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ABSTRACT 
 

This paper presents a fundamental parametric study on the effect of a number of room design parameters for radiant 

and convective heating sources as well as solar gains. This study is performed using frequency domain modeling 

approach by means of which important room transfer functions are obtained and studied. A room is considered with 

different types of heating (convective and radiative heating sources) and different levels of thermal mass on the floor. 

The effect of thermal mass and floor covering on the room thermal response considering different types of heating is 

investigated. The magnitude of the transfer functions between room air temperature and the convective heating source 

is a determining factor in the room air temperature fluctuations that affect thermal comfort. Also, in the case of radiant 

heating, the transfer function between room air temperature and radiant heat source can be used to determine the room 

air temperature swings due to the floor radiant heating source. The sensitivity of the magnitude of the transfer functions 

versus different values of convective and radiative heat transfer coefficients is studied and compared. This study will 

guide future model predictive control (MPC) research by means of frequency domain techniques to optimize key 

design variable such as thermal mass thickness and properties for floor heating and convective systems. It will 

contribute to linking building design with MPC. 

 

 

1. INTRODUCTION 
Excessive energy consumption in buildings happens due to a number of reasons including non-optimal building design 

and material selections considering the building type and its energy supply systems. Energy models developed through 

various approaches and techniques have been used as the tools to analyze building energy consumption and to optimize 

their operation. Certain modeling techniques provide valuable information during early stages of design and guide us 

in choosing the optimum material for the building from the thermal performance point of view. 

Frequency domain techniques have been shown to be a useful tool for the design analysis on a relative basis (Athienitis 

1994). By means of the frequency domain modeling techniques important building transfer functions can be obtained 

and studied and for this usually no simulation is required. Also, it has been shown to be a practical tool for building 

simulation and deriving simplified grey-box building models (Saberi Derakhtejani et al. 2015) (Wang and Xu 2006)  

(Xu and Wang 2007). Frequency domain techniques are especially useful for periodic analysis of phenomena inside 

a building. The weather-related inputs affecting energy consumption inside a building such as solar gains, exterior 

temperature and heating/cooling sources are cyclic phenomena and can be modeled by means of frequency domain 

techniques assuming periodic conditions in the calculations. These techniques can be efficiently applied to model 

various building-integrated energy systems (Chen et al. 2013a) (Chen et al. 2013b) and to apply control strategies 

(Athienitis et al. 1990) (Chen et al. 2014).   
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Using frequency domain techniques, the transient heat conduction inside the walls can be accurately modeled with no 

discretization for the thermal mass and an exact solution for 1-D heat conduction inside building envelope or wall is 

obtained (Athienitis and Santamouris 2002). In the case of convection and radiation heat transfer, the respective heat 

transfer coefficients are usually linearized in order to have a linear system of equations that can be presented by means 

of a linear thermal network (Athienitis and O'Brien 2014). Since convection and radiation are inherently non-linear 

phenomena, linearization produces some errors which are relatively significant in the case of convection between 

room surfaces and room air compared to the longwave radiant exchanges between surfaces. In this case, a sensitivity 

analysis on the magnitude of the important room transfer functions considering different values for convective and 

radiative heat transfer coefficients needs to be done.  

 

2. METHODOLOGY   
2.1 Frequency Domain Model  
This section presents the methodology to develop frequency domain models for a room. A thermal network for a room 

is considered which represents the heat transfer between room surfaces and indoor and outdoor temperatures. Walls 

are modeled using the Norton-equivalent representation. This representation gives an exact solution for the 1-D heat 

conduction inside the wall (Athienitis et al. 1990). The level of detail in the thermal network depends on how radiation 

and convection heat transfer are modeled in the room interior zone. Combined radiative-convective heat transfer 

coefficients are often assumed which can be represented by a star network as shown in Figure 1.a. This network is 

used when there are small differences between the surfaces and room air temperature and when the heating source is 

mainly convective. However, in zones with high level of solar gains or in rooms with radiant heating systems, using 

combined heat transfer coefficients can produce significant error in the results. In those cases, convective and radiative 

heat transfer needs to be modeled separately (Figure 1.b). The convective and radiative coefficients are calculated as: 

 
3

i1 i c,i ijconvective radiative   ,   (4 )i ij mU Ah U A F T    (1) 

 Where: 

i  c,i

m

area of surface i convective heat transfer coefficent of surface i,  

radiant exchange factor between surfaces i and j, estimated mean temperature

,  
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A h

F T




 


 

 
 

 

 
In the thermal network above, all the walls and elements with thermal mass are modeled using the two-port Norton-

equivalent subnetwork which consists of the wall self-admittance, Ys , and an equivalent source, Qeq=Yt×Text, which 

represents the effect of an external temperature on the surface temperature. This representation gives an exact solution 

for one-dimensional heat conduction inside the wall without spatial discretization. The wall self-admittance (Ys) and 

transfer admittance (Yt) are calculated using the following equations (Athienitis 1994): 
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  (2) 

Figure 1. Thermal network for frequency domain considering a) combined heat transfer coefficients (left), b) separate 

modeling of convective and radiative exchanges (right). 
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2.2 Building Transfer Functions  
In this section derivation of the building transfer functions for the detailed frequency domain model is presented for 

which the thermal network is shown in Figure 1.b. Node (1) represents the air inside the zone. Energy balance at 

node (1) gives: 

 1

a o 1 o 1,J1 1 J1 aux

J1

( ) ( )
dT

C U T T U T T Q
dt

       (3) 

In which U1,J1 are the convective conductances between the air node and other surfaces (J1=2, 3,…,8), Ca is the 

thermal capacitance of the room air, T is temperature and Qaux is the auxiliary source at the air node (which can be 

equal to zero). Using Laplace transform, equation (3) will be: 

 

 

eq

1

a 1 o 1 1,J1 1 J1 aux o o

J1

( ) ( ) ( ( ) (s)) ( ) ( )

Q

Q

sC T s U T s U T s T Q s U T s       (4) 

where s is the Laplace variable. Now, considering the floor (node (2)), the energy balance equation yields: 

 

 

2

s,2 2 ref 2,J2 2 J2 sg,2 eq,2 rad,2

J2
radiant 0 C solar gain
source

( ( ) T ( )) ( ( ) (s))

Q

Y T s s U T s T Q Q Q

 

        (5) 

where J2=1,3,4,…,8 and U2,J2 are the radiative conductances between floor and other surfaces. The energy balance 

for all the nodes can be written in the form below: 
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or 

8 8 8 1 8 1  Y T Q  

Where Y is the admittance matrix, T is the temperature vector and Q is the source vector. Elements of equation (6) 

are in term of the Laplace variable s and can be calculated at different frequencies (s=jωn, j=√(-1),  ωn=2πn/p, p=24hrs, 

n=harmonic number). 

An important parameter is the impedance matrix Z=Y-1 which contains building transfer functions at different 

frequencies: 

i 1 1

i,j 1,1 1,2

j 1 2

                   ,    ,          
T T T

Z Z Z
Q Q Q

     

The impedance transfer function represents change in temperature of node i resulting from the effect of the source Qj 

at node j. Thus, considering equation (6), temperature of node i for each frequency will be calculated as: 

  

 
8

i i,j j

j=1

T Z Q   (7) 

Studying important building transfer function provides much insight into building thermal dynamics and we can 

evaluate design alternatives on a relative basis without detailed simulation. In the next section application of this 

methodology for a thermal zone is demonstrated. 
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3. MODEL APPLICATION FOR A THERMAL ZONE 
 

3.1 Description of the Thermal Zone 
The thermal zone considered here in this study is a typical office room for which the dimensions are shown in Figure 

2. with the walls considered to be made of gypsum board with RSI 4 insulation for each wall. The south facing façade 

has a 2×3m window area (two thirds of the facade area). The floor is made of concrete and represents the main thermal 

mass in the zone. A similar test room has been built (with different types of auxiliary systems) at Concordia University 

for experiments at the solar simulator /environmental chamber laboratory of Concordia University. 

 
Figure 2. Room (thermal zone) geometry 

 

A detailed frequency domain model shown in Figure 1.b is developed for the room. It is shown how important transfer 

functions in each case can guide us in the evaluating the dynamic behavior of the thermal zone. As an example, one 

of the important transfer functions is Z1,1 which is between the air temperature and the source at the air node. In the 

zones with convective heating/cooling systems this transfer function determines the impact of the convective auxiliary 

load on the temperature of the air in the room. 

 

3.2 Effect of Different Floor Coverings 
Figure 3 shows the magnitudes of the room transfer function Z1,1 at different frequencies (harmonics) for two cases: 

1) without any floor covering that is only concrete floor and 2) when there is a carpet covering on the floor. 

 

 
Figure 3. Comparison of the magnitude of the transfer function Z1,1 with and without carpet cover 
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As it can be observed, the magnitude of the transfer function remains at a higher value in the case of carpet compared 

to the original case with no carpet on the floor. This difference is especially significant for the harmonic range of 1-8 

cycles per day. The higher magnitude values means that for a unique input in the air node, there will be larger room 

air temperature fluctuations when there is a carpet covering on the floor compared to the case of the only concrete 

floor. This is an important observation. If a sinusoidal excitation (an auxiliary heating source) shown in Figure 4 is 

inserted at the air node under a constant outdoor air temperature (-10 ̊ C) the following temperature profiles shown in 

Figure 5 are obtained for the two cases: 

 
Figure 4. Auxiliary heat source profile 

 

 
Figure 5. Air temperature profiles 

 

As expected, larger temperature fluctuations are observed in the presence of a carpet on the floor and without carpet 

a more smooth temperature profile with smaller fluctuations is observed. Smaller fluctuations result in better thermal 

comfort in the zone. This result shows that a floor covering can have a considerable impact on the thermal performance 

of the zone and the occupant comfort. 

 

3.3 Effect of Increasing Thermal Mass  
Figure 6 shows the magnitude of the transfer function Z1,1 considering different thicknesses for the floor concrete. We 

can see that the main difference between magnitudes in different cases is for the first and second harmonics and there 

is not a significant difference between magnitudes for the short-term dynamics, high frequency signals. Also, we can 

see that in the case of the 10cm thick concrete the lowest magnitude (for the first and second harmonics) is observed 

for the transfer function Z1,1 compared to the other cases. Thus, the analysis of this chart gives us an idea for choosing 

an optimum concrete thickness considering different types of auxiliary systems; convective system in this case.  
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Figure 6. Comparison of transfer function Z1,1 magnitudes for different concrete thicknesses 

 

Figure 7 shows magnitudes of the transfer function Z1,2 for a frequency range. We can observe that similar to Z1,1, the 

significant difference is between the magnitude in the case of 5cm thick concrete with the other thicknesses for the 

first and second harmonics. There are no significant differences between other cases. 

 
Figure 7. Comparison of transfer function Z1,2  magnitudes for different concrete thicknesses 
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temperature fluctuations will be. Therefore, we can see that the impact of the floor convective heat transfer coefficient 

is quite significant.  

 
Figure 8. Sensitivity of transfer function Z1,1 to different values of hcf 

 

a similar trend in difference between magnitudes for the transfer function Z1,2 is observed as well (Figure 9). 

 
Figure 9. Sensitivity of transfer function Z1,2 to different values of hcf 
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Figure 10. Room air temperature setpoint profile (left) and its amplitude spectrum (right) 

 
Also, the lowest magnitudes for the shown frequency range belongs to the fourth and fifth harmonics.  Due to its 

specific shape, the setpoint profile has noticeable magnitudes in the frequency range of 10-24 cycles per day. 

Considering the room transfer function equation, Z ≈ dT/dQ, it be can realized that smaller magnitudes for the transfer 

function in a certain frequency range lead to less fluctuations in the room temperature for the change in heat gain due 

to setpoint changes. Therefore, again we can observe that how analysis of the room transfer functions can guide us in 

evaluating different design alternatives and their impact on the room thermal performance.  

With a further look in the energy balance equation of the floor (node 2) we have: 

 
8

1 1,j j 1,1 1 1,2 2 1,8 8 2 floor solar radiant

j=2

 ,     T Z Q Z Q Z Q Z Q Q Q Q Q          

then: 

 

8

1 1,1 1 1,2 solar 1,
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( ) ( ) j j

j

T Z Q Z Q Z Q

Q
Z



  




  (8) 

 

In equation (8), the air temperature (T1) can be considered as a profile (setpoint) and then a radiant floor heating profile 

will be found to maximize the use of the floor solar gain with respect to the desired air temperature in the room. 

From equation (8), it can be see that the transfer function Z1,2 is a significant parameter when looking for the optimum 

heating or air temperature profiles. This reconfirms the significance of the room design parameters on the thermal 

performance of the room. 

 

4. CONCLUSION 

 

This paper presented a frequency domain analysis of the effect of the different room design parameters on the room 

thermal response by means of the building transfer functions. It was shown how a certain floor covering (carpet) can 

affect the room thermal response and increase fluctuations in the room air temperature. Also, considering different 

types of auxiliary systems in a room, an optimum thickness for the floor thermal mass can be found by looking at the 

certain transfer functions depending on the type of the auxiliary heating or cooling system used.  

It was observed that floor convective heat transfer coefficient value has a very significant effect on the steady-state 

magnitude of the transfer functions Z1,1 and Z1,2. In a room with a relatively hot floor compared to the inside air (floor 

with radiant heating system) where large values for the floor convective heat transfer coefficient are observed, the air 

temperature fluctuations are smaller and the more uniform air temperature will result in the better thermal comfort. 

Then, by means of the discrete Fourier transform (DFS), an analysis has been made on the magnitudes of a typical 

room air setpoint profile at different frequencies. It was explained that when the room materials are chosen so that the 



 

 3673 Page 9 
 

4th International High Performance Buildings Conference at Purdue, July 11-14, 2016 

room transfer functions have smaller magnitudes over a certain frequency range (over which air setpoint profile has 

high magnitudes), this would lead to less fluctuations in room temperature due to a change in the room heat gain. 

Frequency domain modeling techniques has been proven to be useful in characterizing building thermal performance. 

The information obtained in this study will be used in the future model-based control studies and model predictive 

control (MPC).   

 
 

NOMENCLATURE 

   
Ui U-value used in calculation of wall i’s self and transfer admittances  

Ai surface area of wall i   

Ys,i self admittance for wall i  

Yt,i                       transfer admittance for wall i 

ki                       thermal conductivity for wall i 

li                       thickness for wall i 

γi                       angular frequency for wall i, equal to (s/α)1/2  

Ca                       thermal capacitance of the internal air  

 

Subscript   

s self  

t          transfer  

i/j                                  node i/j 
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