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Abstract 
In whole building simulations, interest in combined heat 
and air flow simulations is growing as this allows the 
investigation of indoor air quality (IAQ), HVAC energy 
use, and their interaction. To accomplish this, the user 
usually has to rely on co-simulation, which requires the 
user to be skilled in at least two software applications and 
in setting up the co-simulation environment. Additionally, 
often a large amount of input variables and parameters has 
to be entered twice. This paper presents an integrated 
pressure-driven air flow implementation in the open-
source Modelica library IDEAS that allows easy and 
simultaneous modelling of combined building heat and air 
flow simulations. To verify the approach, a multi-zone 
IDEAS model is compared to (1) an equivalent 
CONTAM model to check the infiltration flow rates and 
(2) measured temperature data. This results in (1) mean 
absolute errors between 0.0037m³/h/m² and 
0.0057m³/h/m² for infiltration volume flow rates per unit 
of envelope area ranging from - 0.74m³/h/m²  to 
1.18m³/h/m² and (2) root mean squared errors between 
0.65°C and 1.1°C which is the same order of magnitude 
as the original IDEAS implementation. The new 
implementation allows the IDEAS library to be used for 
combined heat and air flow simulations with a minimum 
of additional effort. 
Key Innovations 
• Simultaneous heat and air flow modelling 
• Automated airflow network generation 
• Verified integrated pressure-driven air flow 

implementation in Modelica  

Practical Implications 
The new implementation will allow modelling the mutual 
dependence of indoor temperatures and pressure-driven 
air flow in buildings with open-source Modelica models. 
The structured default implementation does not require 
extensive additional input parameters to add pressure-
driven air flow, which makes it easy to use for modellers 
that are not familiar with pressure-driven air flow. Due to 
the generic nature of Modelica, the models can be coupled 
to detailed HVAC simulations and other system models. 
The new implementation has the additional advantage that 
the same building models can be easily used for both 
research focussing on IAQ and research focussing on 
thermal comfort. 

Introduction 
In building simulations, pressure-driven air flow and heat 
flow modelling with freely available tools is often 
performed in separate specialised programs. These 
programs are developed separately since their aim is 
different, i.e. research focussing on IAQ on the one hand 
and heating or cooling needs of the building providing 
thermal comfort on the other hand. In both cases, either 
the indoor air temperature or the infiltration air flow rates 
have to be idealised by assuming a fixed input profile for 
one variable to compute the other, rather than explicitly 
considering the mutual dependency between both. Recent 
research and development, however, identified the need 
for including the mutual dependence of indoor 
temperatures and pressure-driven air flows (Underhill et 
al. 2020; Less et al. 2019; Young et al. 2020).  
Such simulations often require co-simulation using two 
distinct programs, where CONTAM (Dols and Polidoro 
2020; Emmerich et al. 2003) is often used to compute the 
system flow rates and pressures (Dols, Emmerich, and 
Polidoro 2016a; 2016b). This requires the modeller to be 
skilled in multiple software packages, and co-simulation. 
Moreover, the resulting co-simulation framework is hard 
to extend and to customize and an inefficient coupling can 
cause model inaccuracies or long computation times. This 
coupling also leads to redundancy in input parameters 
since zone volumes, surface areas, etc. have to be entered 
twice by the user. Other softwares that combine both 
simulations (e.g. TRNFLOW extension for TRNSYS and 
IDA ICE) are not open-source. 
This paper presents a novel, easy to use implementation 
for pressure-driven air flow in the open-source Modelica 
library IDEAS (Jorissen et al. 2018) that requires a 
minimum of additional input parameters. It allows the 
modeller to generate a coupled airflow network for 
modelling pressure-driven infiltration and interzonal 
airflow based on the input of the heat transfer  model. This 
new implementation is verified dynamically by 
comparing the new model results with (1) a duplicate 
multi-zone model of the 2014, Twinhouse 05 Holzkirchen 
experiment using CONTAM, and (2) measured data. 
Implementation 
In IDEAS, all outer building surfaces (outer walls and 
windows) of different composition, inclination and/or 
orientation are typically modelled using a separate 
component. This level of detail is necessary to model the 
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heat transfer through the building envelope accurately. 
Since each of these surfaces is also subject to external 
wind pressures, an (optional) power law model for air 
flow is added to each of these surfaces, which computes 
the volumetric flow rate through the component (V̇) as a 
function of the pressure drop across it (∆p). The 
parameters of this power law model (represented by 
Equation 1b) are the surface airtightness (q50 [m³/h/m²]) 
of that specific component, its surface area, and the flow 
exponent (m, default value of 0.65). These parameters are 
used to compute the flow coefficient (C) for the power 
law equation (Equation 1a). The basis for this power law 
model in Modelica was developed in 2006 (Wetter 2006). 
 𝐶𝐶 = 𝑞𝑞50 𝐴𝐴

50𝑚𝑚
 (1a) 

 V̇ = C Δpm (1b) 
To minimize the input parameter requirements for the end 
user, a default value for the q50 value of outer walls and 
windows is computed based on the user-defined total 
building air change rate at a pressure difference of 50 Pa 
over the building envelope. This metric was chosen since 
it is easily measured using a pressurization test of the 
building and often reported.  
Combining the information about the building n50 value, 
the building envelope external surface area and the 
building volume, a default q50 value is computed for all 
outer surfaces. This computation implicitly assumes that 
the building ‘cracks’ are uniformly distributed over the 
building envelope such that the user-defined n50 value is 
obtained when adding up the product of the surface area 
and the q50 value of each surface. 

 𝑛𝑛50. Vb = ∑ (𝑞𝑞50𝑖𝑖𝐴𝐴𝑖𝑖)
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖=1  (2) 

When the surface airtightness for a specific window or 
outer wall is known, the q50 value for that surface can be 
assigned. For these cases, the q50 value of all remaining 
surfaces will be adjusted automatically to maintain the 
n50 value at building level. E.g. when the window 
airtightness is known and this is leakier than the average 
envelope q50, the q50 value of the outer walls are lowered 
(more air tight) such that the building n50 value is 
maintained. 
For the internal walls, the same power law model 
represents air flow through cracks between zones. The 
default q50 value is 2 m³/h/m² (Heijmans et. al 2007). If 
an internal wall has an opening (e.g. a door or other 
opening between living room and open kitchen) the air 
flow through this opening is modelled using a single 
orifice equation, as presented by Equation 3. Doing so, 
bidirectional flows through these larger openings are not 
considered. This limits the possibility of interzonal 
mixing which could be important in cases with low 
pressure differences (e.g. no mechanical ventilation) or 
large vertical openings. Temperature driven airflows are 
considered but only one flow direction is assumed each 
timestep. Adding models to allow bi-directional flow and 
the full implementation of the stack-effect is part of future 
work.  
 V̇ = CD A (2/ρ)0.5 Δpm (3) 

 
Figure 1: Picture of Twinhouses on site (Strachan et al. 2016) 

 
Figure 2: Plan of Twinhouse 05,Holzkirchen (Strachan et al. 
2016) 

 
Figure 3: CONTAM model representing the Twinhouse 05 case 
with air flow elements/paths equivalent to the IDEAS model 
 
 
The outside pressures (𝑃𝑃) on the building envelopes are 
modelled as the sum of the atmospheric pressure (𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴) 
and the wind pressure (𝑃𝑃𝑤𝑤) (equation 4a). The 
atmospheric pressure is provided by the weather file. The 
wind pressure is computed as the product of the dynamic 
pressure at wind speed and two factors: (1) the wind speed 
modifier (𝐶𝐶𝑠𝑠) taking into account the effect of the 
surroundings on the local wind speed and (2) the pressure 
coefficient (𝐶𝐶𝑝𝑝) accounting for the effect of the building 
shape and relative wind direction (equation 4b). The 𝐶𝐶𝑠𝑠 
value is calculated using equation 4c (Dols and Polidoro 
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2020).The Cp value is derived from table input, where the 
Cp is a function of the wind direction. The chosen 
approach for the calculation of the wind pressures is 
similar to the approach of CONTAM. 
 𝑃𝑃 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑃𝑃𝑤𝑤 (4a) 
 𝑃𝑃𝑤𝑤 = 𝐶𝐶𝑠𝑠𝐶𝐶𝑝𝑝 0.5 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟2  𝜌𝜌 (4b) 

 𝐶𝐶𝑠𝑠 = 𝐴𝐴02 �
𝐻𝐻

𝐻𝐻𝑠𝑠𝑟𝑟𝑠𝑠
�
2𝑎𝑎

 (4c) 

Building models 
The building used for verification is the Twinhouse 05 test 
house situated in Holzkirchen. Figure 1 shows a picture 
of the case and its broader environment and Figure 2 
presents the floor plan. In 2014, a series of experiments 
were conducted in this building to serve as verification 
data for building energy simulation (BES) software and 
modelling packages (Strachan et al. 2016).The  IDEAS 
library participated in this verification exercise. The 
verification model 
(IDEAS.Examples.TwinHouses.BuildingO5_Exp1) has 
now been updated to include the new implementation for 
wind-driven air flow as described above. The building 
n50 value is set to 1.64 h-1, though for the rooms in the 
south part of the building a specific n50 value of 2.2 h-1 is 
used. During the experiment the doors between the 3 
north rooms and the southern part of the building were 

sealed whereas the doors between rooms of the southern 
part were continuously open. To model this, the sealed 
doors are assumed to have the same leakage as the 
surrounding internal walls (q50 =2 m³/h/m²) and the open 
doors were modelled as cavities in the internal walls, 
using equation (3). All 7 spaces are connected to the same 
attic space. This attic is modelled using a ‘boundary wall’, 
which prescribes the measured temperature of the attic in 
the model. Such boundary walls are assumed to be 
perfectly air tight.  
For verification purposes, an equivalent CONTAM model 
(presented in Figure 3) was made that is consistent with 
the IDEAS model. Each outer wall, window and internal 
wall is represented using one ‘1-data point’ air flow 
element. Cavities in the internal walls are modelled using 
an orifice air flow element.  
To make a correct comparison of the air flow rates, the 
temperatures in the CONTAM model should be consistent 
with the IDEAS model, since they influence the zone 
pressures and derived airflow rates. Because CONTAM 
cannot perform the detailed temperature simulations that 
IDEAS performs, the IDEAS model was first simulated 
and then the resulting zone air temperatures were 
exported and used as input for the CONTAM model 
 

Table 1: Verification metrics comparing CONTAM air flow and IDEAS air flow through all outer walls. Values marked in green are 
the  are best values, values marked in red are the worst. 

  W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 
Room   Kitch. Entr. Bed. 2 Bed. 2 Bath Bed. 1 Bed. 1 Living Living Living Kitch. 

Orient.   N N N E E E S S W W W 

Surface 
Area m² 8.98 7.95 12.64 11.22 11.28 11.25 13.52 14.56 16.45 6.67 10.65 

RMSE m³/h/m² 0.0101 0.0082 0.0085 0.0086 0.0083 0.0083 0.0103 0.0099 0.0125 0.0125 0.0116 

MAE m³/h/m² 0.0042 0.0037 0.0041 0.0048 0.0043 0.0043 0.0057 0.0041 0.0050 0.0050 0.0048 

Correl % 99.3 99.0 98.6 99.1 99.6 99.6 98.2 98.1 99.6 99.6 99.6 

 
Table 2: Verification metrics comparing the CONTAM air flow and IDEAS air flow through internal walls and open doors. Values 

marked in green are the  are best values, values marked in red are the worst. 

  
W34 W35 W36 W37 W38 W39 W40 W41 W42 W43 W44 Door 

W40 
Door 
W41 

Door 
W42 

Room 1   Kitch. Entr. Kitch. Entr. Corr. Bed. 2 Corr. Corr. Corr. Bath. Bed. 1 Corr. Corr. Corr 

Room 2   Entr Bed. 2 Living Living Bed. 2 Bath. Living Bath Bed. 1 Bed.1 Living Living Bath Bed. 1 

Surface  
Area m² 11.09 11.09 11.05 7.95 6.12 8.53 11.05 11.05 6.12 8.53 11.25 1.85 1.85 1.85 

RMSE m³/h/m² 
6.4 

E-03 
3.7 

E-03 
7.1 

E-03 
8.3 

E-03 
8.2 

E-03 
8.3 

E-03 
2.2 

E-03 
1.1 

E-03 
1.3 

E-03 
2.3 

E-05 
2.8 

E-03 
2.2 

E-01 
1.2 

E-01 
1.3 

E-01 

MAE m³/h/m² 
4.1 

E-03 
2.4 

E-03 
4.3 

E-03 
4.9 

E-03 
5.1 

E-03 
5.3 

E-03 
2.2 

E-03 
1.1 

E-03 
1.3 

E-03 
1.8 

E-05 
2.8 

E-03 
1.5 

E-01 
8.1 

E-02 
8.8 

E-02 

Correl % 99.5 99.4 98.4 98.4 99.2 99.2 98.2 98.7 97.5 98.3 97.5 99.6 99.4 99.1 
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Results 
Two verification exercises are reported. Firstly, the 
IDEAS air flow results are compared to the CONTAM 
model results. Secondly, the original and new 
implementation results of IDEAS are compared and 
verified with the measurements from the Twinhouse 05 
experiment. 
Verification metrics 
To quantify the comparison between the two simulation 
softwares and the comparison between the IDEAS results 
and the measured data, the following metrics are 
calculated and reported: 
• Root Mean Squared Error (RMSE) (5) 

RMSE = �∑(x − y)2

n
 

• Normalized Mean Bias Error (NMBE)  
(Lovvorn et al. 2002) (6) 

NMBE =
∑(x − y)
(n − 1) x�

 

• Mean Absolute Error (MAE) (7) 

MAE =
∑|x − y|

n
 

• Correlation (8) 

Correl(X, Y) =
∑�(x − x�)(y − y�)�

�∑(x − x�)2∑(y − y�)2
 

All metrics except the NMBE are used to quantify the air 
flow verification. The NMBE is not suitable to compare 
air flow rates because the sign for the air flow can be both 
positive and negative depending on the direction of the 
flow. Because of this, the average reference value (x�) in 
the denominator is subject to cancellation effects making 
it an unsuitable value for normalization. 
Air flow 
Figure 4 shows the volume flow rates of 3 outer wall air 
flow paths in both CONTAM and IDEAS for 3 days. To 
calculate the volume flow rate from the mass flow rate, 
the density of air is considered to be equal to 1.2 kg/m³ 
and constant. The choice was made to compare in units of 
volume flow rate [m³/h] to have relevant units for building 
and HVAC simulation and design in the verification 
metrics and graphs. The default implementation in 
Modelica, which is used in the IDEAS implementation, 
assumes a constant air density at the flow paths during 
simulation but can be adapted to actual (temperature 
dependent) density if necessary. However, CONTAM 
does not assume this constant density at the flow paths. 
By default, it will use the density of the room where the 
air is coming from. This different approach will cause part 
of the deviations between IDEAS and CONTAM.  
Each of the chosen air flow paths represents the 
infiltration air flow rate through a specific building 
envelope surface. Visually the air flow rates match well. 
Table 1 shows the calculated verification metrics for all 
outer wall envelope surfaces and confirms that the results 
are acceptable: RMSE between 0.0082m³/h/m² and  

 
Figure 4: Visual comparison of volume flow rate through 3 
outer wall air flow paths 

 
Figure 5: Visual comparison of volume flow rate through 3 
internal wall air flow paths  

 
Figure 6: Volume flow rate through the open doors 
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0.0125m³/h/m², MAE between 0.0037m³/h/m² and 
0.0057m³/h/m² for volume flow rates between 
- 0.74m³/h/m²  and 1.18m³/h/m² and correlation 
coefficients in the range between 98.1% and 99.6%.  
The model used for modelling the infiltration through the 
windows is the same as the model used for the walls, only 
the surface area differs. Consequently, the results for air 
leakage though the window components are the same as 
for the results for the wall surrounding that window. This 
also explains the equal results for W9 and W10 in Table 
1.  
Figure 5 shows a similar graph for the flow through cracks 
in the internal walls. Visually, the results match well, 
which is also confirmed by the verification metrics shown 
in Table 2: RMSE between 2.3E-5 m³/h/m² and 8.3E-3 
m³/h/m², MAE between 1.8E-5 m³/h/m²  and 5.3E-3 
m³/h/m²  for volume flow rates between -2.50E-1 m³/h/m²   
and 3.78E-1m³/h/m²  and correlation coefficients in the 
range between 97.5% and 99.5%. There is almost no air 
flow through the wall connecting the corridor and 
bedroom 1 since in that same wall, the door is open all the 
time not allowing high pressure differences on opposite 
sides of the internal wall. 
Figure 6 shows the simulated volume flow rate through 
the 3 open doors. For these results, the MAE (listed in 
Table 2 is much larger than for the infiltration air flow. 
However, since the flow through the open doors is higher; 
flows around 60m³/h/m² for the door between living and 
corridor (W40 door)  and around 30m³/h/m² for the other 
doors (W41 door and W42 door), the MAE is still 
relatively small. 
Air change rate results  
The new air flow implementation increases the level of 
complexity in the simulation thus allowing additional 
output from the model. Moreover, the same building 
models can be used to investigate comfort violations with 
respect to both IAQ and thermal comfort. As an example, 
the Air Change Rate (ACH) of the Living room is shown 
in Figure 7. The ACH is defined as the sum of all 
incoming volume flow rates divided by the volume of that 
zone. In the original implementation (IDEAS without 
additional air flow implementation) the infiltration air 
flow rate is constant over time. This results in a constant 
ACH of 1.57h-1. In the new implementation, the 
infiltration supply air flow rate is also simulated 
dynamically considering the outside wind pressures, 
clearly showing (see Figure 7) the impact of the dynamic 
wind pressures and related infiltration air flow rates on the 
total ACH. For both results, the ACH is relatively high, 
this is due to the supply air flow rates from the ventilation 
system continuously contributing to around 1.46h-1 of the 
rooms ACH. 

 
Temperature 
Figure 8 shows air temperatures for two rooms from the 
south part of the building: Living and Bedroom 1. 
Simulations are done for the whole experiment (approx. 
40 days), but only 14 days are shown for visual 
comprehensibility of the graph. Both IDEAS 
implementations (without and with extra air flow 
implementation) show small deviations compared to the 
measured reference, depicting both over- and 
underestimations compared to the reference. 
Figure 9 shows a similar graph for two rooms in the north 
part of the building: Kitchen and Entrance. Again, the 
trend in the results deviates only slightly from the 
measured reference. Here higher overall temperatures are 
simulated which is probably due to a measurement error 
related to stratification. The thermal verification, 
verifying the IDEAS library concerning heat transfer and 
indoor air temperatures is explained in detail by Jorissen 
et. al (2018). 
The verification metrics are summarized in Table 3 for all 
rooms. Figure 8, Figure 9 and Table 3 show good 
agreement between the measured reference and the novel 
air flow implementation. RMSE values for the new 
implementation are between 0.65°C and 1.01°C which is 
well within the range of typical building energy 
simulation (BES) software accuracy (Strachan et al. 
2016). The MAE is between 0.4°C and 0.81°C, the 
NMBE between 0.38% and 3.35% and correlation 
coefficients in the range between 98.6% and 99.3%. 
 
 

 
Figure 7: Air change rate from the Living room over time 
comparing the original and new IDEAS implementation. The 
green line signifies the share of the ACH the mechanical 
ventilation system contributes. 
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Remarkably, the new implementation does not show 
significant improvement when the simulated and 
measured indoor air temperatures are compared. There 
are several possible reasons for this: 

• The building is relatively air tight (n50=1.64 h-1) 
• Uncertainty on the assumed air tightness of 

internal walls as this was never measured. 
• The stack effect and buoyancy is not yet fully 

modelled, which could induce additional air flow 
rates and heat exchange. 

Nevertheless, the added complexity of the model and 
expanded possibilities for ventilation and IAQ 
simulations are highly valuable. 

 

 
Figure 8: Air Temperature in Living and Bedroom 1; simulated 

results with the original and new implementation and the 
reference measurements 

 

 
Figure 9: Air Temperature in Kitchen en Entrance: simulated 

results with the original and new implementation and the 
reference measurements 

 
 

Table 3: Overview of verification metrics for zone air temperature, comparing both the original and new implementation with 
measured data. For each implementation, values marked in green are the are best values, values marked in red are the worst. 

  Living Corridor Bathroom Bedroom 1 Kitchen Entrance Bedroom 2 
  Orig New Orig New Orig New Orig New Orig New Orig New Orig New 

RMSE °C 0.62 0.65 0.51 0.69 0.62 0.82 0.68 0.96 0.78 0.82 0.95 1.01 0.66 0.74 

MAE °C 0.43 0.43 0.40 0.59 0.45 0.59 0.50 0.69 0.60 0.64 0.76 0.81 0.51 0.58 

NMBE % 0.28 0.38 1.07 1.17 1.49 1.77 1.80 2.47 2.29 2.44 3.14 3.35 2.10 2.37 

Corell % 99.0 98.8 99.4 98.7 99.3 98.6 99.2 98.5 99.2 99.1 99.1 98.9 99.5 99.3 

 
 
Conclusion 
The novel air flow implementation allows pressure driven 
air flow to be simulated with limited additional modelling 
effort but with a significant improvement in the dynamic 
response of the air change rate. However, since the stack 
effect is yet to be implemented to conform with the state 
of the art, the application of this implementation is limited 
to simulations where the infiltration air flow rates are 
mainly driven by wind pressures and the HVAC system. 

Implementing the influence of stack effect is part of future 
work plans and will allow to use these models also as a 
basis for multi-storey buildings and situations where 
temperature-driven flows  and interzonal mixing 
dominate. 
Multiple verification exercises confirm the accuracy of 
the pressure-driven air flow implementation. Firstly, 
comparing the Modelica-IDEAS model with the 
CONTAM model leads to MAE between 0.0037m³/h/m² 
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and 0.0057m³/h/m² for infiltration volume flow rates 
between - 0.74m³/h/m²  and 1.18m³/h/m². Secondly, 
comparing the room air temperatures of the IDEAS 
implementation with and without pressure-driven airflow, 
no significant change in performance is noticed resulting 
in RMSE values in the range 0.65°C-1.1°C.  
This new implementation generates additional outputs 
that provide new interesting details about the infiltration 
air flow rates in the building. Additionally, the IDEAS 
zone model provides ports to connect models for 
(un)intended air flow paths from the multizone package 
(e.g. doors, trickle ventilators). A building model using 
this new implementation can thus be used as a basis for 
more elaborate air flow simulations without going 
through the effort of implementing the often large amount 
of infiltration airflow paths needed for modelling air 
infiltration through the building envelope. Additionally, 
as the values for the envelope air tightness coefficients 
(q50) are calculated on building level (n50), the whole 
building envelope air tightness can be changed using a 
single parameter. 
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Nomenclature 
V̇  volume air flow rate [m³/h] 
C flow coefficient [m3/h.Pa] 
Δp pressure difference [Pa] 
m flow exponent [-] 
CD discharge coefficiënt [-] 
A orifice surface area [m²] 
ρ density of air [kg/m³] 
𝑛𝑛50  building air change rate at 50Pa [h-1] 
Vb  internal building volume [m³] 
𝑞𝑞50𝑖𝑖  surface airtightness   [m³/h/m²] 
𝐴𝐴𝑖𝑖  surface area [m²] 
𝑃𝑃  Total pressure on building surface [Pa] 
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴  Atmospheric pressure [Pa] 
𝑃𝑃𝑤𝑤  Dynamic wind pressure [Pa] 
𝐶𝐶𝑠𝑠  Wind speed modifier [-] 

𝐶𝐶𝑝𝑝  Pressure coefficient [-] 
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟   Wind speed at reference height [m/s] 
𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟   Reference height [m] 
𝐻𝐻  Building height [m] 
A0  Local terrain constant [-] 
𝑎𝑎  Velocity profile exponent [-] 
x reference data  
 (either simulated with CONTAM or measured) 
y Predicted values 
x�  Average reference data 
y�  Average predicted values 
n Number of data points 
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