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ABSTRACT 

This paper investigates how advanced HVAC 
systems and predictive control can influence the 
interaction between a house and the grid. The case 
study corresponds to a house in Toronto, Ontario, 
Canada, analysed during the heating season. The 
following scenarios are considered: (a) an air-to-air 
heat pump for heating regulated through a 
conventional rule base control (RBC); (b) an air-to-
water heat pump, also using RBC, linked to a radiant 
floor system; (c) an air-to-water heat pump with a 
predictive control strategy under time-of-use (TOU) 
pricing; (d) the same system and control approach, 
using a real-time pricing curve. Results are examined 
in terms of energy use, cost, and load matching / grid 
interaction metrics.  

INTRODUCTION 
Research on innovative building technologies has 
traditionally targeted reducing energy use and 
improving occupant comfort. The concept of a “net-
zero energy building”, for instance, is based on 
compensating the annual energy use of the building 
with on-site generation. However, in recent years 
there has been a great deal of interest on investigating 
issues at shorter time-scale, such as how well the on-
site generation matches the building load and the 
resulting building/grid interaction (Salom et al., 
2011; Salom et al., 2014). Building owners or 
operators could use this information to take better 
advantage of TOU rates or feed-in tariffs when PV 
systems are used. Utilities, on the other hand, are 
interested in the impact of buildings on the 
aggregated load of the grid, how to address technical 
issues associated with the  “reverse” power flow, and 
how to plan the operation of generation plants and 
transmission capacity.  

This paper investigates how innovative heat pump 
systems, together with thermal energy storage 
devices and predictive control, can be used to 
mitigate the impact on the grid of a typical Canadian 
residential electric heating system. This numerical 
study investigates four diverse system integrations 
and control strategies. The results of this study, 
obtained for the months from December to April for 
a Toronto weather file, include energy costs, as well 
as load matching and grid interaction metrics.  

The aim here is not to explore in depth the potential 
of MPC for building/grid interaction (for example, by 
including the expected PV generation in the 
optimization). Rather, this study focuses on how 
improving mechanical systems and their operation 
can influence the relationship between the 
building/grid, even without explicitly considering 
other aspects (PV, user loads, lighting, etc.). 

Previous studies  

Model-based predictive control (MPC) is a control 
paradigm relying on the use of models, along with 
predictions of disturbances (e.g., weather forecasts), 
in order to optimize the operation of a system. 
Numerous MPC studies addressing the use of both 
active and passive thermal storage in buildings have 
been conducted over the last 25 years (Braun, 1990; 
Morris et al., 1994; Krarti et al., 1999; Henze and 
Krarti, 2005; Ma et al., 2009; Oldewurtel et al., 
2012). Heating applications of predictive control, 
especially field studies in real buildings, remain 
relatively scarce (Prívara et al., 2011).  

Heat pumps, given their intermediary role between 
energy carriers (electricity and heat), could have a 
significant impact on the improvement of the 
building/grid interaction, especially in jurisdictions 
that use electric heating extensively (the case in 
several Canadian regions). The potential of heat 
pumps is even more interesting when energy storage 
devices are used, as they enable shifting the building 
load to off-peak periods. For example, Dar et al. 
(2013a, 2013b)  investigated how advanced control 
can be used to improve the interaction between 
buildings and the grid. Georges et al. (2014) 
investigated the use of heat pumps together with an 
MPC strategy to reduce energy costs in a Belgian 
residential building. The study by Georges et al. 
(2014) considered both real-time pricing and a 
night/day pricing scheme. Savings between 2 and 
18% were reported. 

CASE STUDY 
This paper uses as a case study a typical Canadian 
house located in Toronto. The building envelope of 
the house used in this study has been adjusted to 
obtain a well-insulated, air-tight construction, with a 
Canadian rating (EnerGuide Rating System, ERS) of 
86, which corresponds to what is referred to in 
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Canada as a “net-zero ready” house. Table 1 lists 
some relevant features of the building envelope. 

Table 1. Building envelope of case study house. 

Roof insulation 8.93 m2K/W 
Wall insulation 5.46 m2K/W 
Basement wall ins. 4.95 m2K/W
Basement slab ins. 2.58 m2K/W 
Window U-value 1.35 W/(m2K) 
Infiltration (ACH @ 50 Pa) 0.60 

The house, having a characteristic Canadian layout, 
comprises a main floor, an upper floor and a 
basement for a total area of about 210 m2. Typical 
appliances (washer, dryer, stove, dishwasher and 
refrigerator) have also been considered. Lighting and 
plug loads were also considered, as well as typical 
occupancy schedules in a Canadian home 
(unoccupied most of the day, except at lunchtime).  

Regarding domestic hot water (DHW), 233 L/day at 
55 °C are required; these draws are based on a typical 
user profile in Canada (Swinton et al., 2001).  

To consider energy imports and exports, a 4 kW 
building-integrated PV roof was included. During the 
heating season, the temperature setpoint for the main 
and upper floor is 21 °C from 6 am to 10 pm, and 18 
°C at night (from 10 pm to 6 am). The basement 
setpoint is always 16 °C. 

The main model (“emulator”), aimed at reproducing 
realistically the thermal dynamics and the diverse 
loads of the house, was programmed in TRNSYS 
using Type 56. For this study, only the heating 
season is considered. 

SYSTEM INTEGRATIONS 
The following scenarios present the likely evolution 
of mechanical systems in small residential buildings, 
starting with a conventional “reactive” control (i.e. 
the system operation is continuously adjusted in 
response to changes in conditions) and progressing 
towards more advanced HVAC systems 
incorporating “proactive” control (i.e., predictive 
control based on expected weather and conditions). 
Eventually, pricing signals from the Smart Grid are 
incorporated. Each mechanical system has an 
associated method of operation, underscoring the link 
between design and control. 

A. Air-Air Heat Pump + TOU rate 

The first integration studied, used as a baseline, is a 
conventional air-air heat pump in a ductless split 
system configuration. The indoor unit is located in 
the stairwell between the first and second floors of 
the home. Such a configuration, while not optimal for 
air distribution, is quite common in Canadian homes 
today. The system is also equipped with fully sized 
auxiliary electric baseboard heaters in each thermal 
zone to counter the significant decrease in the heating 
capacity of the heat pump at low ambient air 
temperatures (below 0°C). No active energy storage 
system is used.  

The heat pump is controlled according to a set of 
simple “reactive” rules (rule-based control, RBC) 
described in a later section. A winter time-of-use rate 
(TOU), currently used in Ontario homes with smart 
meters, is applied (OEB, 2014) as shown in Table 2. 
Although these values are currently applied for 
weekdays only, in this study it was assumed that they 
are also valid on weekends.  

 Table 2. Winter TOU rates in Ontario (weekdays). 

Time Rate (¢/kWh) 
00:00 – 07:00 7.7  (off-peak) 
07:00 – 11:00 14.0 (peak) 
11:00 – 17:00 11.4  (mid-peak) 
17:00 – 19:00 14.0  (peak) 
19:00 – 24:00 7.7  (off-peak) 

B. Air-Water Heat Pump + TOU rate 

The second proposed integration, the next step in the 
projected evolution of residential mechanical 
systems, includes the potential for active thermal 
storage. This system is a variable-capacity air-water 
heat pump operating in conjunction with a small 
buffer storage (225 L) and a radiant floor system 
Figure 1. The same TOU rate is applied. 

 
Figure 1. Mechanical system (cases B, C and D). 

The heat pump examined in Case B also features 
enhanced low temperature performance (“cold-
climate” heat pump), and is able to operate down to a 
minimum outdoor air temperature of -25°C. This heat 
pump differs from the conventional air-air heat pump 
in that it uses inverter technology to vary the 
compressor speed and available heating capacity 
(Daikin, 2015). The variable capacity is controlled 
with a partial load ratio (PLR) between 0.30 and 
1.00. This heat pump also performs better at partial 
loads thanks to inverter-driven compressor.  

Heating is provided to the building using separate 
radiant floor loops for each of the three thermal 
zones. In a system with an air-to-water heat pump, a 
radiant floor is a natural choice for a heat distribution 
system. Unlike convective radiators which require 
high temperatures (about 70°C), radiant floors can 
also work effectively with relatively low water 
temperatures (Olesen, 2002).  

The radiant floor system is designed for a constant 
fluid supply temperature of 35°C, which is achieved 
using the buffer storage, a bypass valve, and an inline 
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fluid heater (if necessary). Local control of the 
radiant floor system is achieved using differential 
controllers in each zone (dead-band ±0.1°C), which 
turn the zone circulation pumps on/off as necessary 
to maintain set points of 16°C in the basement, and 
21°C on the two above-grade floors. The flow rate in 
each of these two floors is 130 kg/hr (0.036 kg/s), 
and 35 kg/hr (0.0097 kg/s) for the basement.  

An auxiliary electric heating coil, installed after the 
bypass valve, is used only as needed to ensure an 
adequate supply temperature. 

C. Air-Water HP + MPC + TOU rate 

The third integration employs nearly the same 
mechanical system as system B, except that a larger 
thermal energy storage (TES) tank is used (1,000 L 
versus the default 225 L). An MPC strategy looks 
ahead in the weather file and makes decisions on the 
operation of the heat pump and the setpoint of the 
energy storage tank based on the expected load. The 
same TOU rate is employed. 

D. Air-Water HP+ MPC + “Real-time price” 

In this case, the mechanical system is identical to that 
of integration C. An MPC strategy is also applied, 
but this time a time-dependent curve representing a 
hypothetical real-time pricing is used (Figure 2). The 
data used for this curve was obtained from the 
website of the Independent Electricity System 
Operator (IESO) of Ontario (IESO, 2015). 

 
Figure 2. “Real-time price” (4 days in December). 

REACTIVE CONTROL (A AND B) 

RBC of air-air heat pump (Case A) 

The heat pump unit cycles on/off to maintain a 
temperature of 18 °C (night) or 21°C (day) on the 
first floor (dead-band ±0.5°C). The auxiliary electric 
baseboard heaters are activated individually under 
two conditions: 

i. The ambient air temperature is within the 
operating limits of the heat pump (i.e. ≥ -8°C), 
but the heat pump is unable to maintain the 
setpoint temperature in the zone, or 

ii. The ambient air temperature is below the 
minimum heat pump operating temperature.  

Each baseboard is controlled individually using a 
differential controller with a dead-band of ±0.5°C.  

PI control of air-water heat pump (Case B) 

For simulation purposes, the heat pump output was 
regulated using a proportional-integral (PI) controller 

tuned using building simulation software. The 
proportional gain was kP = 400 W/K; the integral 
gain was kI = 0.222 W/(K·s) (corresponding to an 
integration time of 0.5 hr). The setpoint temperature 
at the top of the buffer tank was 37 °C.  

MPC FOR HEAT PUMP (C AND D) 

Control model of thermal space 

The MPC scenarios (C and D) use a control model, 
i.e., a simplified representation of the system used for 
decision-making. The thermal dynamics of the space 
are modelled with a multiple-input, multiple output 
(MIMO) state-space model, with a sampling time of 
1 h. This model, used to calculate the heating loads 
required by the house, was derived by performing a 
system identification exercise with input and output 
data generated by the TRNSYS model. A Montreal 
weather file (TMY2) was used for model training; a 
weather file for Ottawa was used for validation. The 
final simulations employed the Toronto weather file. 

Three “disturbances” (non-controllable variables) 
were considered: the outdoor temperature, solar gains 
and internal gains. The effect of these disturbances 
on the indoor temperature (i.e., the “free floating” 
response) was considered separately from the effect 
of the HVAC system.  

It has been found that separating the “free floating” 
response from the mechanical system effect provides 
satisfactory modelling results. This can be explained 
by the difference in nature of these input signals: 
those contributing to the free floating response are 
smooth continuous signals while the mechanical 
system input signal often consists of more or less 
abrupt segments and spikes. As a result, the free 
floating response state-space model is identified 
using the free floating data, followed by the 
identification of HVAC contribution state-space 
model. The temperatures in each of the zones 
(basement, main floor and upper floor) were taken as 
the outputs of the overall model (Figure 3). In a real 
case application, the free-floating response might be 
found by temporarily turning off the HVAC system. 

The resulting order of the models is low: the free 
floating response model has 3 states while the HVAC 
contribution model has 4 states. 

 
Figure 3. Control model of thermal space. 
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Control model of TES tank 

A four node model, similar to the one presented by 
Candanedo and Dehkordi (2014), was used for the 
TES tank (Figure 4), which was employed in the 
radiant floor heating scenarios. This modelling 
approach is an implementation of the methodology 
described by Duffie and Beckman (2006), and 
provides a reasonably good approximation of the 
thermal stratification in the tank.  

 
Figure 4. TES tank model 

At every time step: 

 
load 1

source 4

   leaves node 1, at temperature T

  leaves node 4, at temperature T

m t

m t









  

At every time step, the water coming from the heat 
pump (msourceΔt) is delivered to one of the nodes in 
the tank depending on its density, which depends on 
its temperature Tsource (Table 3).  

Table 3. Receiving node according to temperature. 

Temperature range Receiving node

Tsource > T2 1 

T3< Tsource ≤ T2 2 

T4< Tsource ≤ T3 3 

Tsource ≤ T4 4 

A similar approach is followed for the return water 
from the radiant floor heating system (Tret,load). 
Finally, the flow rates between nodes in the tank are 
adjusted by considering conservation of mass. 

Control model of heat pumps 

Look-up tables from the manufacturers (Carrier, 
2008; Daikin, 2015) are used to determine the 
heating output and electricity use as a function of the 
evaporator and condenser temperatures. A part-load 
ratio (PLR) signal between 0.30 and 1.00 is used to 
regulate the output and electricity use of the air-to-
water heat pump in scenarios B, C and D. 

Optimization 

The MPC algorithm for scenarios C and D considers: 

 a 24-hour prediction horizon (i.e., calculations 
take into account forecast data 24 hours ahead);  

 a 6-hour control horizon (i.e., the optimization 
results are applied over the next 6 hour period). 
The 6-hour interval corresponds to the typical 
weather forecast update frequency. 

The optimization is then repeated every 6 hours. The 
control and prediction horizon and the frequency of 
optimization updates are illustrated in Figure 5. 

 
Figure 5. Prediction and control horizons. 

The hourly heating load, a 24-element vector, is 
calculated by using the control model of Figure 3. 
Having this information, the problem consists then in 
obtaining the sequence of states of operation of the 
heat pump (xHP) and the auxiliary electric coil (Paux):  
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in order to minimize the total electricity cost (the 
bold notation for xHP and Paux indicates vectors). The 
optimization problem can then be formulated as:  
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in which xHP is the Partial Load Ratio (PLR), i.e. the 
state of operation of the heat pump; i is an hourly 
index up to n hours (in this case, n = 24); Ttankbot is 
the temperature at the bottom of the tank; and Tsup is 
the supply temperature into the radiant floor. PHP(t) is 
the electric power of the heat pump; C(t) is the 
electricity cost at time ti.  

It is worth mentioning that the PV generation is not 
included in the objective function of Equation (0). 
This study focuses on how improving the design and 
operation of the mechanical system can have an 
effect on the building/grid interaction. 

The optimization was implemented in MATLAB 
using standard constrained optimization functions 
available in Optimization toolbox. To link TRNSYS 
and MATLAB, Type 155 (Kummert, 2003) was used 
to call the optimization routine programmed in 
MATLAB within TRNSYS. This allows TRNSYS to 
host the simulation and pass the required data to 
MATLAB and wait until the optimum control 
sequence, i.e., PLR for the next 6 hours, is calculated 
and returned to TRNSYS. Since the prediction 
horizon in this simulation scenario is set to be 6 
hours, this ‘consulting’ occurs every six hours in 
TRNSYS until the end of the simulation. 

sourcem

sourcem loadm

loadm

CONTROL

HORIZON

PREDICTION HORIZON

Opt. 1

Opt. 2

Opt. 3

Opt. 4
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RESULTS AND DISCUSSION 

Energy use and cost 

Simulations were run in TRNSYS using a time step 
of 1/16 h (225 s), for the period starting on December 
1st and ending the next year on April 30th (5 months). 
As expected, the air-air heat pump has by far the 
highest energy use (Table 4). The energy use of the 
three cases with the air-water heat pump is 
comparable. Both MPC scenarios (cases C and D) 
consume slightly more energy than the RBC strategy 
(case B), presumably because of the extra energy 

required to charge/discharge the tank. 

Table 4. Electric energy used for heating (kWh). 

Case A Case B Case C Case D 

4127.00 2720.14 2825.93 2825.32 

Figure 6 summarizes the cost for Cases A, B and C, 
all of which work under the TOU rate. As expected, 
Case C, the A2W heat pump with MPC, yields 
modest savings (about $12 or 3%) in comparison 
with rule-based control (Case B). The cost of Case C 
is slightly higher in March; this may be due to the 
factor mentioned in the preceding paragraph, namely 
the “penalty” for the larger energy storage tank.  

 
Figure 6. Cost comparison under TOU rate. 

Electric load for heating 

Figures 7 through 10 show “carpet plots” for the 
electric power used for heating in the four cases.  

 

Figure 7. Carpet plot, electricity used for heating, 
integration A (air-air heat pump, RBC), Δt = 225 s. 

The air-air heat pump system turns on/off through the 
day as required (Figure 7). An air-water heat pump 
produces a more uniform pattern of electric power 
use (Figure 8). However, the operation of the heat 
pump still takes place mostly in the morning.  

 
Figure 8. Carpet plot, electricity used for heating, 
integration B (air-water heat pump, RBC). Δt= 225 s. 

Using MPC strategies has the significant effect of 
distributing the operation of the heat pump more 
evenly through the day (Figure 9 and Figure 10).  

 
Figure 9. Carpet plot, electricity used for heating, 
integration C (air-water HP, MPC-TOU). Δt = 225 s. 

 

Figure 10.  Carpet plot, electricity used for heating, 
integration D (air-water HP, MPC-RT). Δt = 225 s. 
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Net exported power: effect of time of day 

Table 5 shows different percentile values for the net 
exported power to the grid (negative values indicate 
imports) for the four scenarios analyzed, considering 
the entire dataset (151 days, 24 h, at 1/16 h intervals). 
The boxplots of Figure 11 contain essentially the 
same information in graphical form. Both the table 
and the figure show that switching to an air-to-water 
heat pump reduces the peak energy import from the 
grid. However, the three scenarios with the air-to-
water heat pump (B, C and D) are comparable; the 
effect of MPC is not obvious at first glance. 

Table 5. Net exported power to the grid (kW). All 
hours (0-24 h) considered. 

Percentile Case A Case B Case C Case D 

min -14.815 -11.394 -11.808 -11.518 

5th -7.442 -6.516 -6.228 -6.185 

25th -3.720 -2.578 -2.482 -2.425 

50th -1.071 -0.997 -1.072 -1.100 

75th -0.187 -0.227 -0.240 -0.255 

max 2.816 2.836 2.836 2.836 

 

 
Figure 11. Boxplots of net exported power for the 

entire dataset (0:00 to 24:00). 

Nevertheless, the results observed for the period 
between 7:00 and 11:00 (on-peak morning period) 
are significantly different (Table 6 and Figure 12). It 
is clear that using MPC strategies (C and D) results 
in smaller imports in the morning period. 
 
Table 6. Net exported energy to the grid (kW). Only 

morning peak hours (7:00-11:00) considered. 

Percentile Case A Case B Case C Case D 

min -12.482 -9.849 -8.337 -8.214 

5th -6.710 -7.704 -5.756 -5.967 

25th -4.145 -3.398 -2.382 -2.427 

50th -1.674 -2.066 -0.960 -1.163 

75th 0.627 -0.915 0.347 0.294 

max 2.595 2.627 2.538 2.538 

 
Figure 12. Boxplot for morning peak (151 days, from 

7:00 to 11:00). 

Finally, the results corresponding to the period 
between 17:00 and 19:00 (the evening peak) are 
shown in Table 7 and Figure 13. Again, MPC 
reduces the peak of imported electric power. Case D 
yields the smallest power consumption peak in this 
period, 8.75 kW, which is significantly smaller than 
the 14.8 kW of the air-to-air heat pump system (Case 
A) or the 11.4 kW of the air-to-water heat pump with 
rule-based control (Case B). However, Case C 
(MPC-TOU rate) yields comparable numbers to Case 
D. These results, in agreement with the findings for 
the morning period, suggest that a well-designed 
TOU rate might suffice to reap the benefits of MPC. 

Table 7. Net exported energy to the grid (kW). Only 
evening peak hours considered (17:00 to 19:00). 

Percentile Case A Case B Case C Case D 

min -14.815 -11.394 -9.252 -8.749 

5th -7.266 -7.365 -6.676 -6.999 

25th -5.474 -5.422 -5.459 -5.458 

50th -4.816 -3.835 -4.478 -4.473 

75th -2.802 -1.804 -1.353 -1.715 

max -0.653 -0.648 0.736 0.689 

 
Figure 13. Boxplot for evening peak period (151 

days, from 17:00 to 19:00). 
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System behaviour over time 

Figure 14 compares the operation of the heating 
system for the RBC regime and the MPC strategy, 
both under the TOU structure (i.e., scenarios B and 
C) for a three-day period in early January. The “part 
load ratio” (PLR) sent to the heat pump and the 
electricity used by the auxiliary coil are shown, along 
with the four tank temperatures. The auxiliary 
heating coil is used much less in the MPC strategy 
(0.83 kWh vs. 20.90 kWh in this three-day period); 
also, the auxiliary heating only switches on during a 
short period about noon of the first day when the 
storage tank has been “depleted”. 

 
Figure 14. Behaviour of two systems, from January 
4th through Jan. 6th. 

Figure 15 shows a similar graph for a period in mid 
February (Feb. 13th through Feb. 15th). In this case, it 
is also clear that the MPC strategy reduces the need 
for the auxiliary heating coil (29.72 kWh vs. 11.35 
kWh), especially during “on-peak” hours The 
utilization of the heat pump under the MPC strategy 
is more “modulated” in this period, as opposed to the 
more abrupt behaviour resulting from applying an 
RBC strategy. Also, it is interesting to observe how 
the tank gets “discharged” as the air temperatures 
drop to -20 °C, and then gets “charged” again as 
conditions improve (i.e., higher outdoor 
temperatures). In this case, tank temperatures are 
generally lower than those presented in Figure 14, a 
period with milder outdoor temperatures.  

 
Figure 15. Behaviour of two systems, from February 

28th through March 2nd. 

CONCLUSIONS 
Attention can be drawn to the following points:  

 The results of using a TOU rate and those 
obtained with a real-time pricing scheme are 
nearly identical. These results suggest that real-
time pricing may not be strictly necessary for 
optimizing the link between homes and the grid. 

 Results are highly dependent on the time of the 
day studied. By focusing on data from a particular 
time period in the morning or afternoon, when the 
MPC algorithm avoids “on peak” charges, an 
MPC strategy can significantly reduce peak 
power consumption (in the order of 1-2.5 kW). 
This has significant repercussions for utilities, 
especially if applied for a large population of 
houses. 

 Carpet plots contribute significantly to identify 
patterns that might be difficult to detect. 

In the future, the authors would like to explore the 
use of a resistive-capacitive circuit (RC), with 
temperatures as the states of the model, for control 
calculations (Candanedo et al., 2013). Such a model 
has the advantage of facilitating the update of the 
states (i.e., the temperatures) with measured data. 

This investigation has also highlighted the 
importance of the link between design and control. 
New devices and technologies call for the different 
approaches to control. 
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NOMENCLATURE (ACRONYMS) 
A2A: air-to-air heat pump 
A2W: air-to-water heat pump 
PLR:  part-load ratio (signal sent to heat pump) 
MPC: model predictive control 
RBC: rule-based control 
RT:  real-time 
TOU: time-of-use 
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