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Abstract: Home heating accounts for most of residential energy use in Canada. While natural gas, oil-fired fur-
naces, and electric resistance are the dominant heating system choices, heat pumps have become a viable alterna-
tive. Heat pumps with lower minimum operating temperatures and better performance are increasing both their
effectiveness and their number of hours of useful service. In this study, we apply System Dynamics to analyze the
effects of technological development on the rate at which homeowners adopt residential air source heat pumps. We
test the effects of low, moderate and high rates of technological development, as well as reduced electricity and
carbon pricing on the predicted rate of adoption in Ontario. From the perspective of the use stage in life cycle as-
sessment, we estimate energy savings and greenhouse gas emissions reductions. We predict that using heat pumps
will substantially reduce overall energy consumption, and in Ontario, where electricity is generated with little use
of fossil fuels, it will also reduce greenhouse gas emissions.
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1 Introduction ergy use while providing the necessary home heating.

Heat pumps can deliver approximately three (3) times
In cold climates, space heating is a necessity and also as much heat as the electrical energy used to drive
one of the largest residential energy needs. In On- them. If 10% of the heating needs of Ontarians cur-
tario, Canada, approximately 62% of residential en- rently supplied by fossil fuels were supplied with heat
ergy consumption was for space heating alone in 2012 pumps, we could expect a 6-7% reduction in energy
[1]. At present this energy is primarily supplied by consumption for heating, and an approximate 9% re-
natural gas, fuel oil, and electricity, with natural gas duction in greenhouse gas (GHG) emissions. But will
and oil furnaces making up almost three quarters of this technology be adopted, and how can we encour-
heating systems [2]. These fossil fuels accounted for age it? To analyze this problem we propose an SD
90.6% of residential greenhouse gas (GHG) emissions model.

in Ontario in 2012 [2]. A reasonable goal is to min-
imize residential use of natural gas, using instead a ) . ) 5 )
greater proportion of electrical energy, which in On- ng this quc—::stlor}. The first is the lpwest feasible qut—
tario results in the emission of less than 100 grams of side operating air temperature. With lower operating
CO, equivalent per kWh generated [3, 4]. The objec- temperatures, quern heat pumps can now be used for
tive of this work is to design a System Dynamics (SD) more of ﬂ_le heating season. Today, the best commer-
model which can be used to analyze the effects of cially available models can operate at temperatures as
introducing a modern, green technology, in this case low as ‘30?(: [5]. However, at thgse temperatures per-
modern heat pumps, and observing the effects of the formance.ls reduced and operating costs are conse-
development of heat pump technology, reductions in quently higher than at more modicrate temperatures.
electricity costs and the introduction of carbon pric- Potential users must therefore consider the balance be-

ing on heat pump adoption in a cold climate region. tween energy savings and cost savings.

Three parameters are most important to answer-

The improvement of air source heat pump The second parameter is performance. How ef-
(ASHP) technology enhances economic and envi- fective is a heat pump at a given outside tempera-
ronmental performance by decreasing electrical en- ture? Manufacturers often state a heating season per-
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Figure 1: Causal loop diagram of heat pump adoption.

formance factor (HSPF), which is the heat provided
over the entire heating season in BTUs divided by the
electricity consumed in kWh. This factor can be trans-
lated into a coefficient of performance (COP), which
is usually used to measure instantaneous performance,
and has the advantage of using the same units in the
numerator and denominator (in this case kWh). Over
the entire heating season, the COP can average in the
range of 2 to 3 or more. Because the COP varies over
both the range of operating temperatures and amongst
different models of heat pumps, an aggregated esti-
mate of performance is necessary to predict energy
requirements over the geographic and temporal ranges
studied.

The third parameter is the price of energy. In par-
ticular the relative cost of electricity with respect to
competing fossil fuels. Furnace oil, and natural gas
prices are typically far less than the price of electricity
per unit of energy (see figure 3). While this is a dis-
advantage for electrification, high average COPs over
the heating season can still make heat pumps econom-
ically viable.

These three parameters allow an estimation of
heat pump operating costs and their comparison with
the costs of competing technologies. Expecting that
homeowners will act rationally and allow financial
considerations to dominate their reasoning, we predict
the share of Ontario residences with heat pumps.

Ultimately, the transition to a fossil fuel free heat-
ing stock is expected to reduce GHG emissions. With
heat pumps it is also possible to achieve large reduc-
tions in energy consumption. Life cycle assessment
can be used to gauge whether this will yield a net
reduction in environmental impacts. This study con-
tributes to the analysis of the GHG emissions and en-
ergy consumption during the use (life stage) of heat
pumps.

Life cycle assessment (LCA) began with single
products [6]. In this case the manufacturer could make
a change in a product and expect a reduction of envi-
ronmental impacts based upon maintaining their cur-
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rent production volume. In the case of heat pumps,
performance and energy prices are closely tied to their
economic viability. It stands to reason that better per-
formance, leading to lower operating costs, will en-
courage more homeowners to use them. Lower oper-
ating costs can also be achieved by reducing the cost
of electricity, whether it is absolute or relative to com-
peting fuels.

Much work has been done in the field of LCA
to determine which technologies are likely to be
favoured in a comparative study. Generally, the least
expensive technologies are favoured by consumers in
a growing market [7, 8, 9]. This might result in natural
gas furnaces being favoured over heat pumps, but vari-
ations in heat pump performance and weather condi-
tions can change the cost balance. Market data are of-
ten used to determine which is favoured [9], but there
may be a need to “includ[e] more mechanisms than
just the market ones [10].” While this study focuses on
the economics of heat pump use for the home owner,
the use of System Dynamics enables the integration
of the effects of consumer education and marketing
on heat pump adoption. Examining the problem more
holistically will better aid policy makers.

In this paper, we apply System Dynamics to ana-
lyze the effects of technological development and en-
ergy prices on homeowner adoption of heat pumps.
That is, the number of heat pumps in service is not
prescribed, but rather estimated based on the influence
of their improving performance and consequent eco-
nomic feasibility. Furthermore, the calculation of en-
ergy consumption and heating requirements are also
modelled within the same framework. We chose Stella
Pro, version 1.3 [11] made by ISEE Systems, as the
software for this work.

Rates by City Contact Rate Ratio
HouseHolds HouseHolds with

without Heat Pumps Heat Pumps

Adoptions

Housing
Growth

Figure 2: Stock and flow diagram of adoption rate
model.

2 Methodology

System Dynamics is used to model situations where
there is feedback in the system contributing to its evo-
lution. In this case, as heat pumps are put into service
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their share of the heating system stock increases. This
share increases at a varying rate every year — the adop-
tion rate seen in figure 1. In figure 2, this is shown as
the number of adoptions calculated yearly (Adoptions
in figure 2 and Ad in equation 1). The greater the num-
ber of households with a heat pump installed (HP), the
greater the likelihood that other home owners (HH)
will come into contact with members of these house-
holds or learn of their heat pumps in operation. This
contact rate (CR) coupled with the economic feasibil-
ity of using a heat pump (CBR) affects the number
of adoptions (Ad). The CBR, or cost benefit ratio, is
calculated directly from energy prices, heating equip-
ment efficiencies, and local weather conditions. Equa-
tion 2 shows this ratio, where the incumbent heating
cost is that of the system displaced, be it a natural gas
furnace, oil furnace, or electric resistance heat. The
loop is reinforcing. That is, the greater the number
of heat pumps, the greater their rate of adoption and
in turn the number of heat pumps will rise even more
quickly. Equation 1 describes the calculation of the
number of yearly adoptions (Ad) shown in figure 2.

HP
Ad=HH -CBR- — 1
d CBR-CR H1HP (1)
CBR — Incumbent Heating Cost @)

Heat Pump Heating Cost

These two equations (1, 2) form the main struc-
ture of the model; see figures 1 and 2. The cost benefit
ratio is influenced by the rate of technological devel-
opment and the price of energy in the forms of elec-
tricity, natural gas, and furnace oil. If a large number
of households chose to use heat pumps instead of fos-
sil fuels, we would expect a drop in fuel prices to be
induced. In this model it is assumed that the shift in
heating technology is insufficient to have such an ef-
fect.

Figure 2, shows the stock and flow diagram of the
main feedback loop shown above. This structure and
the accompanying equation (1) are based upon an epi-
demiological model of infection rates in a population
[12]. It exhibits S-shaped growth. There is a slow
adoption rate at first, but it accelerates as the number
of heat pumps increases, until finally it slows again
due to reduced availability of households where a heat
pump can be installed. The latter is unlikely to occur
within the timeframe studied, and while this balanc-
ing effect is incorporated into the model, it has been
omitted from the causal loop diagram in figure 1.

E-ISSN: 2224-350X

307

Alex Szekeres, Jack Jeswiet

2.1 Economic Feasibility

In this study, economic feasibility is determined by
operating cost alone. It is expected that if operating a
heat pump costs more than readily available alterna-
tives, fewer homeowners will install them. If the cost
of home heating can be reduced by installing a heat
pump, then it is expected that more people will make
the initial investment necessary to reap these savings.
Two factors influence the operating costs: heat pump
performance, and the relative cost of electricity com-
pared to heating fuels.
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Figure 3: Historical and forecast energy prices.

The most important factor in determining the cost
of operation is the price of fuel. While heat pumps use
electricity, most furnaces in Ontario use natural gas
and furnace oil. Both the historical and forecast prices
of these three energy sources are shown in figure 3, for
the years 2005 through 2025.

The historical pricing for electricity and natural
gas are gathered from Statistics Canada census and
survey data [13, 14]. Furnace oil pricing is available
through Natural Resources Canada (NRCan) [15].
These data are collected for Ontario in aggregate and
averaged over each year represented, except in the
case of furnace oil where data was available for each
city studied.

Electricity price predictions are sourced from the
Ontario government’s 2013 Long-Term Energy Plan
(LTEP) [4]. However, the forecast shown in figure
3 also includes the a price reduction starting on Jan-
uary 1, 2017 of 8% and a further reduction as of May
1, 2017 totalling 25%. These price reductions were
implemented by the provincial government, and are
detailed in a news release from the Ontario Energy
Board (OEB)[16].

Natural gas and furnace oil price predictions are
estimated using forecasts obtained from Sproule As-
sociates Incorporated [17]. The price forecast for
natural gas is based upon the predicted price at the
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Dawn Hub. This is the price most relevant to assess-
ing the cost of Ontario’s natural gas providers because
the bulk of their supply passes through this location.
The historical Dawn Hub prices are compared to the
Satistics Canada historical prices, and the difference is
minimized using the least squares method. The fore-
cast prices are shown in a dashed line in figure 3.

Similarly, historical furnace oil prices are com-
pared to past oil prices and the difference between the
two minimized to obtain a price forecast. Furnace oil
prices are compared to a weighted average price of
85% Canadian Light Sweet Crude and 15% Western
Canada Select. The latter is a heavy crude oil price.
This is the crude oil make-up used by refiners in On-
tario according to NRCan [15].

Although energy price forecasts for fossil fuels
can change, for this work the forecasts of fossil fuel
prices are assumed to be accurate. In the case of the
electricity price predictions, the assumption of their
accuracy can be made with greater confidence be-
cause Ontario’s electricity is produced mainly with
nuclear, hydro, and natural gas power plants. Pricing
data is published hourly online at the Independent En-
ergy Systems Operator (IESO) website (ieso.ca).[18]
Only natural gas powered generation is directly influ-
enced by fossil fuel price volatility. Nuclear, hydro,
and renewables, like wind and solar, are usually priced
by contractual agreement or regulation. Their pricing
should therefore be less volatile, and more easily pre-
dicted by those forecasting prices in the LTEP.

Carbon pricing has also come into effect in the
jurisdiction of Ontario. A cap and trade” system
is being implemented with a price of $18 per tonne
of carbon dioxide equivalent (CO;e) as of January 1,
2017. This price is expected to increase to approxi-
mately $19.86 by 2020 [19]. The price increase will
however be insufficient to meet the standard being set
forth by the federal government. All provinces will
be required to introduce carbon pricing by January 1,
2019 with a value of $20 per tonne increasing by $10
every year until reaching $50 per tonne in 2022.[20]
The federal minimum price is used in this study from
2020 onward, and it is calculated on a per kWh ba-
sis according the the global warming potential of each
fuel as shown in table 2.

As previously stated, heat pump performance is
also critical to the operating cost comparison. Operat-
ing costs are reduced in proportion to seasonal perfor-
mance. The cost of electricity can be divided by the
seasonal average COP (approximately 3). The aver-
age COP is calculated yearly because technology im-
proves every year, and for each city because weather
conditions vary across the province. Furnace efficien-
cies (typically between 0.78 and 0.96) increase the
cost of using natural gas and especially oil, whose ef-
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ficiencies are typically lower. It is the balance of these
operating costs that is used to calculate economic fea-
sibility and subsequently adjust the rate of adoption.

2.2 Heat Pump Performance

In North America heat pump manufacturers provide
standard performance factors to their customers for
the purpose of comparison between models. Heat
pump performance depends mainly on the outdoor
temperature. Air source heat pumps generally have
declining performance as the outside temperature falls
[21, 22, 23].

Standards have been developed and are elaborated
by the United States Department of Energy (DOE)
[24, 25]. These require testing of heat pumps at a
number of temperatures and conditions. Based upon
these laboratory tests, a heating season performance
factor (HSPF) is calculated. The mathematical form
of the HSPF is the total heat provided over the season
in British thermal units (Btu) divided by the total elec-
trical energy used by the heat pump in kilowatt hours
(kWh) [21].

Total heating needs are based upon the weather
conditions in the geographic location where the heat
pump is to be used. To facilitate standardization,
the DOE has divided up the geography of the United
States into zones based upon the heating needs mea-
sured over the full year. Zones 1-5 are progressively
colder as the number increases. Zone 4 was chosen
for the purpose of testing and reporting HSPF values
[24, 25, 22]. This region roughly spans the middle of
the United States from coast to coast, and is warmer
than almost every location in Ontario. Some Cana-
dian databases provide zone 5 HSPF values for com-
mercially available heat pumps [26]. In the following
sections we describe the methods used in this study to
further localize heating needs for each city studied.

2.3 Weather

Heating needs can be estimated by using a measure of
the weather conditions averaged over a period of 20 or
30 years. The American Society of Heating, Refriger-
ation and Air-conditioning Engineers (ASHRAE) pro-
vides such data for thousands of locations around the
world [21]. 10 cities were selected in Ontario, based
upon availability of data in the ASHRAE tables, pop-
ulation, and climate. Larger populations and diversity
of climate were given preference when selecting loca-
tions. Table 1 shows the cities chosen.

The key data provided by ASHRAE are heating
degree days (HDD) for each location. These are the
sum of the number of days where the temperature is

Volume 12, 2017



WSEAS TRANSACTIONS on POWER SYSTEMS

Table 1: Cities, Heating Degree Days, and Winter De-
sign.

City in Ontario HDD 18.3 U 99% Winter Design
(days°C)  (W/m’h) (°0)
Hamilton 3919 50.1 -15.4
London 3954 50.1 -15.4
North Bay 5192 60.9 -24.6
Ottawa 4441 56.4 -20.8
Sault Ste. Marie 4950 57.2 -21.5
Sudbury 5241 61.0 -24.7
Thunder Bay 5594 63.2 -26.6
Timmins 6017 67.1 -29.9
Toronto 3533 48.1 -13.7
Windsor 3444 474 -13.1

[21]

below 18.3°C multiplied by the number of degrees be-
low 18.3°C. This is the temperature at which heating
will become necessary for a typical home to maintain
an interior temperature of approximately 20°C [21].

Average monthly temperatures and their standard
deviations are used to calculate the likelihood of ex-
periencing a given temperature in a given month. By
selecting a minimum temperature below which the
heat pump stock will not operate, we can estimate
the proportion of heating that will be supplied by heat
pumps. The remainder of heating needs are satisfied
by backup heating systems, which will be electric re-
sistance heating, natural gas, or oil fired. Fairey et al.
developed a system of calibrating HSPF ratings based
upon winter design temperatures [23], and it is an al-
ternative method.

0= A-U-HDDs-24-0.75
(183 WD) - 1000

3

2.4 Energy Consumption and Costs

Heating needs for a year, for a home, can be estimated
using the number of HDDs at that location, the coldest
expected winter temperature and an estimation of the
heating needs for the home at that temperature [22].
Ideally, an estimation of heating needs would be car-
ried out for each home with attention paid to details of
the construction, orientation, number and location of
windows, solar radiation and even the elevation. How-
ever, for a study of this scope average numbers better
represent the aggregated home heating needs. An av-
erage Ontario home as described by Lukas et al. [27]
is used to calculate U, which is heat loss in Watts per
square metre of living area per hour of heating at the
99" percentile coldest temperature (99% winter de-
sign temperature) for each city studied. The method
used is detailed in the ASHRAE Load Calculation Ap-
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plications Manual [28, chap. 10]. Results ranged be-
tween 47 and 67 W/m?h. Equation 3 describes the cal-
culation of heating energy requirements, Q (kWh), for
an average home [22, 29]. The average area, A, heat-
ing degree days for each city, HDDs, and local 99%
winter design temperature, WD, are used to complete
the calculation [29].

Using the number of households that use heat
pumps, and the average size of a home in Ontario
(144.7m?) [27] we can calculate the approximate en-
ergy needs for the year in a particular city. From
knowledge of the weather conditions, the proportion
of heating provided by heat pumps is determined. En-
ergy requirements are then calculated by applying ef-
ficiencies of the heat pumps (see 2.6) and incumbent
heating systems, and from these energy requirements,
greenhouse gas emissions can be estimated.

2.5 Greenhouse Gas Emissions

Greenhouse gas emissions are calculated first by de-
termining the CO,e emissions for natural gas, furnace
oil, and electricity in Ontario. These carbon emissions
are shown in table 2 below. First the content of CO»,
CHy, and N, O were obtained from Canada’s National
Inventory Report [3] and then the Intergovernmental
Panel on Climate Change’s (IPCC) fifth Assessment
Report was used to find weightings for CHy4 and N0.
The global warming potential for 100 years (GWPy¢p)
was used [30].

Electricity emissions per kWh consumed in On-
tario were provided in the National Inventory Report
[3] up until 2012 with some years requiring interpo-
lation. Future estimates of emissions were obtained
from the 2013 Ontario government Long-Term En-
ergy Plan (LTEP) [4]. Reductions in GHG emis-
sions due to displaced fuel consumption are calculated
within the system dynamics model. For residences
with heat pumps, the proportion of heating provided
by the heat pumps is calculated. The remainder of
heating needs are provided by the backup heating sys-
tems (electric, natural gas, or oil). Reductions in GHG
emissions are then calculated by summing the dis-
placed emissions for all homes in all cities and sub-
tracting the emissions resulting from the increased use
of heat pumps. Figure 9 shows the GHG emissions re-
ductions as they were calculated for each year.

2.6 Technological Development and the Rate
of Adoption

Minimum standards for ASHPs are set at intervals
by the DOE in the United States and by NRCan in
Canada. These standards require that all heat pumps
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Table 2: CO,e emissions by heating fuel type

(GWP10).

Heating Energy Source Carbon Emissions
(gC0Oze / kWh heat)

Electricity 40

Natural Gas 215

Furnace Oil 351

(30, 4]

meet a minimum level of seasonal performance. Ta-
ble 3 below shows the dates these standards were ef-
fective and the associated HSPF and average COP
values.[31, 32]
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Figure 4: Technological development of heat pump
performance.

Current cold climate air source heat pumps (CC-
ASHP) are best suited to Ontario’s climate because
they are designed to operate at very low temperatures
(as low as -30°C). Northeast Energy Efficiency Part-
nerships (neep.org) maintains a dataset of currently
available CC-ASHPs complete with performance data
for at least three temperatures (8.3°C, -8.3°C, -15°C)
for each heat pump in the dataset.[33] At the time of
writing, the dataset contained 312 heat pump models
and configurations. From the average performance at
these three temperatures a linear curve fit was applied.
It is shown in figure 4, in black. While it is expected
that a normal COP curve would not be linear, we use
lines to represent the average performance of these
heat pumps in this model.

Manufacturers have provided additional low tem-
perature performance data for some of the 312 heat
pumps listed. These data are shown as a cluster of
points below -15°C. All the points from this dataset
have error bars indicating a 95% confidence inter-
val based upon the standard deviation of the available
samples.
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Figure 4 also shows three pairs of linear perfor-
mance curves. In solid green are the COP curves used
in the model for 2005 and 2025. A new COP curve
is calculated for every year in between. The improve-
ment in performance from year to year is linear. Sim-
ilarly, in dashed blue lines we see a “worst case” sce-
nario for heat pump performance, and in dashed red
lines we see a “best case” scenario. These scenarios
are used for sensitivity testing, the results of which are
shown in section 3, tables 4 and 5. In all cases both
the level of performance (intercept) and the consis-
tency as temperatures drop (slope) change from 2005
to 2025. The level of performance increases and the
slope becomes flatter, indicating that performance is
better maintained at lower temperatures as heat pump
technology improves.

The linear average COP performance curve is
used to calculate the average yearly performance for
each city studied. This is done by testing against 30
years of hourly climate data for each city. The data
from 1981-2010 inclusive is available from Environ-
ment Canada’s database of climate normals [34]. The
resultant average performance for the heating season
is used to calculate both the cost of heating and the
electrical energy requirements for the heat pumps in
service in each city in that year.

Table 3: Standards for Heat Pump Performance

Canada and US.

Effective Dates Split Single Package
HSPF (COP) HSPF (COP)

Natural Resources Canada

After 2006 7.7 (2.25) 7.7 (2.25)

Before 2010 through-the-wall 7.1 (2.08) 7.1 (2.08)

After 2010 through-the-wall 7.4 (2.17) 7.4 (2.17)

U.S. Department of Energy

1992-2006 6.8 (2.00) 6.6 (1.93)

2006-2015 7.7 (2.25) 7.7 (2.25)

After 1 Jan. 2015 8.2 (2.40) 8.0(2.34)

[31,32]

3 Results & Discussion

This system dynamics model (see figures 1 and 2) is
intended to show the potential for predicting adoption
of technologies that may be more energy efficient. De-
spite lacking data to fully support some of the inputs,
it is possible to produce a model that closely tracks
historical adoption of heat pumps. Shown in figure 5
is both the actual share of heat pumps as tabulated by
Statistics Canada and the predicted share from 2005
to 2012.

Volume 12, 2017



WSEAS TRANSACTIONS on POWER SYSTEMS

6.2
I =@=—= Model —— Actual
2 60 -
&
S 5.8
n
2 5.6
£ /
S
& 54
-
3 /
T 52 /
5.0 T T T T T T T T
< n © ~ 0 (=) o — o~ m
o o o o o o — — — —
o o o o o o o o o o
o~ o~ o~ o~ o~ o~ o~ o~ o~ o~

Figure 5: Comparison of model and actual data 2008-
2012.

3.1 Sensitivity Analysis

Sensitivity analysis was carried out for two parame-
ters: the lowest operating temperature for heat pumps,
and their performance when operating. It was diffi-
cult to find historical data for these two parameters
that would allow the construction of a trend to extrap-
olate into future years. We show in Table 4 and Table
5 that these two parameters do not have a significant
impact on the rate of adoption. Sensitivity analysis
was carried out for both the unchanged energy pricing
(UEP) and the reduced electricity and carbon pricing
(REaCP) regimes.

3.1.1 Low Temperature Cut-Off

The lowest temperature at which heat pumps cease to
be useful is used to determine what portion of the sea-
sonal heating can be supplied by heat pumps. In Table
4 we show the results of the chosen model parame-
ters, including the best and worst case scenarios. The
initial condition is the temperature at which the av-
erage heat pump will cease to operate in 2005. The
“delta” indicates how many degrees Celsius per year
this temperature will change. This change is linear
and the final temperature in 2025 is also shown for
each scenario. Under the original energy price condi-
tions, the worst case scenario, the predicted share of
heating systems with heat pumps in 2025 is 7.781%
whereas the chosen model scenario result is 7.966%.
This is a difference in magnitude of 2.3%. The best
case scenario leads to an outcome of 8.006% or 0.5%
greater than the model scenario. Similarly, under re-
duced electrical energy prices and increasing carbon
pricing (REaCP), we see 8.896%, 8.723% (-2.1%),
and 8.904%(+0.1%) for the model, worst, and best
case scenarios, respectively. The effect of changing
low temperature cutoffs can induce a 2.3% change in
the final heating system share, whereas energy price
effects induce an 11.7% increase in the predicted heat
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pump share by 2025.

Table 4: Sensitivity testing of the low temperature cut-
off.

Scenario  Initial Delta Final Heat Pump Share
(°C) (°Clyear) (°C) UEP(%) REaCP(%)
Model -1.5 -1.125 -30 7.966 8.896
Worst 0 -0.5 -10 7.781 8.723
Best -15 -1.5 -45 8.006 8.904

Table 5: Sensitivity testing of heat pump performance.

Scenario Heat Pump Share
UEP(%) REaCP(%)
Model 7.966 8.896
Worst 7.990 8.931
Best 7.974 8.286
Worst Case 2005 to Best Case 2025 8.862 10.323

The very small improvement in adoption in the
best case scenario suggests that in southern Ontario,
the most populous region, residents are already very
well served by today’s heat pump technologies. Even
in Northern Ontario, well over 80% of the hours re-
quiring heating are at -15°C or warmer. In Toronto,
where millions of people reside, over 98% of the heat-
ing hours are at or above this temperature.[34]

3.1.2 Technological Development

The effect of improving heat pump performance was
also tested. Table 5 shows results that are insignifi-
cant to the ultimate outcome. For each scenario the
model was tuned to ensure it closely replicates the
historical data shown in figure 5. Figure 4 shows
best, worst and model scenarios. Only when we begin
with the abysmal worst case performance in 2005 and
end with the highly unlikely best case scenario perfor-
mance curve in 2025 do we see an 11% increase over
the model scenario. While this is a much larger in-
crease in adoption than that of all the other scenarios,
it is not the sort of overall improvement that might sig-
nificantly reduce energy consumption and GHG emis-
sions in this sector. It seems far more likely that pol-
icy makers should focus on the relative costs of nat-
ural gas, oil and electricity, if they intend to encour-
age homeownsers to use heat pumps. The increase
in predicted heat pump share from 7.966% (UEP)
to 8.896% (REaCP) due to a decrease in electricity
prices and implementation of carbon pricing supports
this assertion (see table 5 and figure 06).
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The portion of the System Dynamics model that
uses technological development to calculate operating
costs for different fuel based heating systems was not
altered by the addition of any correction factors. The
heat pumps available in any given year are simply ex-
pected to be less expensive or more expensive to op-
erate than the alternatives due to the state of the tech-
nology and the prices of energy. However, the model
was made to accurately follow the historical dataset
by changing the contact rate (see figure 2). Concep-
tually, this factor influences the frequency at which
potential adopters come into contact with those who
have already installed heat pumps. The cost benefit
ratio of operating a heat pump — as affected by the
rate of technological development, energy prices, and
weather conditions — influences the number of those
contacts that result in the adoption of a heat pump.

Changes to the contact rate on the order of single
percentage points can have significant effects on adop-
tion, which indicates that consumer education may
have a role to play in the electrification of heating in
Ontario.
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Figure 6: Effect of electricity price reductions and
carbon pricing on the share of households with heat
pumps.

3.2 Predicted Heat Pump Share

The model behaviour follows trends in pricing of fu-
els and the performance of the technology. Shown
in figure 6 is the predicted share of residences with
heat pumps. A dashed line represents the predicted
heat pump share with unchanged energy prices as
forecasted prior to the introduction of carbon pricing
and electricity price reductions. These energy price
changes take effect in 2017 and by 2025 increase the
share of heat pumps from approximately 8% to nearly
%9 (solid line in figure 6).

This change demonstrates the significance of the
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Figure 7: Number of heat pumps installed each year.

relative difference between energy prices. Electricity
prices were originally forecast to rise over the medium
to long term, but are now forecast to drop over the
coming years (see figure 3). Furnace oil and natu-
ral gas prices still promise to stay low in the coming
years, while carbon pricing will increase prices over
time. Carbon pricing is likely to add more than a full
cent (1.07 cents, total price 4.7 cents/kWh) to the cost
of natural gas per kWh in 2022 and beyond. These
new energy price changes enacted by the provincial
and federal governments are very likely to increase
the rate of adoption for heat pumps.

We see in figure 7 the effects of reduced electric-
ity prices and increasing carbon prices significantly
increases the rate at which heat pumps are adopted.
Technology is forecast to improve steadily over the
forecast time period as seen in figure 4. Itis still a con-
tributing factor because even with unchanged prices
(UEP) the number of heat pumps added each year in-
creases from 2016 onward.
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Figure 8: Heating energy provided and energy savings
by year.
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3.3 Energy Savings and Greenhouse Gas
Emissions

The reduction of electricity prices by 25% and the in-
troduction of carbon pricing has improved the likeli-
hood that Ontario home owners will choose to sup-
plement their heating with a heat pump. Bringing the
price of electricity closer to those of competing fossil
fuels increases the cost benefit ratio used to calculate
the future potential for adoption of heat pumps. Fig-
ure 7 demonstrates a pattern of heat pump adoption
greatly increased by the new energy price policies and
aided by improved heat pump performance.

Figure 8 demonstrates the effects of improving
heat pump technology on energy efficiency. As more
heat pumps are brought into service, the heat energy
delivered by heat pumps increases. However, the elec-
trical energy required by the heat pumps increases
less quickly, because newly installed and upgraded
heat pumps are expected to have higher average co-
efficients of performance. That is, the collective heat
pump stock is expected to become more efficient as
older heat pumps are retired and replaced with higher
efficiency models. The resultant energy savings are
shown in green. Heat pump induced electricity de-
mand is shown in grey. Together these two values
make up the total of the home heating energy provided
by heat pumps in the ten Ontario cities in the model.

W UEP B REaCP

kt CO2e Avoided (per year)

Figure 9: Greenhouse gas emission reductions by
year.

GHG emissions reductions (figure 9) show ex-
actly the same pattern seen for energy savings. This
similarity is natural since the two are causally linked.
Greater use of heat pumps results in lower overall
GHG emissions. The prescribed improvement in heat
pump technology (see figure 4) helps to effect in-
creases in energy savings and GHG emission reduc-
tions. The reduced electricity prices and carbon pric-
ing contribute to the higher values shown in green (see
figure 9).
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The total electrical energy demanded by heat
pumps in the ten cities studied for heating in one
year is typically 0.5% or less of the overall electrical
energy demand for Ontario (153 TWh in 2015)[18].
The ten cities studied have approximately 42% of the
dwellings in Ontario. The predicted GHG emissions
reduction are approximately 3% of the total residen-
tial GHG emissions due to home heating in 2013 (15
MtCOze) [2].

4 Conclusions

A System Dynamics model has been designed to an-
alyze the effects of technological development, re-
duced electricity prices and new carbon pricing on
heat pump adoption in Ontario. In this specific case,
this model allows for a better understanding of the ef-
fect on energy consumption due to the increased use
of heat pumps in the province of Ontario. A predic-
tion of the number of heat pumps to be put into service
is used, instead of a prescribed number. The perfor-
mance of future heat pumps can be extrapolated from
historical data instead of assuming today’s best avail-
able technology will be put into use without subse-
quent improvement.

From the sensitivity analysis carried out, it seems
that technological development does not have a suf-
ficient effect on adoption rates to bring about large-
scale change in home heating. This may be because
modern heat pumps are already capable of providing
heat for most locations in Ontario throughout most
of the heating season. It does, however, seem likely
that energy pricing has greater potential to encourage
heat pump use and ensure the reduction of energy con-
sumption and GHG emissions due to residential heat-
ing in Ontario and perhaps elsewhere. Future work
might investigate the effects of consumer education
and marketing on adoption rate since small changes to
the contact ratio (see section 3.1.2) can have a strong
effect. Governments might fund such education pro-
grams, while industry can directly benefit from invest-
ment in marketing campaigns. In addition government
incentives will increase the uptake of heat pumps just
as they have for photovoltaic solar collectors.
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