
   

     

2014 ASHRAE/IBPSA-USA 
Building Simulation Conference 

Atlanta, GA 
September 10-12, 2014 

 
ADAPTIVE AND PREDICTIVE CONTROL OF THERMALLY ACTIVATED 

BUILDING SYSTEMS 
 

Martin Schmelas1, Thomas Feldmann1, and Elmar Bollin1 
1Offenburg University of Applied Sciences, Offenburg, Germany 

 

ABSTRACT 

The paper shows a completely self-learning and 
predictive method for the control of Thermally 
Activated Building Systems (TABS). The novel 
algorithm is based on a multiple linear regression 
technique and implemented in MATLAB. The building 
and TABS model are created under the simulation 
environment TRNSYS. Compared to conventional 
control strategies of TABS no parameterization of 
heating and cooling curves is necessary and the thermal 
comfort is improved. 

INTRODUCTION 
The worlds´ primary energy demand increased by 49 % 
and the associated CO2 emissions by 43 % from 1984 to 
2004. It is predicted that this trend will continue. The 
building sector is one of the main consumption sectors 
of energy worldwide. In 2004, final energy consumption 
of buildings in the European Union (EU) was at a share 
of 37 %, which was higher than that of the industry with 
28 % and the transportation sector with 32 %. Heating, 
ventilation and air conditioning (HVAC) services are 
accountable for almost the half of the final energy 
consumption of buildings (Pérez-Lombard, et al., 2008). 
Thermally Activated Building Systems (TABS) are 
known as an energy efficient and economical possibility 
for cooling and heating of buildings. TABS have a large 
transfer area and therefore they only require supply 
temperatures near the room temperature, which makes 
low temperature appliances (e.g. heat pumps) very 
suitable. Furthermore the thermal mass of the building 
flattens peaks and could be used as short term storage 
for shifting loads.   
The huge thermal inertia of TABS also represents a 
challenge in the control of such systems. Conventional 
control strategies for TABS have been presented by 
(Meierhans, 1996; Olesen, et al., 2002;  Olesen, 2002). 
The most widely used strategy is the supply temperature 
control depending on the historical mean outside 
temperature over the last 24 hours. Linear equations 
describe the dependency of these two variables and are 
called heating and cooling curve. There is always the 
question how to define the parameters of this curve. 

There are design tools available, for example TABS 
Control (Tödtli, 2009), but planned internal gains often 
differ from real internal gains. The result is that the 
parameterization of the curve has to be done by experts 
during the operation time of the TABS over a long time. 
The internal gains have to be the same over this time. If 
the gains change, the curve will have to be calibrated 
again. Because of using historical outside temperatures 
it is also not possible to react to changes in the weather 
pattern or to consider solar gains through a window. 
This paper presents a new control strategy for TABS, 
which considers all the difficulties and disadvantages of 
the conventional control strategies through a self-
learning (adaptive) and predictive control of TABS. 
The algorithm is based on a multiple linear regression 
technique and offers the possibility to learn from 
historic operation of TABS. Therefore no 
parameterization is necessary. Predicted mean ambient 
temperatures and mean solar irradiation provide the 
possibility to react to changes in weather conditions.   

SIMULATION 

Properties of the simulation 
All properties used in the simulation of the office as 
well as the TABS settings are shown in Table 1. 
Figure 3 shows an illustration of the TABS settings, 
which are shown in Table 1. The office has standard 
dimensions of a typically office room for two persons. 
The office building model is located on the ground 
floor. In the model one façade is in contact with the 
outdoor conditions and there is a window that is 
oriented to the west, and which is provided with an 
automatic shading device. It is assumed that the internal 
walls and the ceiling have the same boundary 
temperatures such as the office model itself. The 
internal loads have been chosen according to ISO 7730 
(2006-03) for office buildings. The occupancy rate is 
from seven o’clock in the morning to five o’clock in the 
evening on weekdays and can be seen in detail in 
Figure 1. The two additional computers with monitors 
correspond to the schedule in Figure 1. The internal 
gains from lights are depending on radiation through the 
window and the occupancy factor. On weekends there is 
no occupancy, and thus no internal gains from people, 
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machines and lights. The building and TABS simulation 
was performed with TRNSYS (Solar Energy 
Laboratory, Univ. of Wisconsin-Madison, 2009). 
 
Table 1: properties of the office and the TABS used in 

simulation 

office dimensions 5.15×2.76×2.88 m³ 
(16.9×9.06×9.45 ft³) 

ground floor   
standard concrete 0.08 m (0.26 ft) 

polyurethane 0.15 m (0.49 ft) 
one external wall   

bricks 0.1 m (0.33 ft) 
polyurethane 0.1 m (0.33 ft) 

plaster 0.01 m (0.033 ft) 
three internal walls   

plasterboard 0.012 m (0.039 ft) 
standard concrete 0.08 m (0.26 ft) 

plasterboard 0.012 m (0.039 ft) 
TABS settings   

position ceiling 
polyurethane 0.1 m (0.33 ft) 

standard concrete 0.14 m (0.46 ft) 
TABS pipes   

standard concrete 0.14 m (0.033 ft) 
plaster 0.01 m (0.033 ft) 

pipe spacing 0.2 m (0.66 ft) 
pipe outside diameter 0.02 m (0.066 ft) 
pipe wall thickness 0.002 m (0.0066 ft) 

pipe wall conductivity 0.35 W/mK 
(0.202 Btu·ft/h·ft²·°F ) 

specific mass flow 12.67 kg/(hm²) 
2.6 lb/(ft²h) 

window   

U-value 1.4 W/m²K 
(0.25 Btu/h·ft²·°F) 

window dimensions  
(west orientation) 

1.5x1.5 m² 
(4.9x4.9 ft²) 

automatic shading  
depending on  

radiation and occupancy 
  

internal gains   

2 people 
seated, light work, typing 

300 W (150 W sensible/ 
150 W latent) 

(1023.64 Btu/h) 

2 PC with monitor 280 W 
(955.4 Btu/h) 

light depending on  
radiation through the  

window and use of office 

5 W/m² 
(1.58 Btu/h·ft² ) 

infiltration 0.6 1/h 
occupancy s. Figure 1 

clime Freiburg (GER) 
 

 
Figure 1: occupancy factor of the office building model 
during weekdays and weekends in dependency of time 

of day 

Description of applied conventional control 
strategies 
As comparison strategies for the evaluation of the 
presented new algorithm, three conventional strategies 
are used. 
The first applied control strategy is the supply 
temperature control depending on historical mean 
outside temperature. This is the most widely used 
control of TABS. The parameters of the cooling and 
heating curve of this strategy are identified by the 
design tool “TABS Control”. The method is also known 
as the Unkown-But-Bounded or UBB method (Tödtli, 
2009). To estimate the parameters of the cooling and 
heating curve it is necessary to know all TABS and 
building construction data. Besides these data it is also 
required to know the bounds of the internal heat gains 
for every hour including the solar radiation. It is 
possible to choose an upper and lower room 
temperature setpoint to differ between summer and 
winter room temperature setpoint. If the cooling curve 
is below the heating curve, it is no longer possible to 
maintain the thermal comfort for all situations 
(Gwerder, et al., 2008). This is due to the high internal 
gains in this simulation. However, these are not unusual 
for an office room in Germany. In (Gwerder, et al., 
2008) it is suggested an additional heating and cooling 
system in this case. Between the heating and cooling 
curve, there is usually a neutral zone (between heating 
and cooling limit) in which there is neither heating nor 
cooling. Here the influences of the outside temperature 
and the internal gains by people, machines, and solar 
radiation have the same amount so the thermal comfort 
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of the room can be maintained without heating and 
cooling. In this case, no thermal energy and no energy 
for the TABS pump are needed. When the cooling 
curve is below the heating curve, it is not defined what 
happens between the heating and cooling limits. 
Therefore, an average of the calculated heating and 
cooling limits is established. The new cooling and 
heating limits are computed by adding and subtracting 
2 °C to this average value. The following heating and 
cooling curves are identified and applied in the 
simulation: 

• heating curve: TSW = -0.2833· T̅amb + 25.469 °C 
• cooling curve: TSW = -0.2297· T̅amb + 23.697 °C 
• heating limit: 8.7 °C 
• cooling limit: 12.7 °C 
• in between: TABS off 

 
The upper and lower setpoint room temperature is 
20 °C and 24 °C in winter and 23 °C and 26 °C in 
summer. 
Because in the analysis it was found that the thermal 
comfort often cannot be maintained, the heating and 
cooling curve were optimized manually. The optimized 
heating and cooling curve is the second comparison 
strategy. For this purpose, the parameters were chosen 
as follows: 

• heating curve: TSW = -0.2833· T̅amb + 25.469 °C 
• cooling curve: TSW = -0.2297· T̅amb + 26.5 °C 
• heating limit: 7 °C 
• cooling limit: 16 °C 
• in between: TABS off 

 
The third applied control strategy is based on the 
second control strategy. The parameters of the heating 
and cooling curve are the same as well as the heating 
and cooling limits. In contrast to the second strategy, 
forecasts of the mean ambient temperature were used.    
The operation time of the presented conventional 
strategies is always 24 hours per day except in between 
the cooling and heating limits. 

Heat transfer and thermal resistance calculation 
In (Koschenz & Lehmann, 2000) an approach to 
calculate the heat transfer in the slab and from the slab 
to the upper and lower room is presented. This 
approach is based on a thermal resistance model, which 
is schematically presented in Figure 2. 
The parameter Rt (TABS resistance) represents the 
resistance between supply temperature TSW and mean 
core temperature T̅k. The mass flow, the geometrical 
and material characteristics are represented by this 
parameter. 

 
Figure 2: thermal resistance model for TABS to 

calculate the heat transfer in the slab and from the slab 
to the upper and lower room 

 
The TABS resistance can be calculated with the Eqs. 
(1) - (4) and a connection in series of the single 
resistances (Eq. (5)). A graphical representation of the 
resistance network is illustrated in Figure 3. The 
specific mass flow ṁsp refers to the TABS area. 
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Rt = Rw + Rp + Rx + Rz    (5) 
 

 
Figure 3: construction of TABS with pipes in 

construction element core, resistance network with 
supply temperature to mean core temperature 
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With help of the TABS resistance Rt, measurements of 
the supply and return water temperature and the specific 
mass flow, a mean core temperature can be calculated 
with Eq. (6). If there is no mass flow, the mean core 
temperature of the next time step can be calculated with 
Eq. (7). The floor/ceiling construction thickness d, the 
density φ and the specific heat capacity c represent the 
storage parameters. The total heat transfer q̇ua from the 
mean core temperature to the upper and lower room 
temperature is calculated with the Eqs. (8) – (12).  
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The heat transfer coefficient of the activated 
construction element surface to the air is assumed 
according to DIN EN 1264-5 (2009-01) with constants 
from Table 2. 
 

Table 2: heat transfer coefficients from surface to air 
for different applications of TABS 

application α [W/(m²K)] α [Btu/h·ft²·°F] 

floor heating 10.8 1.9 

floor cooling 6.5 1.14 

wall heating 8 1.41 

wall cooling 8 1.41 

ceiling heating 6.5 1.14 

ceiling cooling 10.8 1.9 
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The transfered heat energy from the heat source (e.g. 
heat pump) to the TABS can be calculated with 
Eq. (13). 

)(
..
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Multiple linear regression 
The regression analysis is a method for determining the 
relationship between independent variables and a 
dependent variable. Multiple linear regression (MLR) is 
an extension of the simple linear regression. In contrast 
to the simple linear regression, more than one 
independent variable may be used in the MLR. The 
general form of the MLR is: 

ppi XXY ββα +++= 11
                     (14) 

 
In this case, two independent variables are used to 
perform the calculation. These are the main factors 
influencing the thermal energy demand of a building, 
namely the mean ambient temperature T̅amb and mean 
solar irradiation I̅glob. Eq. (15) shows the shape of the 
applied MLR. A non-adaptive control algorithm for 
TABS also based on a MLR was described in detail in 
(Schmelas & Bollin, 2013). 
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For the calculation of the thermal energy demand 
Q1,MLR, an upper and lower correction value is 
calculated according to Eq. (16) and Eq. (17). This 
correction value is calculated only in the periods in 
which persons are present. In the simulation, the 
setpoint room temperatures TR1,set and TR2,set are based on 
the moving average outdoor temperature as well as the 
requirements of ISO 7730 (2006-03) and DIN EN 
15251 (2007-08). 

)T(TUq
_

Rset,Rcorr,

.

1111 −=                 (16) 

)T(TUq
_

Rset,Rcorr,

.

2222 −=                (17) 
 
All energy flows are integrated over one day based on 
Eq. (18), where t0 is the beginning of the day and t1 
represents the end of the day. 
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For all temperatures and irradiations an average value 
for an entire day according to Eq. (19) is formed. 
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The thermal energy demand Q1,MLR of Eq. (15) is 
calculated according to Eq. (20). To the total 
transferred energy from the TABS to the upper and 
lower room Qua the correction value Q1,corr is added. 
The correction value includes the deviation between the 
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real historic room temperature and the setpoint room 
temperature.  

corr,uaMLR, QQQ 11 +=                (20) 
 
The MLR control algorithm is implemented in 
MATLAB (MATLAB, 2012) and coupled via TYPE 
155 with TRNSYS. 

Flow chart of the algorithm 
Figure 4 shows a detailed flow chart of the applied 
algorithm. First of all the TABS parameters as well as 
the ceiling and floor construction must be adjusted 
once.  

 
Figure 4: flow chart of adaptive and predictive multiple 

linear regression algorithm 

By the use of the measured values of supply 
temperature TSW, return temperature TRW, the room 
temperatures TR1 and TR2 as well as the mass flow ṁ, the 
TABS resistance Rt, the heat transfer coefficients U1 
and U2 and the mean core temperature T̅k can be 
calculated. Furthermore, the energy flow introduced by 
the TABS q̇mc and the energy flow upwards q̇1 and 
downwards q̇2 can be estimated. Due to the setpoint 
room temperatures of the next day, the correction values 
q1,corr and q2,corr are determined. These calculations are 
repeated with each time step Δτ until the end of the day 
is reached. At the end of the day mean values of the 
ambient temperature and the radiation according to 
Eq. (19) and energy sums according to Eq. (18) are 
computed. Through the MLR from Eq. (15) the 
parameters a, b and c are determined. To calculate the 
energy required for the next day, the predicted mean 
ambient temperature T̅amb,pred and the predicted mean 
irradiation I̅glob,pred are used. By Eq. (21) and Eq. (22), 
the supply temperature as well as the TABS switch-off 
mean core temperature T̅k,off  are computed for the next 
day. The TABS operation time τTABS can be freely 
selected, but it is only for orientation purposes. It does 
not always correspond to the exact TABS operation 
time.  
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R is the parallel connection of the resistances R1 and R2. 
A resistance corresponds to the reciprocal value of the 
heat transfer coefficient U. 
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The process is repeated every day.  

DISCUSSION AND RESULT ANALYSIS 
Four different control strategies of TABS are compared. 
The room temperature setpoints are adapted to ISO 
7730 and DIN EN 15251, as good as possible. The 
three conventional control strategies have been 
described in the chapter “Description of applied 
conventional control strategies”. For the algorithm, a 
sliding window method is used with 21 historical 
working days and 21 historical weekend days. Within 
the boundaries of -1000 Wh < Q1,MLR,pred < 1000 Wh the 
pump of the TABS is not in operation. On weekends 
variable setpoints for the room temperature are chosen, 
depending on which temperature the energy demand is 
at its lowest. The evaluation of thermal comfort is based 
on operative room temperatures, which are formed 
according to Eq. (23) and the moving average ambient 
temperature in accordance with ISO 7730 and DIN EN 
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15251. In the evaluation only time periods are taken 
into account, in which people are in the room.  

2
)T(TT mrR

op
+

=                                     (23) 

 
Figure 5 shows the quarter-hourly simulated operative 
room temperatures plotted against the moving average 
ambient temperature during the presence of users. 
Table 3 shows the corresponding comfort categories 
depending on whether it is a winter or summer season. 
In the two standards a winter season is defined as a 
moving average ambient temperature less than 10 °C 
and a summer season with temperatures greater than 
15 °C. In between, the boundaries are linearly related. 
 

Table 3: thermal comfort requirements for an office 
room according to ISO 7730 and DIN EN 15251 

Category Operative temp. 
winter  

Operative temp. 
summer 

I 22.0 ± 1.0 °C 
(71.6 °F ± 1.8 °F) 

24.5 ± 1.0 °C 
(76.1 °F ± 1.8 °F) 

II 22.0 ± 2.0 °C 
(71.6 °F ± 3.6 °F) 

24.5 ± 1.5 °C 
(76.1 °F ± 2.7 °F) 

III 22.0 ± 3.0 °C 
(71.6 °F ± 5.4 °F) 

24.5 ± 2.5 °C 
(76.1 °F ± 4.5 °F) 

 

The standard specifications require at least to maintain 
category II for office buildings. The parameter 
identification of the heating curve with TABS Control 
does work satisfactorily in winter. In summer, the 
operative temperatures are too low. Therefore, a 
manually optimized cooling curve was used in strategy 
b and c. The only difference between the two strategies 
is that instead of past mean ambient temperatures 
predicted mean ambient temperatures are used for the 
determination of the supply temperature. 
In Figure 6, the percentage distribution in the 
occupancy of one entire year for the different categories 
as well as for the different control strategies is shown. 
In comparison of strategy b to strategy c, it can be seen 
that the thermal comfort can be improved with 
forecasts. The highest thermal comfort could be 
achieved with the adaptive and predictive MLR 
algorithm. With this control algorithm, the minimum 
comfort requirements of category II can be maintained 
in 98 % of the year, despite the high internal gains. 
Another evaluation criterion of control strategies is the 
energy consumption, which is shown in Figure 7. Again 
it can be shown by a comparison of strategy b and c, 
that not only the thermal comfort can be improved by 
using forecasts, but also the energy consumption can be 
reduced slightly. The MLR algorithm compared with 

Figure 5: quarter-hourly simulated operative room temperatures plotted against the moving average ambient 
temperature during occupancy according to ISO 7730 / DIN EN 15251 for four different control strategies of TABS 
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the manually optimized heating and cooling curves of 
strategy b and c has a higher energy consumption. This 
is mainly due to the increase of thermal comfort. What 
has not been considered in the analysis of the energy 
consumption is the energy for the auxiliary pump. The 
conventional strategies are operated with a pump 
operation time of 24 hours per day. The MLR algorithm 
operates on average only 12 hours a day, which also 
leads to energy savings. 
  

 
Figure 6: percentage distribution of thermal comfort 

during the occupancy according to ISO 7730 and DIN 
EN 15251 for four different control strategies of TABS: 
control with historic mean ambient temp. according to 

TABS Control (strategy a); optimized control with 
historic mean ambient temp. (strategy b); optimized 

control with predicted mean ambient temp. (strategy c); 
adaptive and predictive MLR algorithm (MLR) 

 

 
Figure 7: thermal energy consumption for one year and 
four different control strategies of TABS: control with 

historic mean ambient temp. according to TABS 
Control (strategy a); optimized control with historic 
mean ambient temp. (strategy b); optimized control 

with predicted mean ambient temp. (strategy c); 
adaptive and predictive MLR algorithm (MLR) 

 

Change of internal gains 
The main advantage of the presented novel MLR 
algorithm is besides the improvement of the thermal 

comfort the adaptability. To show how well it works, a 
change in the internal gains is shown in Figure 8. 
Instead of two people only one person is present in the 
office room. The computers with monitors are switched 
off similarly to the people. The top figure shows a 
change in the internal gains in the summer at hour 4864 
of the simulation. The bottom figure shows the same 
changes in the winter at hour 1176. 
The halving of the internal gains by people and 
computers are not a problem for the algorithm. After 
only one week in the summer case and zero days in the 
winter case are the operative room temperatures almost 
in category II again and thus within the thermal comfort 
range according to the standard. The adaption time 
highly depends on the size of the sliding window. 21 
days was found as a good assessment between 
adaptability and stability of the plane in this simulation 
case. 
 

 
Figure 8: change of internal gains from 2 persons to    

1 person (including computers with monitors) in winter 
and summer time (time of the change is marked with a 

black line) 
 

CONCLUSION 
This paper presents an adaptive and predictive 
algorithm based on multiple linear regression, to control 
thermally activated building systems (TABS). 
Compared to conventional control strategies this new 
algorithm increases the thermal comfort and provides 

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

78



   
 

the possibility of adaptability. The parameterization of 
the heating and cooling curve, which has normally to be 
done during the operation time of the TABS from 
experts over a long time, can be avoided. On changes in 
internal gains (for example by change of tenants) it can 
be reacted automatically. By including weather 
forecasts it is possible to react on changes in weather 
conditions to maintain the thermal comfort standards. 
Due to comparatively simple calculation methods, the 
algorithm can be easily integrated into a building 
automation system.  
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NOMENCLATURE 
A area [m²] 
c specific heat capacity [J/KgK] 
d thickness [m] 
dp pipe wall thickness [m] 
dx pipe spacing (center to center) [m] 
I irradiance [W/m²] 
ṁ mass flow [kg/h] 
Q energy [Wh] 
Q̇ heat flow [W] 
q̇ specific heat flow [W/m²] 
R thermal resistance [m²K/W] 
T temperature [°C] 
U, α heat transfer coefficient [W/m²K] 
δ pipe outside diameter [m] 
λ thermal conductivity [W/mK] 
τ time [h] 
φ density [kg/m³] 

INDICES 
amb ambient 
concr concrete 
corr correction 
glob global 
hist historic 
k core 
mc from supply and return water 
MLR multiple linear regression 
mr mean radiant 
op operative 
p pipe 
pred predictive 
R room 
R1 room 1 

R2 room 2 
RW return water 
set setpoint 
sp specific 
SW supply water 
TABS thermally activated building system 
ua from heat transfer calculation 
w water 
x x direction 
z z direction 
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