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Abstract 

Energy efficiency in buildings plays a fundamental role. 

Therefore, it is crucial to design and test innovative 

building envelope concepts. A method to test it is using 

energy simulation software. However, it may be hard to 

test ideas in an existing building simulation software or 

library due to the barriers to develop and integrate new 

components. Thus, in this paper it is developed and 

validated a dynamic thermal zone model in Modelica 
language which is easily understandable and 

customizable by users. The model has been successfully 

validated against TRNSYS and the Twin Houses 

experiment monitoring data in free floating conditions. 

Key innovations 

• In developing the library, specific attention was paid 

to make it easily usable by people who are experts of 

the buildings domain but have no or very limited 

Modelica culture. In particular, care was taken to 

make every model as self-contained as possible, to 

improve readability, while at the same time not giving 

up the potential of object orientation.  

• The result is a modular thermal zone model, included 

in the Modelica “BuildingsAndPlants” library, in 

which each component can be easily expanded and 

new components can be integrated in the already 

existing model, reducing a lot the development time.  

Practical implications 

Beware of the influence of localized heating system. 

Consider the importance of the convective heat transfer 

coefficient calculations.  

Introduction 

Within the perspective of reducing energy consumption 

and fight climate changes, buildings play a crucial role 

representing the 40% of total energy consumptions in the 

EU (Khatib, 2012). In this context, there is a growing 

interest towards energy strategies in the building sector 

and this has brought to the development of new advanced 

technologies, such as ventilated facades, double skin 

facades, phase change materials integrated in building 

walls. 

This rises the need to create a dynamic thermal zone 

model with a modular structure, that can be easily 

understandable and customizable by users. Furthermore, 

the models of the elementary components could be used 

as baseline to model advanced concepts. 

For this purpose the object oriented language Modelica 

(Elmqvist, 1997) is suitable, because it allows to model 
large, complex, and heterogeneous physical systems 

decoupling the physical equation system from the 

numerical solution calculation. There are several building 

libraries available using Modelica, most of them involved 

in the IBPSA Project 1 (Wetter, 2017). However, these 

libraries focus on the overall system design, and for the 

thermal zone models it is hard to easily integrate custom 

components and models especially if the users are not 

expert in Modelica programming language. Therefore this 

work focused on the improvement of an already existing 

Modelica library, called BuildingsAndPlants (Leva, 

Casella, and Zanetti, 2018), introducing a novel thermal 
zone model in which care was taken to make every model 

as self-contained as possible, to improve readability.  The 

Modelica code developed was compiled and run using the 

software Dymola®. 

In this work, the validation phase has been based on the 

data of the second of the three experiments performed on 
the Twin Houses at Fraunhofer Institute of Building 

Physics (Holzkirchen, Germany). This is a full-scale 

building on which it was conducted a detailed experiment 

and the monitoring data were made available by the IEA 

ECB Annex 58 (Strachan et al., 2016).  

Methodology 

The thermal zone model has been created starting from 

the definition of each elementary component that has been 

successively connected to the others, leading the final 

model. Starting with having defined all the envelope 

component models, they have been connected to the air 

volume model and finally the components related to the 

shortwave and longwave radiation were added, together 

with thermal bridges, infiltrations, and mechanical 

ventilation. 

In this way, it has been obtained a thermal zone model 

with a modular structure, in which it is easy to have a 

general overview of each component equations and 

modify them according to the needs of the case under 

exam.  

The final thermal zone model is characterized by the 

following components:  

• building envelope components;  

• air volume; 

• shortwave radiation;  

• longwave radiation; 
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• thermal bridges. 

In Figure 1 (Strachan et al., 2016), it has been reported the 

plan of the building under analysis and the physical 

properties of the various building envelope components 

are summarized in Table 1. In this paper, it has been 

modelled only the living room, which is the biggest room 

at the ground floor, with a large opening on the south 

façade.  

 

 

Figure 1: Plan of Twin House O5 

 

Building envelope components models 

The building envelope components models can be 

distinguished into three categories:  

• exterior opaque surfaces, such as the external walls 

and the roof (Figure 2);  

• interior opaque surfaces, like internal partitions and 

the ceiling (Figure 3);  

• transparent surfaces (Figure 4).  

Figure 2: Model of an exterior opaque surface

 

Figure 3: Model of an interior opaque surface 

Figure 4: Model of a transparent surface 

The envelope component model described in Figure 2, is 

characherized by various sub-components. 

In particular, the part of the model called ConvToInt 

describes the mechanism of convection towards inside 

and is governed by the Newton’s law: 

 �̇�𝑐𝑜𝑛𝑣,𝑖𝑛𝑡 = ℎ𝑖𝑛𝑡  𝐿 𝐻 (𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖) (1) 

where 𝐿 is the length of the surface  [𝑚], 𝐻 is the height 

of the surface [𝑚], 𝑇𝑎𝑖𝑟  is the air temperature of the 

considered room [𝐾], 𝑇𝑠𝑖 is the internal surface 

temperature [𝐾], ℎ𝑖𝑛𝑡  is the interior convective heat 

transfer coefficient [
𝑊

𝑚2 𝐾
] and it is defined by the Tarp 

model (EnergyPlus, 2019) with the following relations:  

• For vertical surfaces 

ℎ𝑖𝑛𝑡 = 1.31 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|
1

3  

• For upward facing surfaces (such as the floor) 

{
  
 

  
 
ℎ𝑖𝑛𝑡 =

9.482 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|
1
3

7.238 − |cos𝛴|
 𝑖𝑓 ∆𝑇 < 0

ℎ𝑖𝑛𝑡 = 1.31 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|
1
3 𝑖𝑓 ∆𝑇 = 0

ℎ𝑖𝑛𝑡 =
1.810 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|

1
3

1.382 + |cos𝛴|
 𝑖𝑓 ∆𝑇 > 0

 

Stratigraphy Uw [W/(m2 K)] 

External Wall (EW1) 0.2 

External Wall (EW2) 0.19 

External Wall (EW3) 0.28 

External Wall (EW4) 0.26 

Internal Partition (IP1) 1.28 

Internal Partition (IP2) 2.47 

Ceiling (C1) 0.23 

Floor (F1) 0.29 

Windows (1-2-3) 1.1 

Table 1: Thermal transmittance building envelope 

components 
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Where 𝛴 is the surface tilt angle. 

• For downward facing surfaces (such as the ceiling) 

{
  
 

  
 
ℎ𝑖𝑛𝑡 =

1.810 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|
1
3

1.382 + |cos𝛴|
 𝑖𝑓 ∆𝑇 < 0

ℎ𝑖𝑛𝑡 = 1.31 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|
1
3   𝑖𝑓 ∆𝑇 = 0

ℎ𝑖𝑛𝑡 =
9.482 |𝑇𝑎𝑖𝑟 − 𝑇𝑠𝑖|

1
3

7.238 − |cos𝛴|
 𝑖𝑓 ∆𝑇 > 0

 

 

The second component called MultiLayerWall, describes 

the mechanism of heat conduction. According to the EN 

ISO 52016-1:2017, each opaque element can be 

considered as a Resistor – Capacitor network (R-C) in 

which the resistors and the capacitors represent 

respectively the thermal resistances and the lumped 

capacities of the wall. In the chosen R-C network the 

number of nodes for each layer (𝑁𝑑𝑗) of the considered 

stratigraphy is calculated following the EN ISO 52016 - 

Italian Annex (Mazzarella et al., 2020) in which: 

 𝑁𝑑𝑗 = 𝑚𝑎𝑥 ⌈1; 𝐼𝑛𝑡 (√
𝐹𝑜𝑟𝑒𝑓

𝐹𝑜𝑗
+ 0.999999)⌉ (2) 

Where: 

• 𝐹𝑜𝑟𝑒𝑓 is the reference Fourier number and is equal to 

0.5; 

• 𝐹𝑜𝑗 is the layer Fourier number that is calculated as: 

 𝐹𝑜𝑗 =
𝜆𝑗

𝜌𝑗𝑐𝑗

∆𝑡

𝑑𝑗
2 (3) 

in which 𝜆𝑗 is the thermal conductivity of the j-th layer 

[
𝑊

𝑚 𝐾
], 𝜌𝑗  is the density of the j-th layer [

𝑘𝑔

𝑚3
], 𝑐𝑗  is the 

specific heat capacity of the j-th layer [
𝐽

𝑘𝑔 𝐾
], 𝑑𝑗  is the 

thickness of the considered layer [𝑚].  

Each node is in the mid-point of each layer or sub-layer, 

as represented in Figure 5. 

 

Figure 5: R-C network 

The component ConvToExt describes the mechanism of 

heat transfer due to convection towards outside. The 

equation at the base of this mechanism is defined as 

follows:  

 �̇�𝑐𝑜𝑛𝑣,𝑒𝑥𝑡 = ℎ𝑒𝑥𝑡  𝐿 𝐻 (𝑇𝑎𝑚𝑏 − 𝑇𝑠𝑒) (4) 

where 𝑇𝑎𝑚𝑏  is the ambient air temperature [𝐾], 𝑇𝑠𝑒  is the 

external surface temperature [𝐾], ℎ𝑒𝑥𝑡   is the convective 

heat transfer coefficient [
𝑊

𝑚2𝐾
], which is defined by the 

DOE-2 model (EnergyPlus, 2019) as: 

 ℎ𝑒𝑥𝑡 = ℎ𝑛 + 𝑅𝑓 (ℎ𝑐,𝑔𝑙𝑎𝑠𝑠 − ℎ𝑛)  (5) 

in which  

 

• ℎ𝑛 is the natural convective heat transfer coefficient 

[
𝑊

𝑚2𝐾
] and for a vertical surface is calculated as:  

 ℎ𝑛 = 1.31 ∙ |𝑇𝑎𝑚𝑏 − 𝑇𝑠𝑒|
1

3 (6) 

• 𝑅𝑓 is the surface roughness multiplier that for a 

smooth plaster is taken equal to 1.11, while for a glass 

is equal to 1 

• ℎ𝑐,𝑔𝑙𝑎𝑠𝑠  is the convective heat transfer coefficient for 

very smooth surfaces and is defined as:  

 ℎ𝑐,𝑔𝑙𝑎𝑠𝑠 = √ℎ𝑛
2 + [𝑎 𝑤𝑣

b]2 (7) 

with in which, 𝑤𝑣 is the local wind speed,  𝑎 and 𝑏 are 

two constants which depend on the wind direction 

according to the EnergyPlus manual Chapter 3 

(EnergyPlus, 2019). 

It is also necessary to consider the external radiative heat 

transfer between the wall surface and the external 

environment, that consists of two different contributions: 

the one from the sky and the other from the ground, that 

are defined by the component RadToSkyGround. These 

are determined by the formulas:  

 �̇�𝑠𝑘𝑦 = 𝜎 𝐹𝑤𝑠  𝐿 𝐻 𝜀𝑠  (𝑇𝑠𝑘𝑦
4 − 𝑇𝑠𝑒

4) (8) 

 �̇�𝑔𝑟𝑜 = 𝜎 𝐹𝑤𝑔  𝐿 𝐻 𝜀𝑠  𝜀𝑔𝑟𝑜  (𝑇𝑔𝑟𝑜
4 − 𝑇𝑠𝑒

4) (9) 

where 𝜎 is the Stefan – Boltzmann constant, 𝜀𝑠 and 𝜀𝑔𝑟𝑜  

are respectively the surface and the ground emissivity [-], 

𝑇𝑠𝑘𝑦, 𝑇𝑔𝑟𝑜  and 𝑇𝑠𝑒  are respectively the temperature of the 

sky, the ground surface and the wall surface [K], 𝐹𝑤𝑠  and 

𝐹𝑤𝑔 are the shape factors of the diffuse radiation 

respectively between the surface and the sky and the 

surface and the horizontal plane, calculated as: 

𝐹𝑤𝑠 =
1 + 𝑐𝑜𝑠𝛽

2
                       𝐹𝑤𝑔 =

1− 𝑐𝑜𝑠𝛽

2
 

in which 𝛽 is the angle of inclination of the surface with 

respect to the horizontal plane [°]. 

In this case, the value of the sky temperature (𝑇𝑠𝑘𝑦) for the 

considered case study was not available thus, in order to 

calculate it, it has been adopted the following relation 

(EnergyPlus, 2019):  

 𝑇𝑠𝑘𝑦 = (
𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙_𝐼𝑅 

𝜎
)
0.25

− 𝑇𝐾𝑒𝑙𝑣𝑖𝑛  (10) 

where 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙_𝐼𝑅 is the horizontal infrared radiation 

intensity [
𝑊 ℎ

𝑚2
] and 𝑇𝐾𝑒𝑙𝑣𝑖𝑛  is the temperature conversion 

from Kelvin to degree Celsius, equal to 273.15. 

Finally the amount of solar radiation absorbed by the 

opaque surface is calculated as: 

 �̇�𝑎𝑏𝑠 = 𝛼 𝐴 𝐺𝑡𝑜𝑡   (11) 
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where 𝛼 is the absorption coefficient, 𝐴 is the area of the 

surface [𝑚2] and 𝐺𝑡𝑜𝑡 [
𝑊

𝑚2
] is the total solar radiation per 

unit area that hits the external surface. 

As regards the internal partitions (Figure 3), the sole 
difference with the model in Figure 2, is related to the fact 

that, in this case, both sides are adjacent to two indoor air 

volume. Thus, in this case, the MultiLayerWall 

component will be connected to two ConvToInt models 

and the parts of the model related to the absorbed solar 

radiation and the radiation with the sky and the ground are 

absent. 

For what concerns the model of the window (Figure 4), 

the main differences with respect to the exterior opaque 

surface model (Figure 2) are related to the fact that in this 

case, the MultiLayerWall component has been substituted 

by the DoubleGlass component, in which three 

mechanisms of heat transfer are considered:  

• conduction between the various layers  

 �̇�𝑐𝑜𝑛𝑑(𝑘−1,𝑘) = 𝐴𝑔  
(𝑇𝑘−1−𝑇𝑘)

𝑠𝑘
𝜆𝑒𝑞 𝑘−1,𝑘

 (12) 

• convection in the argon gap: 

 �̇�𝑐𝑜𝑛𝑣 = ℎ𝑖𝑛𝑡  𝐴𝑔  (𝑇𝑔1,𝑠𝑖𝑑𝑒2 − 𝑇𝑔2,𝑠𝑖𝑑𝑒1) (13) 

• heat stored or dissipated by the glazing system:  

 �̇�𝑠𝑡𝑜𝑟,𝑖 = 𝑚𝑖  𝑐𝑝,𝑖  
𝑑𝑇

𝑑𝑡
              (14) 

in which 𝐴𝑔 is the glazed area of the window [𝑚2], 𝑇𝑘  and 

𝑇𝑘−1are respectively the temperatures of the k-th node and 

of the previous one [𝐾], 𝑠𝑘 is the distance between two 

consecutive nodes [𝑚], 𝜆𝑒𝑞 𝑘−1,𝑘 is the equivalent thermal 

conductivity of the considered layer that can be 

characterized by two different materials [
𝑊

𝑚 𝐾
] (as it is 

visible in Figure 5), 𝑇𝑔1,𝑠𝑖𝑑𝑒2 and 𝑇𝑔2,𝑠𝑖𝑑𝑒1 are the 

temperatures of the two glass surfaces facing towards the 

argon gap [𝐾].  
In addition, in this case, considering that the optical  
properties of the glazing system  depend on the angle of 

inclination of the solar radiation (𝜃), the total solar 

radiation has been subdivided in its direct and diffuse 

components and the absorbed solar radiation at each pane 

is calculated as follows:  

• Absorbed solar radiation at the outer pane 

 �̇�𝑎𝑏𝑠,𝑜 =  𝛼𝑜(𝜃)𝐴𝑔𝐺𝑑𝑖𝑟 + 𝛼𝑜,ℎ𝑒𝑚𝑖𝑠𝐴𝑔𝐺𝑑𝑖𝑓 (15) 

• Absorbed solar radiation at the inner pane 

 �̇�𝑎𝑏𝑠,𝑖 =  𝛼𝑖(𝜃) 𝐴𝑔𝐺𝑑𝑖𝑟 + 𝛼𝑖,ℎ𝑒𝑚𝑖𝑠𝐴𝑔  𝐺𝑑𝑖𝑓 (16) 

where  𝐺𝑑𝑖𝑟 and 𝐺𝑑𝑖𝑓 are the direct and diffuse component 

of solar radiation per unit area [
𝑊

𝑚2
].  

The absorption coefficients (𝛼𝑜, 𝛼𝑜,ℎ𝑒𝑚𝑖𝑠, 𝛼𝑖, 𝛼𝑖,ℎ𝑒𝑚𝑖𝑠) of 

the glazing system are reported in Table 2. 

 

 

 

 

 

Table 2: Absorption coefficients outer and inner layer 

of the glazing system (EN410) 
 

Angle [°] αo αi 

0 0.107 0.085 

10 0.108 0.087 

20 0.109 0.094 

30 0.112 0.100 

40 0.116 0.102 

50 0.121 0.106 

60 0.126 0.119 

70 0.130 0.127 

80 0.124 0.091 

90 0 0 

hemis 0.118 0.104 

Up to this point only the glazed area of the window has 

been modelled.  

Considering that the frame is a component with low 

thermal capacity in this case it has been reasonably 
modelled as a purely resistive component, with a model 

based on the definition of the thermal transmittance. 

Thus, the heat flow through the frame is calculated as:  

 �̇�𝑓𝑟𝑎𝑚𝑒 = 𝑈𝑓𝑟𝑎𝑚𝑒  𝐴𝑓𝑟𝑎𝑚𝑒  (𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟) (17) 

where 𝑈𝑓𝑟𝑎𝑚𝑒  is the thermal transmittance of the frame 

and 𝐴𝑓𝑟𝑎𝑚𝑒  is the total area of the frame obtained by the 

summation of the frames of the three windows in the 
living room. 

Air volume model 

In the air volume model, the air inside the room is 

completely mixed and only the sensible heat exchanges 

have been considered.  

Considering these aspects, the resulting energy rate 

balance on the air node can be described by the following 

equations:  

 �̇�𝑑𝑎,𝑖𝑛𝑓 = 𝑉 �̇� 𝜌𝑎𝑖𝑟,𝑖𝑛𝑓 (18) 

 �̇�𝑑𝑎,𝑣𝑒𝑛𝑡 = V̇ 𝜌𝑎𝑖𝑟,𝑠𝑢𝑝 (19) 

 �̇�𝑑𝑎,𝑖𝑛 = �̇�𝑑𝑎,𝑜𝑢𝑡 = �̇�𝑑𝑎,𝑖𝑛𝑓 + �̇�𝑑𝑎,𝑣𝑒𝑛𝑡  (20) 

 �̇�𝑖𝑛𝑓 = �̇�𝑑𝑎,𝑖𝑛𝑓 𝑐𝑝,𝑑𝑎(𝑇𝑖𝑛(𝑡) − 𝑇𝑇𝑍(𝑡)) (21) 

 �̇�𝑣𝑒𝑛𝑡 = �̇�𝑑𝑎,𝑣𝑒𝑛𝑡 𝑐𝑝,𝑑𝑎 (𝑇𝑠𝑢𝑝(𝑡) − 𝑇𝑇𝑍(𝑡)) (22) 

 
𝑑𝐸

𝑑𝑡
= �̇�𝑖𝑛𝑓 + �̇�𝑣𝑒𝑛𝑡 + ∑ �̇�𝑐𝑜𝑛𝑣,𝑖 +

𝑁
𝑖=1 �̇�𝑠 (23) 

 𝐸 = 𝑚𝑑𝑎 (ℎ𝑚𝑎,𝑜𝑢𝑡 −
𝑝

𝜌𝑎𝑖𝑟,𝑇𝑍
)𝑛𝑓 (24) 

Where:  

• �̇�𝑑𝑎,𝑖𝑛𝑓, �̇�𝑑𝑎,𝑣𝑒𝑛𝑡, �̇�𝑑𝑎,𝑖𝑛, �̇�𝑑𝑎,𝑜𝑢𝑡 are respectively the 

mass flow rate of dry air due to infiltrations, 

mechanical ventilation, entering and outgoing from 

the system; 

• �̇�𝑖𝑛𝑓 , �̇�𝑣𝑒𝑛𝑡, �̇�𝑐𝑜𝑛𝑣,𝑖, are the thermal power due to 

infiltrations, mechanical ventilation, convection 

between the i-th surface and �̇�𝑠  is the thermal power 

generated inside the thermal zone by internal sources; 

• 𝑉 is the volume of the thermal zone [𝑚3]; 
• �̇� is the number of air changes per hour [1 ℎ⁄ ] that 

occur due to infiltrations, that has been measured 
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performing a pressurisation test and resulted to be 

equal to 1.54 1 ℎ⁄ ;  

• V̇ is the air flow rate supplied to the living room 

[𝑚3 𝑠⁄ ] 
• 𝜌𝑎𝑖𝑟,𝑖𝑛𝑓, 𝜌𝑎𝑖𝑟,𝑠𝑢𝑝 and 𝜌𝑎𝑖𝑟,𝑇𝑍 are respectively the 

density of dry air entering from outdoor due to 

infiltrations, the density of dry air supplied to the 

thermal zone due to mechanical ventilation and the 

one related to the air inside the thermal zone; 

• 𝑐𝑝,𝑑𝑎 is the specific heat capacity [𝐽 (𝑘𝑔 𝐾)⁄ ]; 
• 𝑇𝑖𝑛 , 𝑇𝑇𝑍 and 𝑇𝑠𝑢𝑝 are respectively the temperature of 

the inlet, outlet and supplied air [𝐾];  
• 𝐸 is the internal energy [𝐽]; 
• ℎ𝑚𝑎,𝑜𝑢𝑡  is the enthalpy of moist air specific to dry air 

mass outgoing from the system [𝐽 𝑘𝑔𝑑𝑎⁄ ] 
• 𝑝 is the pressure of the air [𝑃𝑎];  
• 𝑛𝑓 is the multiplication factor that modifies the 

thermal capacity of the air in presence of furniture and, 

in this case, it is assumed equal to 5. 

Shortwave radiation model 

In this model, it has been considered that the transmitted 

solar radiation which enters from the windows hits at first 

the floor, that absorbs a part of it. The remaining part 
reflected by the floor is considered entirely absorbed by 

the other surfaces neglecting the amount of radiation that 

is transmitted back towards outside. This is a 

simplification of the model that will be reconsidered in 

future studies. 

Thus, the amount of solar radiation absorbed by the floor 

is calculated as:  

 �̇�𝑎𝑏𝑠,𝑓𝑙𝑜𝑜𝑟 = 𝛼𝑓𝑙𝑜𝑜𝑟  �̇�𝑡𝑜𝑡
𝑆𝑊 (25) 

in which 

 �̇�𝑡𝑜𝑡
𝑆𝑊 = ∑ 𝐴𝑔,𝑖  𝜏𝑡,𝑖  𝐺𝑡𝑜𝑡

𝑁𝑤
𝑖=1  (26) 

𝛼𝑓𝑙𝑜𝑜𝑟  is the solar absorption of the floor and 𝐴𝑔,𝑖 and 𝜏𝑡,𝑖 
are respectively the area and the solar transmittance of the 

i-th window, which depends on the angle of inclination of 

the solar radiation, as reported in Table 3 

Table 3: Solar transmittance of the glazing system 

(EN410) 

Angle [°] 𝜏𝑡 

0 0.543 

10 0.546 

20 0.538 

30 0.528 

40 0.514 

50 0.486 

60 0.426 

70 0.310 

80 0.145 

90 0 

The other surfaces are subjected to the remaining solar 

radiation that is not absorbed by the floor and on each 

surface, the amount of solar radiation absorbed is function 

of the absorption coefficient of each one and of its area 

with respect to the other ones. It follows that:  

 �̇�𝑎𝑏𝑠,𝑆𝑖 = (1 − 𝛼𝑓𝑙𝑜𝑜𝑟) �̇�𝑡𝑜𝑡
𝑆𝑊 𝛼𝑖 𝐴𝑖

∑ 𝛼𝑘  𝐴𝑘
𝑁𝑛𝑓
𝑘=1

 (27) 

where 𝑁𝑛𝑓 is the number of the building surfaces 

excluding the floor. 

Longwave radiation model 

The heat flow rate due to longwave radiation exchanged 

between two surfaces of the same thermal zone is defined 

as:  

 �̇�𝑖↔𝑗
𝐿𝑊 = 𝐴𝑖  ℱ𝑖,𝑗  𝜎 (𝑇𝑖 − 𝑇𝑗)

4 (28) 

where ℱ𝑖,𝑗  is the mutual radiation factor defined in (Dama 

and Lastaria, 2012), 𝑇𝑖 and 𝑇𝑗  are respectively the 

temperature of surface 𝑖 and surface 𝑗[𝐾]. 

Performing a linearization, the equation (24) becomes:  

 �̇�𝑖↔𝑗
𝐿𝑊 = 𝐴𝑖  ℱ𝑖,𝑗  4 𝜎 �̅�𝑖𝑗

3  (𝑇𝑖 − 𝑇𝑗) (29) 

Thermal bridges  

In this work, only the thermal bridges towards the external 

environment have been considered. 

Starting from the values of the linear thermal 

transmittance (𝛹𝑖), reported in the Specification of the 

Twin Houses (Strachan et al., 2016) and estimated 

performing some analyses with Trisco and THERM 

software, the transmission heat transfer coefficient (𝐻𝑇𝐵,𝑖) 
related to the i-th thermal bridge is calculated as: 

 𝐻𝑇𝐵,𝑖 = 𝛹𝑖  𝑙𝑖 (30) 

where 𝑙𝑖[𝑚]  is the length of the linear thermal bridge 𝑖. 

The above-mentioned calculations are summarized in 

Table 4. 

Table 4: Thermal bridges 

Junction 

𝚿𝐢  

[
𝐖

𝐦 𝐊
] 

𝐥𝐢  

[𝐦] 

𝐇𝐓𝐁,𝐢  

[
𝐖

𝐊 
] 

West wall - Floor 0.110 6.61 0.7271 

South wall - Floor 0.107 5.24 0.5607 

West wall - Ceiling 0.089 6.61 0.5883 

South wall - Ceiling 0.084 5.24 0.4402 

West wall - South wall 0.093 2.60 0.2418 

Window 1 - - 0.5121 

Window 2 - - 0.6221 

Window 3 - - 0.9130 

Thus, the heat flow due to thermal bridges �̇�𝑇𝐵is equal to: 

 �̇�𝑇𝐵 = ∑ 𝐻𝑇𝐵,𝑖𝑖  (𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟) (31) 

Results 

The simulations have been performed considering two 

experimental periods (Figure 6(Strachan et al., 2016)):  

• a period at constant temperature (from the 9th to the 

16th of April);  

• a period in free floating conditions (from the 26th of 

May to the 3rd of June).  
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Figure 6: Simulation periods 

In order to validate the model, the results obtained from 
these simulations, have been compared with the values 

provided by the sensors of the Twin Houses and with the 

results of the simulations of the same dynamic model 

developed in TRNSYS 18 using the Type 56. 

Comparison with experimental data 

The building under exam is the Twin House O5 at 

Fraunhofer Institute of Building Physics (Holzkirchen, 

Germany), for which it is provided a detailed data – set, 

useful to perform model validations.  

For the period in free floating conditions, the validation 

phase is based on the comparison of the values of the pure 

convective air temperature in the living room obtained 

from the simulation and the values registered by a 

shielded temperature sensor located at a height of 110 cm. 

From Figure 7, it is possible to see that the model, in free 

floating conditions, well approximates the behavior of the 

building, with a temperature difference between the two 

curves always lower than 1°C. Thus, in this condition, the 

hypothesis of full mix, which is at the base of the model, 

is correct. 

Figure 7: Living room air temperature from Dymola 

(blue) and sensor (pink) 

This sentence is confirmed by Figure 8, in which it 

can be observed that the pure convective air 

temperature trend, at different heights, is almost 

equal.  

 

Figure 8: Living room air temperature registered by 

sensors at 10cm, 110 cm, 170 cm 

On the other side, looking at the graph in Figure 9, it 

may seem that the thermal power calculated with this 

model is much lower than the one that is effectively 

measured. However, it is important to remember the 

assumptions at the base of the model developed in this 

paper. Considering only one air node for the entire 
volume of the thermal zone, means to make the 

assumption that the temperature in the considered 

volume is uniform and equal to the calculated value.  

 

Figure 9: Thermal power provided by the electric 

heater from Dymola (blue) and sensor (pink) 

Table 5: Comparison of the integrals of the power 

between Dymola and the sensor 
 

Thermal Power 

 
Integral of the 

power [kWh] 

Percentage difference of 

Dymola with respect to 

the sensor 

Dymola 93.41 
- 46% 

Sensor 174.58 
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This assumption does not hold in this case, because the 

heating system is an electrical heater in the corner of the 

room. In fact, during the heating process the temperature 

in a room stratifies, with higher values close to the ceiling 

and lower values close to the floor. Furthermore, in these 

conditions, the temperature will be variable from point to 

point; thus, there will be some points very close to the 

electric heater in which the registered temperature will be 

much higher than the arithmetic mean temperature 

considered as uniform in the air node model.  

This observation in confirmed by the fact that looking at 

the air temperature values registered by the sensors at 

different height (Strachan et al., 2016), there is an increase 

of more than 1°C passing from the one at the lowest height 

(10 cm) to the highest (170 cm) as represented in Figure 

10. 

 

Figure 10: Living room air temperature registered by 

sensors at 10cm, 110 cm, 170 cm 

Having higher temperatures means that the heat losses in 

those points will be much higher than the estimated ones, 

thus also the thermal power that has to be provided in 

order to guarantee the desired conditions must be higher.  

This could be one of the main reasons why the electric 

power measured by the sensor is higher than the thermal 

power obtained from the simulation. It is also important 

to remember that, in this model, the amount of solar 

radiation that is transmitted back towards outside has been 

neglected. This can bring to an underestimation of the 

heating load required to guarantee the comfort conditions 

inside the building. In addition, since thermal bridges are 

obtained by an estimation through software, it could be 

possible that not all the as-built wall properties are 

captured. 

Finally, another difference between the model and the real 

system could be related to the fact that, in the model, the 

heating system has been simplified as a pure convective 

component, instead of 30% radiative and 70% convective 

as reported in the specification of the experiment 

(Strachan et al., 2016). 

Comparison with TRNSYS dynamic model 

In order to check if effectively the big difference between 

the results of the model and the values registered by the 

sensor is related to the hypothesis of full mix of the model, 

another comparison has been made, developing the 

model, with the same hypothesis of full mix of the air, in 

TRNSYS 18 using the Type 56.  

For the period in free floating conditions, it has been 

obtained the results reported in Figure 11. In the latter 

graph, it is visible that again, in free floating conditions, 

the two models have results that are very close to each 

other, with maximum positive and negative differences 

always lower than 1°C.  

 

Figure 11: Living room air temperature from Dymola 

(blue) and TRNSYS (orange) 

Finally, from Figure 12, it can be observed that, this time, 

the trends of the thermal power of the two models are 

similar and the integrals of the two curves differs of the 

11%. 

 

Figure 12: Thermal power provided by the electric 

heater from Dymola (blue) and TRNSYS (orange) 

Table 6: Comparison of the integrals of the power 

between Dymola and TRNSYS 

Thermal Power 

 

Integral of 

the power 

[kWh] 

Percentage difference of 

Dymola with respect to 

TRNSYS 18 

Dymola 93.41 
-11% 

TRNSYS 105.54 
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As previously mentioned, in the model developed in 

Modelica, the contributions of the solar radiation that is 

transmitted back towards outside has been neglected. This 

effect could be the main reason why the results obtained 

from Dymola are underestimated of the 11% with respect 

to the ones obtained in TRNSYS 18. Furthermore, the 

other difference between the two models is related to the 

fact that in the Modelica model the dynamic behaviour of 

the envelope component is modeled through a R-C 

network, while TRNSYS 18 uses transfer functions. 

Conclusions 

This paper presented the development and validation of a 

dynamic thermal zone model in Modelica language.  

The main findings of this work are:  

• In free floating conditions, the air temperature inside 

the thermal zone can be considered uniform, thus the 

hypothesis of full mix on which the model is based is 

acceptable 

• When the room is maintained at constant temperature 

using a localized electric heating device, the 

hypothesis of full mix is not acceptable and the results 

of the two models differ of about the 40-50% from the 

values registered from the sensor. In this case, it is 

recommended to modify the model subdividing the air 

volume in n sub-volumes in order to be able to 

reproduce the air temperature distribution inside the 

room. 

• Another important simplification that has been made 

in this model is related to the fact that the amount of 

solar radiation that is transmitted back towards outside 

has been neglected. The authors are aware of the fact 

that this contribution could have some effect on the 

results of the simulation and they have planned to 

include it in future versions of the model. 

• Then, it has to be considered that the thermal bridges 

inserted in the model have been obtained by an 

estimation through software thus, it is not sure that 

they correspond to the real ones.  

• Finally, the heating system has been simplified as a 

pure convective component, while the real system is 

30% radiative and 70% convective.  

In future work the thermal zone model will be expanded 

with an air volume model using finite volume approach 

(Bonvini, Popovac, and Leva, 2014).  

References 

Bonvini, M., Popovac, M. and Leva, A. (2014). Sub-zonal 

computational fluid dynamics in an object-oriented 

modelling framework. Building Simulation 7, 439–

454. 

Dama, A. and Lastaria, F. (2012). Explicit versus implicit 

method for radiative heat transfer in gray and diffuse 

enclosures. International Journal of Heat and Mass 

Transfer 55(13–14), 3829-3833. 

Elmqvist, H. (1997). Modelica – A unified object-

oriented language for physical systems modeling. 

Simulation  Practice and Theory 5(6), 32. 

EnergyPlusTM (2019). EnergyPlus Engineering 

Reference. 

Khatib, H. (2012). IEA World Energy Outlook 2011—A 

comment. Energy Policy 48, 737-743. 

Leva, A., Casella, F. and Zanetti, E. (2018). 

BuildingsAndPlants.  [Online]. Available: 

https://github.com/looms-

polimi/BuildingsAndPlants.git 

Mazzarella, L., Scoccia, R., Colombo P. and Motta, M. 

(2020). Improvement to EN ISO 52016-1:2017 hourly 

heat transfer through a wall assessment: the Italian 

National Annex, Energy and Buildings 210, 109758. 

Strachan, P., Heusler, I., Kersken, M. and Jiménez, M. J. 

(2016). Empirical Whole Model Validation Modelling 

Specification: Test Case Twin_House_Experiment_2 

IEA ECB Annex 58 Validation of Building Energy 

Simulation Tools Subtask 4. [Online]. Available: 

https://pureportal.strath.ac.uk/en/datasets/twin-

houses-empirical-validation-dataset-experiment-2  

Wetter, M. (2017). IBPSA Project 1  [Online]. Available: 

https://ibpsa.github.io/project1/  

  

 

 

 

 
 

 

 

 

 

 

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
1587

 
 

https://doi.org/10.26868/25222708.2021.30430

https://github.com/looms-polimi/BuildingsAndPlants.git
https://github.com/looms-polimi/BuildingsAndPlants.git
https://ibpsa.github.io/project1/



