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ABSTRACT 
This paper presents a simulation study of predictive 

control strategies to reduce and shift peak load in a zone 

of a perimeter office with floor heating, convective 

cooling and various floor configurations while 

maintaining acceptable comfort conditions. A case study 

is considered where a building automation system 

controls the floor heating, convective cooling and shades. 

For the specific case study considered, the 

window-to-wall ratio is 75%, resulting in high solar 

gains. These solar gains are useful in winter but in 

summer they need to be reduced by controlling the 

shades to reduce total cooling load. The simulations 

results show that an exposed concrete floor (no carpet) 

can lead to significantly lower peak (about 40% in 

cooling and 45% in heating) in the auxiliary 

heating/cooling as compared to a carpeted floor. 

INTRODUCTION 
Most existing algorithms in building control use simple 

feedback loops to correct the difference of the measured 

output from the reference value (setpoint). Model-based 

predictive control (MPC) utilizes forecasted weather and 

occupancy patterns in a mathematical model of the 

zone/building which decides what the best action for the 

near future is. (A.K. Athienitis and W. O’Brien 2015). 

MPC is noticeably more beneficial when a thermal 

energy storage (TES) system or a significant building 

thermal mass are used, since this may allow optimizing 

its charge and discharge as a function of the expected 

power load and energy cost profiles.(Candanedo, 

Dehkordi, and Stylianou 2013). 

MPC is suitable for slow responding systems such as 

buildings. Characterizing the system’s dynamic 

response can optimize its performance.(Sakellariou 

2011). An MPC algorithm can determine the optimal 

setpoint trajectory for the room temperature that can be 

close to the charging and discharging rate of the thermal 

mass in order to reduce and shift the power peak. 

Some preliminary steps may detect the opportunities in 

which knowledge of future weather and occupancy 

inputs may be helpful. (A.K. Athienitis and W. O’Brien 

2015). Typical information that can be gathered includes 

the characteristics of the energy carriers that are used, 

the energy storage capabilities of the building, the 

control variables and weather and occupancy profiles. 

This paper focuses mainly on the energy storage in 

building thermal mass and examines the effect of its size 

and cover. Thermal mass is an important element in 

predictive control. It can store thermal energy and 

release it later, reducing the heating or cooling load of 

the building system. (Balaras 1996)(Chen 2013). Pre-

conditioning of a space can shift the peak load forward 

and reduce the peak. The amount of thermal mass and 

the thermal coupling with the thermal zone are crucial to 

avoid large temperature fluctuations and maintain 

thermal comfort in the room. (Chen 2013)(ASHRAE 

2007). The type and thickness of the material covering 

the floor are also important parameters in the design of 

radiant floor heating systems. (Jin et al. 2010) 

Typically, a carpet has very low thermal conductivity 

(0.06 W/moC) as compared to concrete (about 1.7 

W/moC; depending on density). (ASHRAE 2009). 

Therefore, the carpet introduces a thermal resistance that 

reduces the effectiveness of concrete as thermal mass. 

Also, a carpet blocks the direct solar gains from charging 

the concrete layer under it. 

For this specific case study the control variables are the 

room temperature setpoint as a function of time (setpoint 

profile) and the positions of the motorized blinds. The 

room considered has radiant floor heating with hydronic 



 

pipes and an active chilled beam (ACB) on the ceiling. 

Radiant floor heating is simulated as auxiliary heat at the 

floor node and ACB as convective cooling and heating 

at the room air node. A light sensor is placed on the 

ceiling and the floor is covered with a carpet. At the 

control strategy different set point profiles are tested in 

order to reduce the peak load.(Date, Athienitis, and 

Fournier 2015) 

Simulation results present the effect of the carpet in 

reducing peak load and total load. Moreover, the carpet 

significantly affects temperature swings in the room and 

consequently the thermal comfort. 

METHODOLOGY AND MODEL FOR USE 

IN MPC 
The method used to simulate the room is the explicit 

Finite Difference Method (FDM).(Athienitis A.K. and 

Santamouris M. 2002) The floor is discretized into two 

control volumes and the wall and ceiling room-side layer 

(gypsum board) is represented by one control volume. 

Combined convective and radiative heat transfer 

coefficients, constant with temperature are used. 

The auxiliary heat is applied, with proportional control, 

at the air node when convective heating/cooling is 

simulated and at the floor lower control volume of 

concrete layer in case of radiant floor heating. The side 

walls of the office are considered to connect to similar 

offices and thus to be adiabatic.  

The building is located in Laval, Quebec, Canada and 

the considered office is located on the front façade that 

is oriented 50 degrees west of south. Its floor area is 

15.25 m2 and its height 2.51 m. The window-to-wall 

ratio (WWR) is 75%, which results in high solar gains.  

The internal wall layers are gypsum board and insulation 

and have a total thermal resistance of 5 oC*m2/W. The 

floor is comprised of a 2 cm layer of carpet, a layer of 

concrete and a layer of insulation. Its total thermal 

resistance varies from 1.75 oC*m2/W to 1.3 oC*m2/W, 

depending on the thickness of the concrete and the 

presence of the carpet. Material properties are presented 

in Table 1. 

The uncarpeted concrete floor can store 1.136 kWh per 
oC. When the floor is covered with a carpet, an extra 

resistance (0.333 oC*m2/W) is added in series, reducing 

the charging the floor thermal mass by solar gains and 

also reducing the heat transfer from the concrete to the 

room. 

Figures 1 and 2 present the explicit FDM equations and 

the thermal network of the room in radiant floor heating 

mode, with a carpeted floor. The auxiliary heat is applied 

at node 4 (lower control volume of the concrete). When 

convective heating/cooling is simulated, the auxiliary 

heat is applied at node 1. 70% of the transmitted solar 

radiation is assumed to be adsorbed on the floor and 30% 

on the other interior surfaces. 

Table 1. Materials Properties 

 ρ (kg/m3) cp (J/kgoC) k (W/moC) 

Gypsum 

board 
800 750 0.16 

Concrete 

floor 
2200 800 1.7 

 

 

 

Figure 1. Explicit FDM Equations for radiant floor 

heating. Energy balance equations (written in Mathcad) 

for each node with p indicating the present time point and 

p+1 the next time point 



 

 

Figure 2. Room thermal network 

 

SIMULATIONS 
Simulations are performed for an exposed and a carpeted 

floor in cooling (convective) and heating (convective 

and radiant floor) mode.  For both cases, clear sunny day 

profiles are used (a hot sunny day in the summer and a 

cold sunny day in the winter). 

Initially, in the simulations the motorized blinds are 

assumed to be fully open, in order to present the 

potential effect that the carpet has on peak load and total 

load and also on temperature swings in the room. The 

response of the zone is tested for different setpoint 

profiles (constant, night setback, ramp function) of room 

air temperature. The setpoint profiles are presented in 

Figure 3.  

Different floor configurations are studied to present the 

potential of thermal energy storage in the room. 

Simulation studies include carpeted and uncarpeted 

floor and a comparison of two concrete thicknesses, 10 

cm and 15.24 cm. 

Finally, a control strategy is recommended for the 

existing configuration (carpeted floor) of the office. This 

strategy combines the previous results of the setpoint 

profile with a proper control of the motorized shades for 

cooling mode, when high solar gains need to be blocked.  

Before applying any shading control, the light sensor on 

the ceiling is correlated with manual measurements of 

daylight taken at various points on the work plane and 

the inner side of the window. The current control 

strategy for the shades in the room has the ceiling sensor 

setpoint set to 600lx. This results in almost 1800lx on the 

work plane. The recommended light level for an office 

is 400lx.(ANSI/ASHRAE/IESNA 2007) 

The proposed control action uses a three hour ramp for 

the room temperature setpoint and lowers the motorized 

shades when the daylight level is more than 500lx on the 

work plane. 

All of these parameters (carpet, floor thickness, Tsp 

profile, and shades) affect the peak load and the total 

load, as well as the thermal comfort of the occupants. 

Table 2 summarizes the different simulations parameters 

and the key design and control variables. 

Table 2. Main design and control variables 

Qaux 
convective cooling, convective 

and radiant floor heating 

Tsp profile 
fixed, night setback, 1h ramp, 

2h ramp, 3h ramp 

Control 

Variables 

Tsp profile, motorized blinds 

position 

Floor Surface carpeted, exposed 

Floor Thickness 10 cm, 15.24 cm 

 

 

RESULTS AND DISCUSSION 
Results present the carpet effect on peak load and 

temperature swings in the office, shifting of peak load, 

the thermal mass thickness effect and a shading control 

for the cooling mode. 

Carpet Effect on Peak Load: 

Various setpoint profiles are studied for room air 

temperature with a carpeted and uncarpeted floor. The 

results of carpeting in the zone during cooling mode are 

shown in Tables 3 and 4. An exposed floor enables the 

charging and discharging of the thermal mass and 

therefore less cooling is required. In this case, a three 
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hour ramp in the room temperature profile leads to 39% 

reduction in load and 30% reduction in total load, 

comparing to a carpeted floor. 

When convective heating is used, attention is required at 

convective heat transfer coefficients, because the heat 

flow is downwards. The combined coefficients are 6.1 

W/m2oC for the floor and 9.3 W/m2oC for the ceiling. 
Results, presented in Tables 5 and 6, show a 17% 

reduction in power peak and 30% in energy, for 1 hour 

ramp.   

The carpet has a very significant effect on the radiant 

floor heating. After heating the concrete, the heating 

system has to overcome the carpet resistance before the 

room air node begins to absorb heat. Comparing the 

different setpoint profiles, the three hour ramp leads to 

41% reduction in peak heating load (Table 7) and 56% 

in total heating load (Table 8). 

The maximum heating and cooling capacity of the 

system is 2kW. The carpeted floor requires the 

maximum capacity of the system to reach the 

temperature setpoint while for the case with the exposed 

floor we need only 62% of the maximum capacity.

 
Figure 3. Setpoint profiles. (a) constant (b) night setback (c) ramp function 

Table 3. Peak load with different setpoint profiles for convective cooling with and without carpet (shades open) 

  Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Peak load (W) No Carpet 1196 1190 1047 1047 944 

Peak load  (W) Carpet 1833 1827 1664 1665 1556 

Difference  35% 35% 37% 37% 39% 
 

 
Table 4. Total cooling load with different setpoint profiles for convective cooling with and without carpet (shades open) 

 Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Total Cooling 

load (Wh) 
No Carpet 10303 7645 7529 7644 7637 

Total Cooling 

load (Wh) 
Carpet 13232 11664 10947 10984 10970 

Difference  22% 34% 31% 30% 30% 
 

 
Table 5. Peak load with different setpoint profiles for convective heating with and without carpet (shades open) 

  Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Peak load (W) No Carpet 488 941 780 700 630 

Peak load  (W) Carpet 588 1100 937 820 738 

Difference  17% 14% 17% 15% 15% 
 

 

 

 



 

Table 6. Total heating load with different setpoint profiles for convective heating with and without carpet (shades open) 

  Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Total Heating 

load (Wh) 
No Carpet 4065 3089 2974 3076 3070 

Total Heating 

load (Wh) 
Carpet 4801 4178 4222 4163 4152 

Difference  15% 26% 30% 26% 26% 
 

 
Table 7. Peak load with different setpoint profiles for radiant floor heating with and without carpet (shades open) 

  Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Peak load (W) No Carpet 885 1231 1229 1222 1177 

Peak load  (W) Carpet 2000 2000 2000 2000 2000 

Difference  56% 38% 39% 39% 41% 
 

 

 
Table 8. Total heating load with different setpoint profiles for radiant floor heating with and without carpet (shades open) 

  Floor cover Temperature setpoint profiles 

    “Constant” “Night setback” “1h ramp” “2h ramp” “3h ramp” 

Total Heating 

load (Wh) 
No Carpet 7153 5524 5292 5494 5480 

Total Heating 

load (Wh) 
Carpet 15357 12241 12492 12309 12361 

Difference  53% 55% 58% 55% 56% 
 

 

 

  

 

Carpet Effect on Room Air Temperature Swings: 

The carpet also affects the temperature swings in the 

room, because it delays the charging and discharging of 

the thermal mass. Furthermore, the low thermal 

conductivity of carpet (0.06 W/moC) compared to that of 

concrete (1.7 W/moC), results in the uneven distribution 

of heat and may cause discomfort. 

Table 9 presents the temperature swings of the room air 

and the concrete and also the time lag. Temperature 

swing is the difference between the maximum and 

minimum temperature and the time lag is the difference 

in time between the concrete and the air room 

temperature. 

 

Table 9 - Carpet effect on temperature swings with shades 

open 

 
ΔT_room 

(oC) 

ΔT_concr. 

( oC) 

Time lag 

(h) 

No 

Carpet 4.228 6.161 0.833 

Carpet 6.11 2.321 2.75 

 

Figure 4 shows simulation results for a hot summer day. 

Temperature profiles are shown on the left and right for 

the uncarpeted floor and carpeted cases respectively. 

The temperature at the carpeted floor surface reaches 

35oC, while the maximum for an uncarpeted floor 

surface is around 30 oC. The temperature swing between 



 

the maximum and the minimum room air temperature 

for the uncarpeted floor is 4.2 oC while for the carpeted 

floor is 6.1 oC. 

 
Figure 4. Carpet effect on temperature swings with shades 

open on a hot summer day 
 

Carpet introduces a weak thermal coupling. Weaker 

thermal coupling produces larger temperature difference 

in the room air and smaller temperature difference of the 

thermal mass. [5] 

Also, a weaker thermal coupling leads to a larger time 

lag between the room and concrete temperature. The 

results are presented in Table 9. 

Shifting of Peak Load: 

Thermal mass is very important for predictive control 

strategies – both heuristic and fully implemented real 

time MPC with online use of weather forecasts. 

Knowing its properties and the amount of energy that 

can be stored and released later, the peak of load can be 

shifted by modifying setpoint profile. Figure 5 shows 

this peak shifting in cooling mode, for an uncarpeted 

floor. The effect of a three hour ramp (right) compared 

to a constant setpoint (left) is shown. The results for all 

the setpoint profiles are presented in Table 10. 

The delay is defined as the difference between the time 

of the maximum/minimum auxiliary heat 

(heating/cooling) and the time of the maximum solar 

radiation. A negative delay corresponds to the load peak 

leading the solar radiation peak. The optimal algorithm 

matches the two peaks. 

The optimal solution is between a 2 and a 3 hour ramp 

function for an uncarpeted floor and between 1 and 2 

hour ramp for a carpeted floor. The last row of Table 2 

shows the difference in time lag between the two 

simulations for every setpoint profile. This illustrates the 

possibilities of optimal use of the system if proper 

characterization of the thermal mass properties is 

performed. 

Figure 6 shows the shifting of peak load in radiant floor 

heating mode with an uncarpeted floor. Table 11 

presents the results for a carpeted and uncarpeted floor 

in heating mode, with all the simulated setpoint profiles.  

In this case the peak occurs during the night or early in 

the morning when the setpoint changes. At this time the 

ambient temperature is low. The peak in load will always 

lead the peak of solar radiation, corresponding to the 

negative delay value.  

Although a carpeted floor has less delay between the two 

peaks, an uncarpeted one offers more flexibility in 

control. Also, it should be noted that, even without 

shades, an uncarpeted floor may maintain the room 

temperature between comfortable levels during summer 

and winter for all room temperature setpoint profiles.  

In cooling mode, transferring the peak of the auxiliary 

cooling system closer to the peak of solar radiation 

allows the electricity cooling demand to be offset by 

solar electricity generated by photovoltaics. On-site 

electricity generation can partly offset daily electricity 

consumption, eliminate grid transmission losses and 

potentially result in reduced need for peak- capacity 

power plants. (Gaiddon, B., Kaan, H., & Munro n.d.) In 

heating mode the matching of the two peaks could lead 

to savings due to the use of a PV or PV/T system. 

However, this may cause less peak power reduction and 

more energy savings.   

   



 

 
Figure 5 - Peak load shifting during cooling with shades open. The red curve represents the cooling load and the blue (dashed) 

one the solar radiation. (a) simulations with constant Tsp (b) simulations with the 3 hour ramp change for room air 

temperature setpoint 

Table 10- Peak shifting for different setpoint profiles during cooling (Delay is the time difference in minutes between the minimum 

of auxiliary cooling and the maximum solar radiation) 

 Floor Cover Temperature setpoint profile 

  "Constant" "Night Set-up" "1h ramp" "2h ramp" "3h ramp" 

Delay (min) No Carpet 120 75 15 15 -15 

Delay (min) Carpet 90 75 15 15 50 

Difference  30 0 0 0 -65 
 



 

 
Figure 6 - Peak load shifting during radiant floor heating with shades open. The red curve represents the heating load and the 

blue (dashed) one the solar radiation. (a) simulations with constant Tsp (b) simulations with the 3 hour ramp change for room 

air temperature setpoint 
 

Table 11-Peak shifting for different setpoint profiles during heating (Delay is the time difference in minutes between the maximum 

of auxiliary heating and the maximum solar radiation) 

 Floor Cover Temperature setpoint profile 

  "Constant" "Night Set-up" "1h ramp" "2h ramp" "3h ramp" 

Delay (min) No Carpet -360 -265 -250 -250 -220 

Delay (min) Carpet -240 -185 -185 -185 -185 

Difference  -120 -80 -65 -65 -35 
 

 

 



 

Therefore, depending on the control strategy used, MPC 

will prescribe the action that minimizes the cost of the 

control function. This could mean changing the setpoint 

profile duration or the setpoint value according to the 

present state of the thermal mass and the expected 

disturbance (weather, occupancy profile). 

For example, during a weekend in the summer, when the 

office is not occupied, MPC may fully discharge the 

thermal mass by lowering the setpoint value and closing 

the motorized blinds so it can store more energy at the 

beginning of next week, if Monday is expected to be a 

hot sunny day. The optimal use of all the control 

variables should maintain the thermal comfort in the 

space when occupied. 

The MPC strategy should reduce peak demand and 

energy consumption according to criteria that take into  

account flexibility in comfort constraints and energy 

pricing schemes by optimizing charging and 

discharging. 

Thermal mass thickness effect: 

Two thermal mass thicknesses, 10 cm and 15.24 cm, are 

simulated in convective cooling and radiant floor 

heating mode. The results are presented in the Figures 7 

and 8 for cooling and heating respectively. 

There is no significant change in peak power and energy 

reduction.  For this 24-hour cycle with modest 

temperature swings in room surface and air 

temperatures, the practical thickness of a mass element 

rates of the thermal mass should be about 10 cm. Beyond 

that, very little is added to the effective storage capacity 

of the mass. 

 

 

  
Figure 7. Floor mass thickness effect – Cooling 

 

 

 

 
Figure 8. Floor mass thickness effect – Heating 

 

 
 



 

 

Figure 9. Shading control for a carpeted floor in cooling mode with a 3 hour ramp setpoint profile (a) simulation with shades 

fully open (b) simulation with control of motorized shades 

Shading Control – Cooling mode: 

The room receives high solar gains because the WWR is 

75%. In case of carpeted floor the temperature of the 

room and also the temperature on the carpet surface are 

above the comfort levels. Results are improved when a 

simple control is applied for the motorized blinds. The 

maximum temperature of the carpeted floor reaches 

more comfortable levels, from 31.7 oC (shades open) to 

27.3oC. Moreover, the shading control keeps the 

maximum room air temperature below 24 oC when 

office is occupied. According to international standards, 

the recommended floor temperature range in occupied 

zones, is 19 oC to 29 oC. (Olesen 2002) 

In case of fully open shades the cooling system meets its 

maximum capacity and is inadequate to maintain the 

temperature setpoint in the room. When the motorized 

shades are controlled the peak load is reduced by 38% 

and total cooling load is reduced by 45%. 

Figure 9 shows the simulation results for the case with 

shades fully open (left) and shades operating with 

controls (right). This control strategy blocks the solar 

radiation when the light level on the work plane is above 

500 lx. This equals almost to 150 W/m2 on the window. 

As can be seen from the figure, room temperature 

follows closely the setpoint profile in case of shading 

control. 

CONCLUSION 
This paper presents a simulation study of predictive 

control strategies to reduce and shift peak load in a zone 

of a perimeter office with floor heating, convective 

cooling and various floor thermal storage configurations. 

The special characteristics of the room is the carpeted 

floor and the 75% WWR and a case without carpet is 

considered. An MPC algorithm will find the optimal 

action for the control variables of the room (Tsp profile 

and motorized blinds position) in order to reduce peak 

load while maintaining comfortable temperature and 

daylight levels. Therefore, it will control the charging 



 

and discharging rate of the thermal mass according to its 

present state and the expected disturbances (weather and 

occupancy profiles).  

 

Thermal mass and its coupling with the occupied space 

is very important for MPC.  The results show the effect 

of the carpet in power reduction and comfort conditions 

in the office. 

 

The carpet adds an extra resistance in series with the 

floor and it delays the charging and discharging of the 

thermal mass. In cooling mode the savings in peak load 

of an uncarpeted floor compared to a carpeted one are 

39% with a 30% reduction in total load. In radiant floor 

heating mode simulations show 41% reduction of load 

and 56% in energy. An exposed floor requires less 

maximum capacity for the heating/cooling system 

comparing to the carpeted one. (Olesen 2002) 

 

The carpet also leads to higher temperature swings in the 

room, while its maximum temperature may reach 35oC 

during a hot summer day, which is well out of the 

comfort range. 

Applying different temperature setpoint profiles, the 

charging and discharging rate of thermal mass may vary 

and peak load and total load can be reduced. 

Simulations show that there is no significant difference 

in power and energy savings, between the case with 

10cm and 15.24cm floor concrete mass thickness. A 

practical thickness of a concrete storage layer is about 

10 cm. 

Finally, by applying a simple control strategy of the 

motorized shades for the cooling mode, proper 

illuminance and thermal comfort levels are maintained 

in the room. 

Future work will include a more detailed model for the 

perimeter zone. A sensitivity analysis will be performed 

on the discretization of the thermal mass, changing the 

number of control volumes. Also, the new model will 

study separated convective and radiative heat transfer 

coefficients. 

NOMENCLATURE 

 
Variable Description 

MPC Model-based predictive 

control 

TES Thermal energy storage 

WWR Window-to-wall ratio 

Cair (J/ oC) Thermal capacitance of 

the room air 
C3 , C4 (J/ oC) Half thermal 

capacitance of the floor 

C5 (J/ oC) Thermal capacitance of 

the walls 
R12 (oC*m2/W) Thermal resistance 

between air node (1) and 

floor (2) or carpet (8) 

node 
Rfloor (oC*m2/W) Thermal resistance of 

the floor 
R23 (oC*m2/W) Rfloor/4 in case of 

uncarpeted floor and 

Rfloor/4 + Rcarpet in case 

of uncarpeted floor  
R34 (oC*m2/W) Rfloor/2 

Ro (oC*m2/W) Rfloor/4 plus external 

basement film coefficient 

R1o (oC*m2/W) Thermal resistance of 

window and infiltration 

R56 (oC*m2/W) Thermal resistance of 

half of the innermost 

layer of the unheated 

surfaces 

R5o (oC*m2/W) R56 plus external film 

coefficient 

qaux (W) Auxiliary heat (cooling 

or heating) 

Srad (W) Solar radiation 

transmitted through the 

window 

Tsp (oC) Room air setpoint  
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