provided 
the energy balance of the environment with the mean 
temperature of the inner surface of the wall, owing to the 
lack of a three-dimensional grid in the indoor 

environment, decreases the precision of the results, as 
the two-dimensional information on the wall surface 
obtained by the CFD software is lost. 

Therefore, the carried out simulations presented 
promising results  that motivate the continuation of the 
development, including CFD analysis in the indoor and 
outdoor environments by using advance co-simulation 
approaches as recently presented in [28-29]. 
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