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Techno-economic analysis of air-source heat pump (ASHP)
technology for single-detached home heating applications
in Canada

ARTUR UDOVICHENKO and LEXUAN ZHONG�
Department of Mechanical Engineering, University of Alberta, 9211-116 street NW, Edmonton, AB, T6G 1H9, Canada

The air-source heat pump (ASHP) is a popular system that does not see much use in cold-climates despite its high potential in low
carbon footprint. This study was designed to evaluate the techno-economic feasibility of its application to single-detached homes in
Canada. First, a set of support vector regression (SVR) models was developed by a housing database for prediction of the exposed
surface areas of homes in five Canadian cities: Vancouver, Toronto, Montreal, Edmonton, and Yellowknife. The predicted areas were
then used to estimate the heat demands of all homes. As a result, the technical evaluation was conducted by comparison of the heat
loss rate with the heat supply rate of ASHPs. Annual energy consumption was calculated using a bin method for furnace-alone and
furnace/ASHP hybrid systems. Seasonal operating costs and greenhouse gases (GHG) emissions were estimated by utility costs and
emissions factors for each city. Our findings show that Vancouver, Toronto, and Montreal are technically feasible to adopt the ASHP
technology for economic and low GHG emission benefits. Although currently Edmonton and Yellowknife could not theoretically gain
ASHP’s benefits, the ASHP technology is still a promising technology to be implemented in the future if renewable energy
infrastructures are established.

Introduction

In 2016, residential energy consumption accounted for 17%
of Canada’s Secondary Energy Use, 60% of which came
from space heating demand (Natural Resources Canada
2016). In most Canadian homes, natural gas furnaces are
used to provide heating, as that is currently the most reliable
and inexpensive source of energy. Although natural gas fur-
naces have become efficient, they possess greenhouse gas
(GHG) emission issues. Thus, it is desirable to utilize clean
energy heating systems. Air-source heat pump (ASHP) tech-
nology is the ideal candidate for this task, given that it is
very practical in many mild-climate places, such as Saudi
Arabia and Italy (Alshehri et al. 2019; Grossi et al. 2018).
However, this technology is not as common in cold regions,
due to ASHP efficiency decrease with outdoor temperature
and frost accumulation on the evaporator-side heat exchan-
ger (Bertsch and Groll 2008). As a result, the ASHP systems

hardly supply enough heating loads of residential buildings
in cold climates.

The performance of ASHPs has been widely studied to
better understand their limitations for generating potential
solutions. A thorough review of the research was performed
to cover various components, such as the use of an ejector,
oil-injected compressor, and R-32/CO2 refrigerant combina-
tions, for the purpose of heating homes in the cold climate
(Zhang et al. 2018). Other research has focused on the frost-
ing effects of outdoor heat exchangers (Yao et al. 2004;
Wang et al. 2013; Song et al. 2016, 2017). Furthermore,
some innovations such as surface treatments (Jhee, Lee, and
Kim 2002), spray solutions (Jiang et al. 2014), and solid
desiccants (Zhang, Fujinawa, and Saikawa 2012) have been
explored to solve the issues. Moreover, the development of a
frost-free ASHP (Wang et al. 2017; Wang et al. 2018) and
other setups with supplemental systems has been achieved
(Guoyuan, Qinhu, and Yi 2003; Jin et al. 2016; Zhang et al.
2016; Huang and Hewitt 2013). Alternatively, ‘solar-
assisted’ ASHPs, which are supplemented with solar collec-
tors to enhance heat transfer on the evaporator side, have
been tested in the cold regions of China (Long et al. 2019;
Liu et al. 2017; Luo et al. 2017). However, studying the spe-
cific components and performance of ASHPs is not the only
perspective for addressing limitations for residential
applications.
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Other research has focused on modeling the performance
of the ASHP system and the building in which it is operated,
with the intent of identifying potential energy savings of
ASHPs. These include homes operated with an ASHP and
supplemented with a photovoltaic (PV) collector (Kamel and
Fung 2014), an ASHP and a furnace with on-site solar PV
generation (Demirezen, Ekrami, and Fung 2019), an ASHP
water heater (Amirirad, Kumar, and Fung 2018); all in
Ontario. Additionally, 20 net-zero or nearly-net-zero energy
homes operated in New England, some of which incorpo-
rated ASHPs (Thomas and Duffy 2013), an apartment build-
ing numerically simulated with a heat recovery ventilator
(HRV) and ASHP under the conditions of several Canadian
cities (Li, Wild, and Rowe 2019), and a commercial building
simulated and experimentally tested with an ASHP in Tibet
to study the effect of high altitude (Li et al. 2017).

Although such efforts have been made to expand the poten-
tial application of ASHP technology in cold regions, most of
the studies were based on specific building features and cli-
matic conditions. Thus, the results may not be applicable to
diverse building construction and varying locations. This
absence of a broad view of technical feasibility and economic
benefits of utilizing ASHP technology in the residential sector
of cold climates may impede the improvement of market
available ASHPs. In order to quantify the discrepancy
between the energy demands of existing Canadian homes and
the heat capacity of on-shelf ASHPs, the overall residential
energy demand across Canada is necessary to be quantified.

Support vector regression (SVR) is known to be a very
powerful modeling algorithm, which is based on developing
a linear relationship with the use of nonlinear functions
(Vapnik, Golowich, and Smola 1997; Parveen, Zaidi, and
Danish 2019), constrained by carefully selected hyperpara-
meters (Laref et al. 2019). SVR has been implemented and
verified in some studies: forecasting building electricity load
(Chen et al. 2017; Goudarzi et al. 2019), predicting building
energy consumption based on outdoor conditions and various
building characteristics (Wang, Lu, and Li 2019; Ma, Ye,
and Ma 2019), and forecasting cooling load of a commercial
building (Li et al. 2009; Xuan et al. 2019). In this paper,
given the diversity of building architecture and envelope sys-
tems across Canada, SVR is a tool to predict building expos-
ure areas that considerably influence energy loss.

The objectives of this study are: (1) to develop and train
SVR models from a Canadian housing database for predict-
ing the exposure areas of a random single-detached home in
five Canadian cities: Vancouver, Toronto, Montreal,
Edmonton, and Yellowknife; (2) to evaluate the technical
feasibility of the ASHP technology in Canadian residential
buildings by comparing the energy demands of homes with
heat capacities of selected ASHPs; (3) to conduct economic
and GHG emission analysis to quantify the differences
between traditional furnace heating system and ASHP/fur-
nace hybrid heating system; and (4) to predict GHG emis-
sion changes on a municipal level if half or all homes in
each city adopt the ASHP technology. This study provides a
clear statistical view of the applicability of the ASHP tech-
nology for five Canadian cities, which may help governing

organizations update building codes for energy-saving and
facilitate HVAC manufacturers to improve ASHPs.

Methodology

Canadian single-detached housing database

House data used for this study was acquired from the Canadian
Single-Detached and Double/Row Housing Database
(CSDDRD) (Swan, Ugursal, and Beausoleil-Morrison 2009) that
has proven to be useful in other studies (Di Placido, Pressnail,
and Touchie 2014). The raw database lists various architectural,
physical and geometric information about 16,952 Canadian
homes of varying style, vintage and location in the country.

Through preliminary descriptive inspection of the database,
it was found that the most common style of home in Canada
can be described according to the characteristics listed in
Table A1 in the Supplemental Material. Given that more than
half of all occupied dwellings in Canada are single-detached
homes (Statistics Canada 2017), focusing on this style of
home has relevant implications. The data was filtered to only
include single-detached homes, and the data size was reduced
from 16,952 to 10,075. Furthermore, due to some cases listing
invalid or missing quantities that are relevant to heating load
calculation in this study, the final total number of homes used
for heating load analysis was reduced to 9,920.

Some calculations for the raw database were made to
expand the necessary variables. For example, the exterior
wall area was not explicitly stated in the data file, but other
similar geometric parameters such as perimeter and wall
height of each storey were included. The new variable of the
gross exterior wall area was used in subsequent analyses and
modeling procedures. The number of bedrooms was not a
known parameter in the database, so it was approximated by
considering the number of occupants instead under the
assumption that one bedroom is equivalent to two occupants
and any subsequent occupants occupy one bedroom. Other
useful parameters listed in the database include plan shape,
conditioned floor area, and footprint characteristics.

The plan shape is a categorical variable, which means that it
takes numeric value to represent a characteristic that is entirely
independent of the numeric value. In this case, it describes the
shape of the house’s footprint on grade, i.e. rectangular, T-
shaped, L-shaped, or other complex layouts. The conditioned
floor area includes the interior floor area of the residence above
the ground. Also, the perimeters and areas of the house foot-
print refer to the measurements made on-grade and around the
base of homes. Figure A1 presents a visual description of these
variables in a sample home. It is crucial to note that all the data,
organization, labeling, and any other details found in the files
were assumed to be correct and legitimate.

Cluster analysis

It has been assumed that houses built in different geograph-
ical locations during the past century will have different
space heating energy demands due to varying outdoor condi-
tions as well as construction standards and practices. To
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group by zone, the house records were manually categorized
based on the city they were built in, and which zone that
city belonged to, resulting in five zone data subsets.

On the other hand, the years in which the homes were
built did not have preassigned grouping criteria. So, the
K-means cluster analysis was used to group all records into
various numbers of vintage groups based on the year-vari-
ation of all housing parameters. Cluster number ranging
from two to six was explored. In addition, the one-way
ANOVA test was performed to select the best cluster num-
ber that showed the largest statistical significance of yearly
variation, as well as to identify which housing parameters
had significant variation throughout the years. IBM’s SPSS
software was chosen for this operation since it allowed the
cluster membership numbers to be saved to the dataset, such
that the groups were easily identifiable in subse-
quent analyses.

This procedure identified ten housing parameters that
have statistically significant variation by the year the home
was built, and it grouped housing records into three year-
bins. A second ANOVA test was conducted amongst these
unique variables by zone. Table 1 shows the numerical
breakdown of the database used in this study by the fifteen
unique year bin and zone scenarios. It also lists the descrip-
tive statistics of the ten housing parameters identified as
having variation by year and by zone.

Support vector regression (SVR) model

Output selection
In order to estimate the energy requirements of large hous-
ing datasets without an architectural analysis of the engineer-
ing parameters of each residence, the SVR models were
designed to predict the gross exterior wall area (above
ground), ceiling area, and basement wall and floor areas of a
random Canadian home. These exposure areas were defined
as the SVR model outputs since the heat conduction through
the building envelope systems dominate energy losses in
cold regions and, most importantly, energy losses exhibit a
linear relationship with the exposure areas. The fenestration
areas were considered as targets for SVR modeling, but no
significant relationships were identified during cluster ana-
lysis. Hence, during subsequent analyses, these parameters
were obtained from the database directly.

Input selection
Ideally, the input parameters would have been almost
entirely trivial and easy to describe a house. A two-tailed
Pearson correlation test was conducted across the twelve
variables displayed in Table 1 to determine how the four tar-
get variables are affected by the remaining eight. The corre-
lations with the highest coefficients were prioritized for
input selection. Table 2 shows that the perimeter and area of
the house footprint have high and positive correlations with
most of the target variables. Figure 1 shows the target varia-
bles and the inputs selected for the development of four
SVR models.

Model training and evaluation
The model development procedures broke down as follows:
� Assignment of input and target variables listed in Figure

1. Each of the four models was executed separately; the
same version of the MATLAB script was used for each
run and only the one output variable was implemented.

� Division of the whole dataset into training and testing
subset according to a random 80/20 split. The training
set was used for development via optimization, cross-
validation, and training. The test data set served as a
final test to ensure that over-training had not occurred.

� Optimization of all hyperparameters based on the train-
ing subset. The parameters include box constraint (C),
epsilon (e), kernel function (Gaussian, linear, or polyno-
mial), and polynomial order (only if kernel func-
tion¼ polynomial). This step was performed with the
‘Bayesian’ optimizer and with 10-fold cross-validation
on the training subset.

� Training of the learner with the best observed (accord-
ing to the algorithm) selection of hyperparameters on
the training subset.

� Prediction of results in both training and testing
data subsets.

� Evaluation of results in both data subsets by comparison
with observed values according to the following per-
formance measures: correlation coefficient (R2), mean
absolute error (MAE), root mean squared error (RMSE),
mean absolute percentage error (MAPE), and Willmott’s
index of agreement (WI).

� In order to generate a range of uncertainty in the result,
the mean absolute error (MAE) of the testing subset of
each model was propagated through the heating load

Table 2. Pearson correlation coefficient between inputs and outputs of SVR models. All correlation is significant at the p< 0.01 level
(2 tailed).

Basement Floor Area Basement Wall Area Ceiling Area Gross Wall Area

Perimeter of Footprint 0.645 0.578 0.622 0.252
Area of Footprint 0.536 0.445 0.520 0.189
Plan Shape 0.230 0.269 0.253 0.303
Conditioned Floor Area 0.487 0.416 0.522 0.898
Number of Bedrooms 0.082 0.103 0.070 0.171
Number of Floors �0.239 �0.187 �0.149 0.812
Climatic Zone �0.113 �0.099 �0.099 �0.298
Year Bin 0.165 0.306 0.146 0.126

Volume 26, Number 10, November-December 2020 1355



analysis for the case study home. So, when the pre-
dicted area of each model was carried through subse-
quent calculations, its error was applied accordingly to
provide an error range on the final energy consump-
tion result.

� Ensure that effective training has been achieved by
comparing the errors between the training and testing
set. If training error is significantly greater than testing
error, then the model was over-trained. Also, by check-
ing how close Willmott’s index approaches 1, it can be

found out if the model has good generalization and can
make an accurate prediction on new data.

The generated files can predict each of the four output
variables once a new set of input variables is known.

Heating load analysis

To assess the performance feasibility of ASHPs in existing
homes across Canada, fundamental heat transfer principles
were followed to quantify the energy demands of single-

Fig. 1. Inputs and outputs of SVR models.

Table 3. Canadian cities used for analysis.

Location Vancouver, BC Toronto, ON Montreal, QC Edmonton, AB Yellowknife, NWT

Climatic Zonea Zone 4 Zone 5 Zone 6 Zone 7 Zone 8
Heating Degree Days @
18.3 �C (65 �F)a

2911
(5240)

3518
(6333)

4146
(7463)

5198
(9423)

8159
(14687)

Heating Outdoor Design
Temperaturea

�3.4 �C
(25.9 �F)

�13.7 �C
(7.4 �F)

�19.2 �C
(�2.5 �F)

�25.8 �C
(�14.5 �F)

�38.3 �C
(�36.9 �F)

Electricity Utility Rateb 0.10 $/kWh
(2.93 $/therm)

0.10 $/kWh
(2.93 $/therm)

0.06 $/kWh
(1.75 $/therm)

0.12 $/kWh
(2.32 $/therm)

0.29 $/kWh
(8.51 $/therm)

Electricity Consumption
Emission Factorc

10.9 gCO2/kWh
(0.71 lbCO2/therm)

35.0 gCO2/kWh
(2.27 lbCO2/therm)

1.6 gCO2/kWh
(0.10 lbCO2/therm)

860.0 gCO2/kWh
(55.8 lbCO2/therm)

267.5 gCO2/kWh
(17.3 lbCO2/therm)

Electricity Generation
Mix (% renewable)

89 % 93 % 99 % 9 % 37 %

Traditional Fuel Option Natural Gas Light Fuel Oil
Traditional Fuel
Utility Rate

1.91 $/GJ
(0.22 $/therm)d

3.66 $/GJ
(0.39 $/therm)d

3.24 $/GJ
(0.34 $/therm)d

1.98 $/GJ
(0.21 $/therm)d

27.68 $/GJ
(2.92 $/therm)e

Traditional Fuel
Emission Factorc @
15 �C (59 �F) and
101.325 kPa (14.7 psi)

1926 gCO2/m
3

(0.120 lbCO2/ft
3)

1888 gCO2/m
3

(0.118 lbCO2/ft
3)

1887 gCO2/m
3

(0.118 lbCO2/ft
3)

1928 gCO2/m
3

(0.12 lbCO2/ft
3)

2.753 tCO2/m
3

(171.9 lbCO2/ft
3)

Housing Stockf 282,355 846,405 564,230 287,775 3,210
aASHRAE (2017)
bRylan Urban (2020)
cEnvironment and Climate Change Canada (2019)
dStatistics Canada (2020a)
eStatistics Canada (2020b)
fStatistics Canada (2017)
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detached houses in five cities: Vancouver, Edmonton,
Toronto, Montreal, and Yellowknife. These cities were
chosen because they represent populous regions with dis-
tinctly unique climate conditions. The heating load of each
house in the database was evaluated under its corresponding
outdoor conditions (99 % worst-case design temperature)
and other descriptive parameters listed in Table 3.
Furthermore, the analysis procedures for heating load evalu-
ation were also taken from ASHRAE documentation refer-
enced by the National Energy Code for Buildings (National
Research Council of Canada 2017). The main forms of sens-
ible heat loss considered in this study were conduction, infil-
tration, and ventilation; latent losses were not considered. As
such, residential heat loss analysis was reduced to the set of
governing parameters shown in Table 4. Conduction heat
loss is a product of thermal transmittance of each exposed
surface, its area, and the temperature difference across the
boundary. Similarly, the convective loss is a function of
flow rate, temperature difference between indoor and out-
door air. An indoor setpoint temperature was assumed to be
21 �C (70 �F) based on typical indoor conditions from
ASHRAE (2017). The developed SVR models were used to
predict the areas of the four main components of heat con-
duction through the envelope. To obtain the correct heating
load analysis of the Canadian housing stock, data about fen-
estration, insulation values, and airtightness were taken from
the CSDDRD. Since the thermal transmittance of windows

was not specified, a typical double-pane vinyl/wood frame
window was assumed for all cases. ASHRAE Standard 62.2
(ASHRAE 2016) was consulted to approximate minimum
ventilation flowrate depending on residence floor areas and
the number of bedrooms. The resulting heat loss rates were
integrated over a typical meteorological year; based on
hourly temperature occurrence data from ASHRAE (2017)
resourcesFormatting… please wait, which allowed us to
visualize the total annual energy demand in addition to the
average heat loss rate for homes in each city.

Thermal balance and energy consumption

Three commercially available heat pumps and two furnaces
were examined in this feasibility study. These were selected
based on a previous study, in which three models of heat
pumps and three furnaces were compared and the best com-
bination was found (Udovichenko and Zhong 2019). Table 5
shows a basic description of the two heating devices. First,
the ASHP output capacity and residential heating load were
compared as a function of outdoor temperatures, which was
a means to identify the thermal balance point to switch from
an ASHP to a furnace. Next, the total seasonal energy con-
sumption of each heating system or combination was com-
pared, which was computed based on the previously
determined total annual heating energy demand using the
hourly bin temperature data, mentioned earlier. Four

Table 4. Resources consulted to find parameters needed for heat loss analysis.

Conduction

Component Surface Area Thermal Transmittance
Above-grade Wall SVR Model (Figure 1) CSDDRD
Above-grade Roof SVR Model (Figure 1) CSDDRD
Below-grade Wall SVR Model (Figure 1) CSDDRD
Below-grade Floor SVR Model (Figure 1) CSDDRD
Window CSDDRD ASHRAE (2017)
Door CSDDRD CSDDRD
Convection
Component Flowrate
Infiltration CSDDRD
Ventilation ASHRAE (2016)

Table 5. Basic specifications of heat pumps and furnaces to be used.

ASHP: A B C Furnace: A Ba

Rated heating
capacity @
8 �C (46 �F)

12 kW
(41 kBTU/h)

7 kW
(24 kBTU/h)

16 kW
(55 kBTU/h)

Fuel Type Natural Gas Light Fuel Oil

Outdoor operating
temperature range
(Lo/Hi)

�35 �C/15 �C
(�31 �F/59 �F)

�20 �C/18 �C
(�4 �F/64 �F)

�13 �C/30 �C
(8.6 �F/86 �F)

Annual Fuel
Utilization
Efficiency
(AFUE)

97% 95%

Coefficient of
performance
(COP) (Lo/Hi)

0.9/3.5 1.43/5.65 2.53/5.16 Heating Value
of Fuel

0.0039 GJ/m3

(1026BTU/ft3)
39 GJ/m3 (0.139

MBTU/gal)

aFurnace B only applies to Yellowknife.
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scenarios were assumed: a baseline case using only the fur-
nace-alone (furnace A or B in Table 5) and three cases of a
hybrid system composed of one ASHP with a furnace when
needed. Since the natural gas furnace is not a common heat-
ing system in Yellowknife, an oil heating furnace (furnace
B) was used as the traditional heating device in both the
baseline and hybrid system cases for this city. In addition to
the heat loss rate from each residence, the following parame-
ters were calculated for each hour bin: heat loss from the
residence, heat pump input and output, and supplemental
heating amount (if any). Since the furnaces and heat pumps
differ by energy type, no direct comparison was performed,
but this analysis was used as an intermediate step to deter-
mine the final operating cost and GHG emissions results.
However, a breakdown of system operation for the full year
was determined, in which various stages of operation were
added up based on the hourly count at each outdoor tem-
perature occurring in the year. The stages of operation were
split into the following cases: independent heat pump oper-
ation at part load with no supplemental heating (denoted as
ASHP ‘ON’ and ASHP ‘OFF’ to account for cycling
effects), full load operation with supplemental heating
(denoted as ASHP ‘ON’ þ Supplemental heating), and the
case when the heat pump could not physically operate
(denoted as ASHP ‘OFF’ þ Supplemental heating).

Model verification

A local Edmontonian home, which fits the description in
Table A1, was used as a case study to validate the SVR pre-
dictions as well as the calculation of overall annual energy
consumption. The inputs for the SVR models are shown in
Table 6. Energy gas bills from the year of 2018 were ana-
lyzed to give the energy consumption of the natural gas fur-
nace (80% AFUE) for space heating only. The indoor
heating setpoint in this home was 18.5 �C (65.3 �F) in 2018,
so a minor scaling adjustment had to be performed to stay
consistent with the assumption of a 21 �C (70 �F) setpoint.

As mentioned in the SVR training, an uncertainty analysis
was included to propagate the MAE associated with the
SVR model predictions. In generating a comparable heating
load, the insulation values and air change coefficients were
necessary to be known, but they were not identified in the
architectural drawings. To be consistent with the evaluation
method for the homes in the database, the thermal transmit-
tance and infiltration property were taken as the average
value of year bin (1972–2003) and zone (7) from
the CSDDRD.

Economic and emissions analysis of heating systems

Once the total energy consumption of the heating systems
was known, the economic and emissions analysis could be
performed. The seasonal operating costs were calculated
based on the utility costs associated with the two heating
systems for each city. Similarly, GHG emissions associated
with heating the residence were determined as a product of
seasonal energy consumption and emission factors of the
used energies. The utility costs for electricity, natural gas,
and oil, as well as the emission factors, were found from
websites of utility companies (Rylan Urban 2020), national
statistics archives (Statistics Canada 2020b), and the national
inventory report (Environment and Climate Change Canada
2019), respectively. The values shown in Table 3 were taken
as an average over the last four years. This analysis does not
include costs associated with utility transport and installation
or maintenance of the equipment.

The GHG emissions results were expanded to a municipal
level by considering the total housing stock (2017 census
data from Statistics Canada) of each city. The total seasonal
emissions for a city was estimated by the average of the
emission results for each home in the database, multiplied
by the total number of single-detached homes. This proced-
ure assumes that the single-detached home database is statis-
tically representative of the single-detached housing stock.
In order to obtain a clear view about benefits of ASHP
implementation, three scenarios were considered: A baseline,
in which all homes are assumed to be using the traditional
furnaces, either natural gas or fuel oil; a second scenario
assumes half of the homes own an ASHP hybrid system;
lastly, all homes in a city operate the hybrid system.

Results and discussion

SVR model results

The hyperparameter optimization of each model resulted in
the optimal parameter values shown in Table 7. The

Table 7. Optimal parameters of SVR models.

Basement Floor Area Basement Wall Area Ceiling Area Gross Wall Area

Epsilon (e) 7.0288 4.2888 0.39952 0.46439
Box Constraint (C) 966.92 2.8495 26.584 0.063781
Kernel Function linear linear linear linear

Table 6. Input variables of a case study in Edmonton.

Parameters Value

Conditioned floor area 183.2 m2 (1,970 ft2)
Perimeter of house footprint 41.4 m (136 ft)
Area of house footprint 107.0 m2 (1,156 ft2)
House plan shape Rectangular
Number of floors (above ground) 2
Number of bedrooms 3
Climatic zone 7
House vintage 1994
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programed optimization procedure tested different kernel
functions and determined that the linear function was the
most feasible for this type of data. Performance evaluation
results for the four building-area models are displayed in
Table 8. The gross wall area model was found to be the
most accurate with a correlation coefficient of 0.96 and 0.95
for the train and test datasets, respectively, and with the low-
est percentage errors. Meanwhile, the basement wall area
showed moderate accuracy. However, all four models had
MAPEs below 15% and the values of Wilmott’s index of
agreement above 0.75, indicating good generalization cap-
ability. Comparing engineering drawing-based calculation
areas with the predictions for the case study home, SVR
models showed a good prediction capability in Table 9 for
most outputs except for the basement floor area whose pre-
diction error exceeded the MAPE of the developed model.

All other models achieved prediction errors below 10%.
Overall, the gross above ground wall area model outper-
formed the other models based on R2, MAPE, WI, and pre-
diction error.

Model verification results

The case study home was utilized to ensure that the proce-
dures of energy consumption estimation following building-
area prediction were valid in this study. The actual space
heating load and the estimated consumption using ASHRAE
procedures are compared in Figure 2. There was a good
agreement between the actual and calculated energy con-
sumption per month in 2018. The overall annual energy use
of 102.0 GJ (97.5 MBTU) from the utility bill was compar-
able with 99.5 ± 1.5 GJ (94.3 ± 1.4 MBTU) from the energy

Table 9. Model verification results (Case study).

Actual Predicted % Error

Gross Wall Area, m2 (ft2) 189.0 (2,034) 191.7 (2,063) þ1.4
Ceiling Area, m2 (ft2) 107.0 (1,151) 103.9 (1,118) �2.9
Basement Wall Area, m2 (ft2) 98.0 (1,054) 92.7 (997) �5.4
Basement Floor Area, m2 (ft2) 107.0 (1,151) 91.0 (979) �14.9

Table 8. Performance evaluation results of four SVR models.

Basement Floor Area Basement Wall Area Ceiling Area Gross Wall Area

Train data Test data Train data Test data Train data Test data Train data Test data

R2 0.87 0.86 0.77 0.71 0.81 0.87 0.96 0.95
MAE (m2) 9.28 9.49 9.16 9.56 8.57 8.68 8.16 8.78
RMSE (m2) 13.58 14.08 13.23 14.88 19.29 15.44 13.68 15.56
MAPE (%) 11.47 11.22 10.88 10.87 9.62 13.85 5.41 5.71
WI 0.82 0.95 0.76 0.94 0.85 0.96 0.92 0.98

Fig. 2. Monthly space heating energy consumption of case study home.
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calculation, confirming that the house parameters predicted
by the SVR models and the subsequent heat analysis were
appropriate to be used in this study.

Heating loads

As expected, the design heating loads for the cities worsen with
harsher climate zones, as shown in Figure 3. Fundamentally,
the colder cities experience higher design heating loads due to
the lower design temperatures. 50% (25th–75th percentile) of
the homes in Yellowknife have a design heating load in the

range of 23–39 kW (78480–133070BTU/hr) due to the design
temperature of �38.3 �C (�36.9 �F). Meanwhile, the same frac-
tion of homes in Vancouver would experience a heat loss rate
of 7–14 kW (23880–47770BTU/hr) at a temperature of
�3.4 �C (25.9 �F). Surprisingly, the design temperature
decrease between Toronto at �13.7 � C (7.3 �F), Montreal at
�19.2 �C (�2.6 �F), and Edmonton with �25.8 �C (�14.4 �F)
results in fairly constant heating loads for the 25th–75th

percentiles of 10–19 kW (34120–64830BTU/hr), 8–18kW
(27297–61418BTU/hr), 10–19 kW (34121–64830BTU/hr),
respectively. Since thermal resistances (Figure A2) for different

Fig. 3. Boxplots of design heating loads for five Canadian cities, where boxes represent the 25th, 50th, and 75th percentiles, the
whiskers represent the 10th and 90th percentiles, x marks the mean value.

Fig. 4. Annual space heating energy consumption of a single-detached home using the best hybrid system in each city (natural gas fur-
nace/ASHP-C in Vancouver, Toronto, Montreal, and Edmonton; oil furnace/ASHP-A in Yellowknife) based on vintage of home. No
data was available for homes in Yellowknife in the ‘1900–1938’ bin. Boxes represent the 25th, 50th, and 75th percentiles; the whiskers
represent the 10th and 90th percentiles, x marks the mean value.
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components across the zones are relatively constant, these
results could be attributed to the exposed surface areas. For
example, Vancouver’s (zone 4) mild design temperature is
countered by its larger exposure areas, which results in the heat-
ing load stated above. Table 1 shows a decreasing trend of
house sizes from Vancouver (zone 4), Toronto (zone 5),
Montreal (zone 6) to Edmonton (zone 7), which is the reason
for the similar heating loads in these cities. In Yellowknife
(zone 8), the extreme outdoor conditions coupled with a

noticeable reduction in below-ground component insulation val-
ues result in much harsher design loads. Even though the hous-
ing component areas are lower for Yellowknife, this change is
not enough to counter the magnitude of heat loss occurring.

Figure 4 presents a set of cumulative results deduced
from the heating loads, on a vintage basis over the last cen-
tury. The total annual energy demand in each city was plot-
ted based on year bin clusters. In general, the magnitude of
energy consumption in each city closely resembles the trends

Fig. 5. Heating load and ASHP capacity as a function of outdoor temperature for Vancouver (lower). Annual heating temperature bins
for all ASHPs (centre), and operating time fraction (upper right) of the three ASHPs for an average home.
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of design-case heat loss in Figure 3. Yet, now there is evi-
dence of older homes having higher energy needs as com-
pared with more modern homes. In Vancouver, compared
with homes built between 1900 and 1938, mid-century and
late-century homes consume 91 % and 82% as much energy,
which showcases noticeable improvements in housing qual-
ity toward the end of the century. Similarly, homes built in
Toronto between 1939–1971 and 1972–2003 have achieved

energy consumptions of 92 % and 88 % as large as homes
built at the start of the century, respectively. Montreal and
Edmonton have seen diminishing results, with mid- and late-
century homes achieving energy consumptions of 87 % and
83 % in Montreal, and 95 % and 96 % in Edmonton as high
as homes built between 1900 and 1938 in those locations.
Since the reduced dataset lacked early century homes for
Yellowknife, less can be analyzed about this city. Newer

Fig. 6. Heating load and ASHP capacity as a function of outdoor temperature for Toronto (lower). Annual heating temperature bins for
all ASHPs (centre), and operating time fraction (upper right) of the three ASHPs for an average home.
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homes appear to have higher energy consumptions (19 %
increase) than older homes. Overall, this is evidence of
noticeable innovation with regards to housing technologies
and practices having taken place over the last century.
However, a more drastic reduction was expected.

Thermal balance and energy consumption

Figures 5–9 present the heating loads of each city as a function of
outdoor temperature, as well as the temperature-dependent heat

capacity of three ASHPs. The intersection of the average heating
load curve and the capacity curve signifies the average thermal
balance point of theASHP operating in that location. The tempera-
ture bin plots are meant to breakdown the various stages of heating
system operation that would occur for an average home, heated
with hybrid systems consisting of each of the heat pumps and the
corresponding furnace for each city. This information is also sum-
marized as a total for each system on an annual basis.

For Vancouver, the mild conditions allow all three ASHPs
to operate at all the outdoor temperatures. This means that, in

Fig. 7. Heating load and ASHP capacity as a function of outdoor temperature for Montreal (lower). Annual heating temperature bins
for all ASHPs (centre), and operating time fraction (upper right) of the three ASHPs for an average home.
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general, all three models can provide heat without operational
limitations. However, the heat capacity is limited for all three
models, and supplemental heating is required for all homes
except the bottom �50 %, whose energy demands can be fully
covered by A- and C- ASHPs (Figure 5). Furthermore, an
average home in Vancouver could be heated only with ASHP
C; at part load and without supplemental heating, for the entir-
ety of the 4757-hour heating season, while only operating for
1500 hours (22 % of the time). In contrast, ASHP B would

have to be ‘on’ for 2830 hours in the winter, including
872 hours (13 % of the time) that would require supplemental
energy. Overall, this suggests that in the warmest city in
Canada, most of currently available ASHPs possess the heat
capacity to satisfy the heating requirements of �50 % of the
homes at an outdoor temperature of �3.4 �C (25.9 �F), with
minimal or no supplemental heat.

The results are noticeably worse for Toronto (Figure 6);
all the models can function, but supplemental energy is

Fig. 8. Heating load and ASHP capacity as a function of outdoor temperature for Edmonton (lower). Annual heating temperature bins
for all ASHPs (centre), and operating time fraction (upper right) of the three ASHPs for an average home.
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required for all of them. Only the bottom �25 % of homes
with the lowest heating loads can be satisfied with the best
heat pumps (ASHPs A & C) operating independently of aux-
iliary systems. If ASHP B were to be used, that fraction
would go down to far below 10 % of homes. ASHP operat-
ing time during the 4750-hour heating season would range
between 2488 hours (37 %) in total including 520 hours (8
%) of supplemental heating for ASHP C and 3683 hours (55
%) in total with 2433 hours (36 %) of supplemental heating

for ASHP B. It is evident that these operating time varia-
tions are what create a large impact on the final energy con-
sumption, and therefore, heavily impact cost and
emissions savings.

As the locations get colder, the limitations of the heat
pumps become more prevalent. Montreal and Edmonton’s
conditions are too harsh for some ASHP models to function
year-round (Figures 7 and 8). However, the insulation and
surface area trends, discussed previously, result in these two

Fig. 9. Heating load and ASHP capacity as a function of outdoor temperature for Yellowknife (lower). Annual heating temperature
bins for all ASHPs (centre), and operating time fraction (upper right) of the three ASHPs for an average home.
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locations having operating time fraction comparable to that
of Toronto. A high capacity model (ASHP C) would have to
operate independently for 1980 hours (29 %), in dual-device
operation for an additional 584 hours (9 %), and would be
physically incapable of operating for 198 hours (3 %), which
would have to be entirely supported by the furnace. On the
contrary, ASHPs A and B would have no physical limita-
tions, but would have to operate at full-load for much lon-
ger; 2046 hours (30 %) independently plus 1052 hours (16
%) with supplemental energy for ASHP A, and 1146 hours
(17 %) independently and 2870 hours (42 %) with supple-
mental energy for ASHP B. For Edmonton, ASHP B’s
1515 hours (22 %) in part load operation, 2691 hours (40 %)
with auxiliary heating and 240 hours (4 %) in shut-off mode,
showcases the obvious weakness of a low-capacity model
with an intermediate operating temperature range. In total,
the operating times of the three units (A, B, C) are 3098,
4016, and 2561 hours in Montreal, and 3358, 4206, and
2397 hours in Edmonton, which is consistent with the total
heating hours of 5137 and 5897 for an average residence in
the two cities, respectively. Furthermore, one advantage of
ASHP A’s low operating temperatures, is that it is the only
model that can support a fraction of homes with no need for
supplemental systems, even though that fraction is �25 % in
Montreal, and �10 % in Edmonton.

Unsurprisingly, all three systems will struggle in
Yellowknife, so there are no homes that can run solely on
electric heat pump heating during the 6750-hour heating sea-
son (Figure 9). Supplemental energy operation would have
to occur for 2371 hours (35 %) for ASHP C to 33 hours (0.5
%) for ASHP A. In this case, independent heating time
becomes irrelevant and focus shifts to finding the ASHP
model that can achieve greater operating times with auxiliary
energy. Even though ASHP-C has a lower switch tempera-
ture of �5.5 �C (22.1 �F) than ASHP-A’s �2.3 �C (27.9 �F),
the latter has a much greater presence in the heating season
due to its ability to stay active at extremely cold tempera-
tures. Therefore, ASHP-A can supply low quality heat for a

greater portion of the heating season than its counterparts,
even if only to satisfy a part of the required load. However,
the quality of heat provided by ASHP-A at most of these
temperatures can be minimal, as compared with the overall
greater output from ASHP-C, as can be deduced from
inspection of the heat capacity outputs in the bottom of
Figure 8. This dynamic between the heat pump models can
result in vastly different cost and emissions implications
depending on various external factors, such as energy avail-
ability, cost, and emissions factors.

Figure A3 shows the ranges of annual heating energy
required for a home in each city using the four heating sys-
tems. Furthermore, the hybrid system that shows the lowest
energy consumption (natural gas furnace/ASHP-C in
Vancouver, Toronto, Montreal, and Edmonton; oil furnace/
ASHP-A in Yellowknife) can be broken down into its com-
ponents, as shown in Figure A4. These plots can be used to
show the overall mixed source energy supply to the system
from the end user perspective. However, the since these are
a combination of primary and secondary energy sources,
conclusions cannot be drawn regarding energy savings.
Instead, these are directly linked to the economic and emis-
sions results computed later.

Economic and emissions feasibility

Annual operating emissions and costs are shown in Figures
10 and 11. Operating the hybrid system is expected to pro-
vide a reduction in seasonal emissions in the homes of
Vancouver of 71–89 %, with hybrid system C providing the
greatest benefit. Similarly, homes in Toronto could reduce
their emissions by 50 % if ASHP B is used, 71 % if ASHP
A is used, and by 76 % if ASHP C is used. The superiority
of heat pumps A and C, which was partially evident during
thermal balance and operating time analysis, is further rein-
forced by the results of Montreal. The average home in this
city could reduce their operating emissions by at least 45%
with hybrid system B, and at most by 69 % with hybrid

Fig. 10. The seasonal CO2 emissions for a single-detached home in each city using the four systems. Boxes represent the 25th, 50th,
and 75th percentiles; the whiskers represent the 10th and 90th percentiles, x marks the mean value.
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system A. This effect is associated with the generation mix
of electricity supplied to these locations. For example, 99%
and 90% of the electricity produced in Quebec and British
Columbia, respectively, comes from renewable sources such
as hydro, tidal, solar, and wind (National Energy Board
2020). In Ontario, that number is only 33%, but an add-
itional 60% comes from nuclear steam turbine generation
(National Energy Board 2020). In large contrast,
Edmontonian homes would experience an emissions increase
of 25 % (hybrid system B), 35% (hybrid system C), and 52
% (hybrid system A). This is due to the fact that 93% of
electricity in Alberta is generated by the combustion of fos-
sil fuels (National Energy Board 2020); an issue that is cur-
rently being tackled in the province’s energy sector (Weis,
Thibault, and Miller 2016). In the case of Yellowknife, 33
% of electricity is generated renewably (National Energy
Board 2020), so the hybrid system would bring about emis-
sions reduction of up to 24 % if hybrid system A is used
(20 % for ASHP C and 13 % for ASHP B), but the magni-
tude of emissions far exceeds an average home in any other
city due to the heavy reliance on heating oil. This result also
reinforces the fact that a lower capacity ASHP A that can
operate for a greater portion of the season is more beneficial
than a higher capacity ASHP C, which far more limited in
the operating temperature range.

With regard to average seasonal operating costs, the
results are once again region-dependent and do not exactly
parallel the results presented directly above. Operating the
hybrid system would mean cost reductions of 10% or 20% if
hybrid systems C and B are used, respectively. However,
usage of ASHP A in conjunction with the traditional furnace
in a typical Vancouver home would increase annual spend-
ing by 4%. This can be attributed to its having the lowest
efficiency as denoted by its coefficient of performance
(COP) in Table 5. This trend in operating costs extends to
Toronto, where reduction of 3 % and 8 % can be achieved
with ASHPs C and B, respectively, but ASHP A generates
an increase of 13 % in annual operating costs. This suggests

that there is currently no single system that can objectively
outperform the rest by both metrics. While hybrid system C
is certainly a strong choice in these locations, a decision
must be made based on what the consumer values. The most
positive results occur in Montreal, where electricity price is
by far the lowest amongst the five cities (Hydro-Qu�ebec
2020), which leads to a reduction in costs between 27 %
(ASHP B), 31 % (ASHP A), and 37 % (ASHP C). In con-
trast, the low cost of natural gas in Alberta signifies that the
average operational cost could increase by 33–60 % in
Edmonton if the average home installs hybrid systems B or
C, respectively. Likewise, expenditures would increase in
Yellowknife due to high electricity costs by as much as 25
% for hybrid system A. However, operating hybrid systems
B and C would only increase by 1 and 2 %, respectively. As
such, it is concluded that both emissions and cost reduction
from the ASHP technology favor Vancouver, Toronto and
Montreal. However, no single system can achieve the great-
est reductions in operating GHG emissions and annual costs
simultaneously.

Although the results are not entirely favorable, the impli-
cations from emissions results are very positive, especially
since the nation is aiming to reduce its emissions through
various goals. Mainly, the Paris Agreement pledges to
reduce national emissions by 30 % by 2030 compared to
2005 levels (Mascher 2018). Thus, a municipal-level ana-
lysis could be of use for visualizing potential emissions-
reduction strategies. Figure 12 presents a few potential scen-
arios for emissions reduction on a greater scale. If every
home in Vancouver were to switch to using a hybrid ASHP
C-furnace system, overall annual heating emissions would
reduce by 8 %. Similarly, in Montreal by 22 % with hybrid
system A. With Toronto’s massive population and housing
stock, making the switch to all hybrid with ASHP-C systems
in this city would result in the greatest overall reduction in
residential heating emissions of these five communities of
32 %. By contrast, Edmonton’s case would increase the CO2

release of the cities by 5 % even if the least polluting hybrid

Fig. 11. The seasonal operating cost for a single-detached home in each city using the four systems. Boxes represent the 25th, 50th, and
75th percentiles; the whiskers represent the 10th and 90th percentiles, x marks the mean value.
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system (B) was used in an all-hybrid scenario.
Yellowknife’s extreme emissions do not have such a major
impact due to its relatively low population community
(emission decrease of only 0.14 % for the combination of
residential communities).

Limitations

This study was simplified and limited in several of the fol-
lowing ways. Firstly, the target and input selection in this
study heavily relied on the data provided from the database,
so it is possible that replicating the procedure on different
sets of housing data could result in different variables with
better-correlating relationships. Furthermore, it is critical to
note that although the original data regarding the four main
components were available for use in the techno-economic
analysis, prediction results from the SVR modeling were
used instead. The reasoning behind this decision was to
showcase the process of how the SVR predictions can be
acquired and then utilized in housing energy analysis. The
goal is to replicate this procedure on other datasets for dif-
ferent styles of homes, such as double/rowhouses, in other
countries to model the necessary parameters completely.
Given that the four targets tested here gave positive results,
the SVR models could be expanded to other housing param-
eters, primarily the ones which were not feasible in this
study, such as infiltration coefficients and fenestration areas.
Regarding the techno-economic analysis procedure, add-
itional steps could be taken to involve a greater level of
detail in the analysis. For example, the heating load calcula-
tions may be modified to include other heat transfer effects,
such as humidity, wind speed, and hourly solar irradiance.
Similarly, the economic analysis in this study ignores the
costs of energy transmission, as well as equipment installa-
tion and maintenance costs. Furthermore, ASHP technology
can be used for cooling purposes, leading to costs and GHG

emissions as well, which is beyond the scope of this study
given the considerable heating demand in Canada.

Conclusion

Given that more than half of Canada’s electricity production
comes from renewable sources (Environment and Climate
Change Canada 2016), utilizing electric heating where pos-
sible would greatly aid in achieving Canada’s long-term
emissions goals. This study analyzed the effect of utilizing
electric ASHPs for residential heating in several Canadian
cities. Prior to the feasibility analysis, SVR was applied to a
Canadian housing database to generate predictive models for
architectural exposure areas that were used to estimate heat-
ing energy consumption. This validated method showed reli-
ability and consistency in analyzing large datasets. Heating
load, economic and emissions analysis showed that ASHP
technology would be beneficial to bring about energy source
changes in the residential sector: increased use of electricity
and lowered the consumption of traditional heating fuels.
Moreover, the ASHP system would introduce seasonal cost
reduction in Vancouver, Toronto, and Montreal. The heavily
renewable generation mix and moderate utility costs,
coupled with milder climates, make these locations suitable
for the ASHP system and can benefit from cost and emis-
sions reduction for space heating. Yellowknife could benefit
from this system only through GHG emissions reduction, as
operating costs would increase moderately. Meanwhile, cur-
rently available ASHP technology is temporarily unfeasible
for use by every measurable margin in Edmonton due to a
lack of renewable electricity. However, some provincial gov-
ernments are actively developing renewable technology to
boost green electricity, such as the new solar farms sched-
uled for development in southern Alberta (Government of
Alberta 2020), which will facilitate ASHP technology imple-
mentation in Canada.

Fig. 12. Municipal-scale GHG emissions results for all single-detached homes in each city at three heat operating scenarios. Boxes rep-
resent the 25th, 50th, and 75th percentiles; the whiskers represent the 10th and 90th percentiles, x marks the mean value.
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