
 
Abstract—Energy efficient Heating Ventilation Air 
Conditioning (HVAC) systems are required to off-set the rising 
cost of electricity and to reduce the amount of natural resources 
consumed. The implementation of alternative energy saving 
technologies is often not realized due to various factors 
hampering the implementation thereof. Thermally Activated 
Building Systems (TABS) is one of such technologies that utilize 
the inherent heat storage capacity of a building’s concrete 
structure for comfort heating and cooling purposes. The 
concrete’s heat storage capacity and various other factors need to 
be accounted for in order to dynamically predict the heat transfer 
behaviour of such systems. In this study, a commercial software 
program (MS Excel) was used to develop a two-dimensional 
FDM heat transfer model capable of dynamically predicting the 
air and surface temperatures of an enclosure. An experimental 
model was constructed and used to experimentally validated 
temperature predictions obtained from the FDM model. The 
average prediction accuracy of the heat transfer model ranged 
between -0.4oC and +1.4oC for the enclosure’s surface 
temperatures and varied by +0.7oC for the enclosure’s air 
temperature. 

Index Terms — cooling, electricity, energy saving, heating, 
heat storage capacity and natural resources. 

1 INTRODUCTION  
With 40% of the world’s total energy resources 

consumed by the built environment and 50% thereof 
consumed by Heating Ventilation Air Conditioning 
(HVAC) systems in developed countries accounting for 
20% of the total energy consumed [1], the need for 
implementing energy efficient HVAC technologies is well 
defined. A modern-day HVAC technology that utilizes the 
inherent heat storage capacity of the structural concrete 
mass in a building is known as Thermally Activated 
Building System (TABS) or Concrete Core Activation 
(CCA) and is achieved by circulating water through 
hydronic pipe circuits embedded in the concrete ceiling and 
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floor structure of buildings as per Fig. 1. 

   
Fig. 1.  TABS construction installation 

The heat storage capacity of the concrete mass provide 
inertia against temperature fluctuations by either absorbing 
thermal heat (radiation and convection) or releasing 
thermal energy back to the room space environment. It is 
generally accepted that radiant cooling systems are capable 
of maintaining an acceptable indoor environment. This was 
confirmed by a study conducted on a high thermal mass 
radiant cooling system utilizing low energy cooling 
mechanisms [3]. TABS operate as low temperature heating 
and high temperature cooling which increase the efficiency 
of refrigeration machines and heat pumps [2]. Operating 
with warmer than typical chilled water temperatures 
around 18C for cooling, increases the possibility of using 
renewable low temperature gradient energy sources such 
as ground heat exchangers, night-sky radiation cooling, 
solar energy, natural bodies of water and low energy 
sources such as cooling towers. Research conducted at 
Lawrence Berkeley National Laboratory (LBNL) suggest 
that on average radiant cooling systems could save 30% of 
the overall energy consumed by buildings across a range of 
climates representative of North America [4]. Radiant 
cooling systems are still considered an innovative approach 
in North America and their application is limited as 
practitioners of radiant cooling do not fully understand the 
cooling load differences between radiant and air systems. 
Some of the most experienced professionals developed rule 
of thumb methods, for initial design calculations, because 
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an actively cooled surface changes the heat transfer 
dynamics in a room [5]. In addition to the direct heating 
and cooling capacity of the active surface, the effect of the 
concrete’s heat storage capacity must be considered 
together with the indirect cooling obtained from non-active 
room surfaces. In order to better understand the dynamic 
heat transfer behavior of TABS, a Finite Difference 
Method (FDM) heat transfer model was developed capable 
of predicting the heat transfer behavior of an insulated 
enclosure.   

2 EXPERIMENTAL SETUP 
The experimental model consisted of two thermally 

activated concrete surfaces (ceiling & floor) with 
dimensions 1200mm x 1000mm x 100mm (L x W x H) as 
presented in Fig. 2. 

  
Fig. 2.  Concrete ceiling and floor of the experimental model 
being thermally activated by casting hydronic pipe circuits into 
the concrete structure.  

The concrete ceiling and floor was vertically positioned 
1000mm apart by a steel frame with insulated side walls 
enclosing the enclosure. Top and bottom surfaces of the 
concrete ceiling and floor were insulated from the 
warehouse environment where the model was positioned 
and insulation was placed between the metal frame and 
concrete to limit heat bridging. Mass flow meters were 
installed measuring the water flow rate through the 
hydronic pipe circuits with throttling valves used to set the 
desired flow rate as per Fig. 3. The hydronic pipe circuits 
were connected to the water side of a refrigeration cycle 
heat pump/chiller which heated or cooled the water to the 

desired set point temperature. 

  
Fig. 3.  Experimental model positioned in the warehouse with 
insulated side walls and mass flow meters installed to the 
hydronic pipe circuits. 

Hydronic fluid inlet and outlet temperatures, enclosure 
surface and air temperatures together with the 
environmental air temperature were recorded by 
thermocouples and a data logger logging the experimental 
temperatures at 60 second intervals. Fig. 4 illustrate the 
thermocouples mounted on the inside of the enclosure’s 
surfaces with the exposed concrete ceiling and floor 
surfaces visible. 

 
Fig. 4.  Inside view of the experimental model with 
thermocouples recording the enclosure’s air and surface 
temperatures. 

The typical duration of an experiment was 
approximately 2 hours with the enclosure’s air temperature 
heated to 28oC by circulating warm water through the 
hydronic pipe circuits. Cooling water was then passed 



through the hydronic circuits until the enclosure’s air 
temperature reached 22oC.  

3 FDM EQUATIONS 
The FDM was applied to a two-dimensional heat 

transfer environment with the finite difference equation for 
each nodal point derived on the basis of the energy 
conservation principle. Fig. 5 depicts a schematic diagram 
assisting in the derivation of the temperature of a nodal 
point . It exemplifies the situation where two dissimilar 
materials are in contact with each other (1-0) hence 
conduction heat transfer occurs between them, they are at 
the surface of an enclose hence the node is subjected to 
convective and radiation heat transfer with  and  
respectively, there is conduction heat transfer (0-3, 0-4) 
with its other (similar material) neighboring nodal points 
and there may be a change of its internal energy 
corresponding to stipulation of steady or unsteady heat 
transfer conditions. 

  
Fig. 5.  Boundary nodal points with dissimilar materials, 
subjected to enclosure convection and radiation heat transfer.   

Convection heat transfer at nodal point  is determined 
by equation (1), 
                  ↔ = ∆ ℎ ( − )      ( )       
                                                                                        (1)  
 ↔    ↔   ( )  ℎ  (  ℎ  transf  )( ( . )⁄ )  [∆  (    ℎ)( )]     ( )  
 

The average convection heat transfer coefficient ℎ  for 
a horizontal cooled surface facing downward for turbulent 
conditions (  >  2 10 ) is determined by,  = ℎ = 0.14( )  

 (2)  

 and for laminar conditions where ( < 2 10  ), 
 = ℎ = 0.54( )  

 (3)     ( )   ( ℎ)( );    ℎ  ( ( . )⁄ )  ℎ   ( )  [ (  )( )] 
 

For a horizontal cooled surface facing upward the 
average convection heat transfer coefficient for laminar 
conditions ( < 3 10 ) is determined by, 

 = ℎ = 0.27( )  

 (4)  
 
For turbulent heat transfer conditions, no data is available. 
 

The radiation heat transfer determined by, 
 

↔ = ( − ) = ∆ ℎ ( − )        ( ) 

 (5)   ↔    ↔   ( )    ( )     ( )    ( )    ( ⁄ )        ( ⁄ )  [ℎ  (ℎ   )( ( . )⁄ )]   ℎ   
 
The nodal temperature  for unsteady state heat 

conduction is determined from equation (6). 
 = + 2 ( − ) + ( − ) + ( − )− 1.5 + 2 +        (  ) 

 (6)       [  (    )( )] 
 
With the convection constant , =  ℎ ∆  ( ) 

 (7) [  ( )( )] [∆  ( )( )] [  ( ℎ   )( ( . )⁄ )] 
 

And the radiation constant , =  ℎ ∆   ( ) 

      (8) 
 
Where the material property constant is determined by 

equation (9), 



  =    ( ) 
 (9) [Δ  (  )( );   (  ℎ )( )] [  ( ℎ   )( ⁄ )] 
 

And thermal diffusivity  being the ratio of the 
material thermal conductivity to volumetric heat capacity 
expressed in equation (10), 

    =           ( ⁄ ) 
 (10) [  (  )( ⁄ )] [  (    )( ( . )⁄ )] 
 

4 FDM HEAT TRANSFER MODEL 
The FDM model iteratively predicts the enclosure’s air 

temperature by computing two-dimensional heat 
conduction combined with boundary surface radiation and 
convection heat transfer. Enclosure walls are treated as 
non-conducting (adiabatic) walls with a half-volume 
boundary nodal point predicting the surface temperature of 
the insulated four walls. Fig. 6 below is a simplified 
diagram illustrating the FDM heat transfer process. 

 
Fig. 6.  Simplified diagram of the FDM heat transfer 

process.   
Experimental data (temperatures of the air, the 

enclosure’s surfaces, the inlet and outlet temperatures of 

the water in the hydronic pipe circuit and its mass flow 
rate) were used to validate FDM predictions. The FDM 
model predicts the temperature of the pipe wall nodal point 
in contact with the heat transferring fluid based on the 
experimental fluid inlet temperature, fluid mass flow rate 
and amount of heat transfer (forced convection) between 
the pipe wall nodal point and bulk fluid temperature. The 
heat transfer to the bulk fluid temperature enters through 
the pipe wall in contact with the concrete through 
conduction. The FDM model further predicts the 
respective nodal temperatures positioned 5mm apart 
throughout the thermally activated concrete ceiling and 
floor up to the enclosure’s boundary surface nodal points. 
Boundary surface nodal points transfer heat by radiation to 
the other surfaces’ nodal points of lower temperature and 
also transfer heat by convection with the enclosure’s air 
matched by its internal energy change. MS Excel was used 
as computational FDM platform iteratively solving nodal 
temperatures as illustrated in Fig. 7. 

 
 

 
Fig. 7.    FDM pipe wall nodal temperatures solved in Excel. 

  
Material thermo-physical properties are input values in 

the FDM model. The material density, specific heat 
capacity, thermal conductivity and nodal mesh dimensions 
can be adjusted in the FDM model. The material properties 
data input page for the enclosure’s side walls are presented 
in Fig. 8.  



   
Fig. 8.    Material properties data input page to the enclosure’s 
side walls.  

Convection heat transfer coefficients are dynamically 
solved with the Excel program and the simultaneous set of 
algebraic radiosity equations are solved using the Excel 
Solver Function illustrated in Fig. 9. 

 
Fig. 9.    MS Excel solver function used to solve the set of 
simultaneous algebraic radiosity equations. 

 The MS visual basic macros function was used to 
automate the iterative calculation process and manage the 
exchange of data between files as the solver function could 
not operate simultaneously with the FDM spreadsheet due 
to computational limitations. Fig. 10 illustrate the macro 
code used for these purposes. 

 
Fig. 10.    The MS visual basic macros function was used to 
automate the FDM process and manage the exchange of data 
between files. 

5 RESULTS 
Experimental validation of the FDM heat transfer 

model is presented in the section that follows. Enclosure 
air and surface temperatures were experimentally validated 
together with hydronic pipe circuit fluid outlet 
temperatures. Experimentally validated enclosure surface 
temperatures for an experiment with ceiling and floor 
cooling is presented in Fig. 11. 

    
Fig. 11.    Experimentally validated enclosure temperatures for 
an experiment with ceiling and floor cooling with hydronic fluid 
mass flow rate of 60 l/h. 

Average enclosure temperatures are presented in Table 
I comparing experimental temperatures with FDM 
predicted values.  

k1 (W/m.K) 0,035

x1 (m) 0,005

y (m) 0,005
ρ1 (kg/m3) 20,6

Cp1 (J/kg.K) 1500

α1 (m2/s) 1,13269E-06

M1 (x1
2

./α1.dθ)(dimensionless) 2207142,86
x1/2+x2.k1/(2k2) 0,0026

k2 (W/m.K) 0,45

x2 (m) 0,0014

ρ2 (kg/m3) 938

Cp2 (J/kg.K) 2100

α2 (m2/s) 2,2845E-07

M2 (y2/α2.dθ)(dimensionless) 10943333,33

M2 (x2
2

./α2.dθ)(dimensionless) 857957,33

x2k2x1/(2k1)+x2
2/2 0,00005
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Table I.  Average experimental enclosure air, ceiling, floor and 
wall temperatures compared to FDM predicted enclosure 
temperatures. 

Average Temperature 
(oC) 

Air 
(oC) 

Ceiling 
(oC) 

Floor 
(oC) 

Wall 
(oC) 

Experimental Value 24,9 25,7 23,6 24,7 

FDM Predicted Value 25,6 25,3 24,2 26,1 
 
The ceiling hydronic fluid outlet temperature are 

presented in Fig. 12 with the average FDM predicted 
ceiling outlet temperature being 19.7oC compared to the 
experimental ceiling outlet temperature of 19.1oC. 

 

 
Fig. 12.    Experimentally validated ceiling hydronic fluid outlet 
temperature with 60 l/h fluid mass flow rate. 

Fig. 13 illustrate the experimentally validated floor 
hydronic fluid outlet temperature with the FDM predicted 
value being 19.5oC compared to 20.5oC for the 
experimental hydronic outlet temperature. 

 
Fig. 13.    Experimentally validated floor hydronic fluid outlet 
temperature with 60 l/h fluid mass flow rate. 

6 CONCLUSION 
Energy efficiency in the built environment is of crucial 

significance and alternative technologies such as TABS 
have the potential to lower energy consumption and save 
operating costs on buildings. Predicting the dynamic 
behaviour of TABS is one of the inhibiting factors 
hampering the implementation thereof. Applying FDM 
heat transfer enclosure air and surface temperatures as well 
as hydronic fluid outlet temperatures can be predicted 
which is useful in determining HVAC cooling capacity. 
The average FDM predicted enclosure surface temperature 
accuracy varied by -0.4oC for the ceiling, +0.6oC for the 
floor and +1.4oC for the wall surfaces with the predicted 
enclosure air temperature varying by +0.7oC. The average 
predicted ceiling hydronic fluid outlet temperature varied 
by +0.6oC with the predicted floor outlet temperature 
varying by -1.0oC. This concludes that FDM heat transfer 
can be applied using a commercially cost-effective 
software program such as MS Excel to accurately predict 
the heat transfer behaviour of TABS. 
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