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1. Introduction
1.1. Project Background

Heat pump systems have been known to deliver 1.5 to 3 times more heat energy than the electrical energy they consume, with
efficiency largely impacted by ambient outdoor air temperatures. There is limited research on how this equipment functions in
service in the cold climates in North America; therefore, it is difficult to predict the true efficiency of air-source heat pumps.

RDH was commissioned by the Government of Yukon to conduct a research study on cold climate air-source heat pumps
installed in existing residential homes in southern Yukon. This project followed a previous study by the Government of Yukon
and a separate subconsultant conducting similar research on five (5) central ducted air-source heat pumps for heating homes
in the Yukon from April 2021 to April 2023. This current study included various air-source heat pump system types: ductless
(multi- or mini-split) air-to-air systems, central ducted air-to-air systems, and central air-to-water systems.

During the summer of 2023, RDH installed monitoring equipment to measure the performance of nineteen (19) air-source heat
pump systems in eighteen (18) homes. Monitoring for this project was for two heating seasons, and spanned approximately 19
months from September 1, 2023 to March 23, 2025. This project included the development of a near-real time dashboard and
analysis of the data to evaluate in-service performance of the heat pumps.

This report summarizes the findings from the monitoring of the heat pump systems from the first heating season, from
September 1, 2023 to March 31, 2024 (7 months). A second report covers the period from April 2024 until equipment removal
at the end of March 2025 (approx. 12 months).

1.2. Project Objectives

This research assesses in-service efficiency, energy savings potential, and general feasibility of various air-source heat pump
retrofit configurations (ductless air-to-air, central ducted air-to-air, and central air-to-water systems) in existing homes in
southern Yukon. More specifically, the main objectives of this study are as follows:

1. Assess cold climate heat pump performance in terms of heating energy delivered and heating coefficient of
performance (COP) against outdoor temperatures;

Compare the measured seasonal COP (SCOP) of these systems to published data;
Assess potential energy and cost savings from heat pump retrofits in Northern communities;

Identify lessons learned on system operation, design, and maintenance of cold climate heat pumps in the Yukon; and

oA W oN

Develop general recommendations related to overall feasibility and widespread adoption of air-source heat pumps in
the Yukon.
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2. Methodology
2.1. Sites & Equipment Types

During the summer of 2023, RDH installed monitoring equipment to measure the performance of nineteen (19) air-source heat
pump systems in eighteen (18) homes throughout the southern Yukon.

The equipment was installed in three (3) separate groupings:
e  Group 1from June 29 to July 2, 2023,
e Group 2a from August 9 to 11, 2023, and
e  Group 2b from August 30 to 31, 2023.

Figure 2.1is a map with the locations of the homes in which the monitoring equipment was installed.

*. ¥ Haines Junction, YT :

Whitehorse, YT LK

Tagish, YT ="

Figure 2.1- Location of monitored heat pumps are indicated by yellow stars (source: Google Maps, 2025).

Three (3) types of air-source heat pump systems were monitored:
1. Ductless heat pump (multi- or mini-split, 13 homes),
2. Central ducted heat pump (3 homes), and
3. Central air-to-water heat pump (2 homes).

A summary of the equipment locations and system types is provided in Table 2.1 below, and additional site and system
information is presented in Appendix A.

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 2|
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TABLE 2.1 SUMMARY OF SITE SYSTEMS

Site ID Heat Plfr?seSystem Location # of OUtgzﬁl‘s/ Indoor HSPI:rZaFt{:CgI;)ion 4 Supplemental Heating Type

WH-01 Ductless Whitehorse 1/1 9.8 Electric baseboards and wood stove

WH-02 Ductless Whitehorse 1/3 9.7 Electric thermal storage and electric baseboards
WH-03 Ductless Whitehorse 1/3 10 Electric baseboard and electric unit heaters
WH-04 Central ducted Whitehorse 1/1 9.3 Electric coil

WH-05 Ductless Whitehorse 1/1 10.3 Electric baseboards and wood stove

WH-06 Ductless Whitehorse 1/2 10.1 Electric baseboards and in-floor heating
WH-07 Ductless Whitehorse 2/3 9.1 Electric baseboard, electric unit heaters, and wood stove
WH-08 Ductless Whitehorse 1/2 10.1 Propane furnace

WH-09 Ductless Whitehorse 173 9 Electric baseboarc:;svr;c: ch:sggs)fireplace (only for
WH-10 Ductless Whitehorse 1/2 10.1 Oil boiler

WH-11 Ductless Whitehorse 1/3 9.5 Electric thermal storage and wood stove
WH-12 Ductless Tagish 1/3 9.5 Oil heater and wood stove

WH-13 Ductless Whitehorse 1/3 Not available Electric baseboards and wood stove

WH-14 Central ducted Jﬂzi:ﬂe;n 1/1 9.3 Wood stove

WH-15 Central ducted Whitehorse 1/1 9.3 Wood furnace

WH-16 Ductless Whitehorse 174 9.5 Electric thermal storage,s|t3(;<\)/|;ane fireplace, and wood
WH-17 | Central air-to-water Whitehorse 1/n/a Not available Electric boiler and wood stove

WH-18 | Central air-to-water Whitehorse 1/n/a Not available Wood stove

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 3]
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2.2. Summary of Monitoring System Installation
This section describes the variables that were measured in the field to estimate the in-service performance of the selected
heat pumps.

All electrical monitoring equipment was installed by Tlingit Electric with the guidance of RDH. The data were collected
between September 1, 2023 and March 31, 2025.

2.2.1. System and Fan Electricity Consumption

For each home, monitoring equipment was installed in the participant's electrical panel to measure the total electrical
consumption of the heat pump and to sub-meter electrical consumption of electrical supplemental heating (e.g., baseboards)
at homes with central ducted or air-to-water systems.

Indoor fan consumption at central ducted systems was sub-metered at the blower. For ductless mini- and multi-split heat
pump systems, indoor fan consumptions were sub-metered at each indoor head. Figure 2.2 shows two photos of the
equipment installation process.

Figure 2.2 - Installation of monitoring equipment at a mini-split indoor head (left) and at the electrical panel (right).

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 4|
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2.2.2. Air Temperature and Relative Humidity Measurements
The temperature and relative humidity of the return and supply airstreams (i.e. on either side of the fan-coil unit), as well as
the surface temperature of the vapour (refrigerant) line, were measured (see Figure 2.3 and Figure 2.4).

For each fan coil unit, the following sensors were installed:
e  Supply air temperature,
e Return air temperature,
e  Supply air relative humidity,
e  Return air relative humidity, and

e Vapour line surface temperature.

£

e —

Figure 2.3 — Mini-split indoor head with monitoring equipment box (top left), surface temperature sensor at the vapour line (top
right), and temperature and relative humidity sensors at the supply louver (bottom left) and at the return louver (bottom right).

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 5]



RDH

=
e
>
-
-
=
-
-
=
>
4

Figure 2.4 - Temperature and relative humidity sensors installed in supply (top) and return
(bottom) ducting near the central ducted heat pump fan-coil unit.

2.2.3. Airflow Measurements
The airflow rate of each unit was measured at each fan setting during the initial site visit. The sub-metered fan consumption,

which was continuously measured throughout the monitoring period, was used as a proxy for airflow rate. Typically, higher fan
speeds consume more energy, and the energy consumption patterns can be used to correlate to the fan speed setting at a
given time. To classify fan speed settings based on sub-metered fan consumption, sub-metered fan consumption data points
were filtered to include only those that satisfied the difference in supply and return temperatures and system energy
consumption thresholds for heating or cooling operation (as defined in Table 2.2). From this filtered dataset, the distribution of
fan power consumption was analyzed and discretized into a number of ranges corresponding to the known discrete fan speed

6|
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settings. Based on the assessed fan setting, the fan airflow rate measured during the initial site visit was used to determine the
energy delivery of the unit at a given time. Figure 2.5 is an image of the apparatus used during the initial site visit to measure
the airflow rate at each fan setting. Over the course of the study, some of the units were observed to have clogged filters. This
would increase static pressure and reduce airflow. For variable speed fans, this could mean slightly higher electrical current
draw because of the increased torque to meet the airflow requirements, or if the fan is already operating at full capacity, this
would mean reduced airflow and potentially unmet setpoint temperatures. While site observations confirmed clogged filters, a
pattern of increasing fan consumption as filters filled over time could not be discerned from the data.

Figure 2.5 — Apparatus used for measuring the in-field flow rate (CFM) of indoor heads
using a rigid airtight plenum, flow-adjustable fan, and manometer.
2.2.4. Water Flow Measurements

Two air-to-water heat pumps were monitored in this study. To measure the flow of the glycol solution being supplied to the
heating/cooling loops in the homes, in-line flow meters were installed by a plumber (see Figure 2.6). Surface temperature
sensors were installed at the supply and return pipes.

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 71
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Figure 2.6 - In-line flow meter installed to measure the volumetric flow rate of the glycol solution
being delivered to the heating/cooling loops in the home by an air-to-water heat pump.

2.2.5. Additional Measurements
Additional data were also collected from each site. Supplemental electrical heating equipment, if any, were sub-metered at the
electrical panel.

Microclimate data including ambient outdoor air temperature and relative humidity were also measured at each site, rather
than relying on hourly weather station data that may not accurately reflect the conditions to which the heat pumps were
exposed. Where possible, these measurements were taken close to the heat pump outdoor unit.

Ambient indoor air temperature and relative humidity were measured in either one or two heating/cooling zones (e.g., in the
living room), depending on the layout of the home. Where possible, these were located near the thermostat.

Examples of the above are shown in Figure 2.7.
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Figure 2.7 - Sub-metering equipment in electrical panel for measuring supplemental electric heating (left), sensor for measuring
ambient indoor air temperature and relative humidity (middle), and sensor for measuring ambient outdoor air temperature and relative
humidity (right).

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 9l
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2.3. Summary of Field Data Collection

All the data collected from this study was transmitted to SMT Research Ltd. (SMT)'s secure cloud-based server via data
gateways and cellular modem installed in each home. While additional (supplemental) data discussed in Section 2.2.5 were
stored in the equipment providers' respective cloud-based server, an application programming interface (API) was developed
by SMT to collect these data and store them centrally on SMT's server.

The "Monitoring Equipment Installation Report” dated March 20, 2024 includes sample plots of the raw data.
Figure 2.8 is an image of some of the equipment used for remote cellular data transmission.

3) ‘ s

8 Sync
©) .

A B
L (R

WIFt GATEWAY

Figure 2.8 — Equipment for remote cellular data transmission. From top right, clockwise: gateway for SensorPush devices,
WiFi router/cellular modem, SMT data logger, and gateway for SMT dataloggers.
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2.4. Heat Pump Data Analysis
Data collected in the field were used to assess key heat pump performance metrics. This section describes the methodology
and assumptions used to conduct the analysis.

2.4.1. Energy Output - Ductless and Central Ducted Heat Pump Systems (Air-to-Air)
The energy output was calculated using the following measurements:

- Psychrometric properties of the supply and return air, derived from the measured dry-bulb temperatures and relative
humidities;
- Movement (mass flow rate) of conditioned air.

As discussed in Section 2.2, supply and return air temperatures and relative humidities were measured using thermistors and
relative humidity sensors, respectively. The mass flow rate of the conditioned air was estimated using indoor fan energy
consumption as a proxy, correlated to previously measured flow rates at various fan speed settings, rather than direct live
measurements.

Because air-to-air heat pump systems rely on convective heat transfer of forced air, the mass typically enters the unit (through
the return air louver) as a mixture of air and water vapour and matches the mass of the exiting mixture (through the supply air
louver). In a cooling process, however, water vapour can condense out of the supplied air when its dry-bulb temperature
reaches its dew-point temperature. This cooling and dehumidification process is shown below in Figure 2.9.

Return air mixture Indoor Unit Supply air mixture

Condensed water
vapour

Figure 2.9 — Mass flow through indoor unit under cooling and dehumidification.
Latent energy generated by the phase change process of the return air from gas to liquid should, in theory, increase the
effectiveness of the cooling process since a greater amount of energy is being removed via a condensate drain before it is
exhausted as supply air. Latent energy was included in heat pump performance when the difference in measured conditions
between return and supply air suggest that condensation has occurred.’

For example, when the return air is cooled by the coil to a temperature below the air's dew point, relatively less water vapour
should be present in supply air. This process of cooling and dehumidification must satisfy a conservation of air mass and an
energy balance between return and supply states. The mass and energy balance equation for this case is described below:

AE = Vypy[(hy — hy) — (W — Wyhy,]

Where subscript 1 refers to the return air, subscript 2 refers to the supply air, V is the volumetric flow rate (m?/s), p is the density of the
moist air mixture (kg/m?), h is the specific enthalpy of moist air (kJ/kg), W is the humidity ratio (kg/kg), and h,, is the specific enthalpy of
condensed water (kJ/kg).

When measured conditions between return and supply air suggest that no condensation has occurred, the mass of the air
entering the indoor unit (the return air) matches with the mass of the air exiting the indoor unit (the supply air), representing a
sensible heating or cooling process. Note that a negative value will result when heat energy is removed, indicating a cooling
process. The energy balance equation for this case is described below:

AE = Vzpz(hz - hy)

Where subscript 1 refers to the return air, subscript 2 refers to the supply air, V is the volumetric flow rate (m3/s), p is the density of the
moist air mixture (kg/m?), and h is the specific enthalpy of moist air (kJ/kg).

' ASHRAE (2017). Fundamentals (S Edition)
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To calculate the performance metrics in scenarios with multiple indoor units (i.e. ductless multi-split systems), the useful heat
provided or removed by all indoor units was summed to determine the total energy output of the system.

Psychometrics and Equipment Accuracy

As described above, a mass and energy balance must be conserved through the conditioning process of the indoor unit.
Therefore, in theory, it is possible to calculate an expected relative humidity of the exhaust air, based on the measured relative
humidity of the intake air. However, during an initial comparison between the measured and expected relative humidity, results
suggested in some cases that the mass and energy balance were not conserved (i.e. expected did not match measured). This
phenomenon is attributed to the accuracy of the instruments and affects the calculated performance of the studied heat
pumps.

For the purposes of this study, it is important that the humidity ratio remains constant between supply and exhaust air,
particularly in heating mode. For example, an error in relative humidity measurement that would falsely suggest that moisture
has been removed during the heating process could result in a significantly lower COP, as this would imply that some
moisture-related energy was removed.

To identify the inherent error of the measurements made in this study, the following steps were undertaken to evaluate the
mass and energy balance:

- Calculate the measured partial vapour pressure of the return and supply states of air using the measured dry-bulb
temperature and relative humidity

> Calculate the expected partial vapour pressure of the supply state of air by equating it to the measured specific vapour
pressure of the return state.

- Calculate the expected relative humidity of the supply state of air knowing the expected partial vapour pressure.
- Check the agreement between the expected and measured relative humidity of the supply state of air.

The methodology used to evaluate agreement between the expected and measured values of relative humidity was to
compare the range of uncertainty via the combination of errors in quadrature, also known as the square root of the sum of
squares.? Listed accuracy for the instruments allowed the computation of uncertainty ranges for each measurement and their
calculated derivatives. The agreement between the expected and measured values was evaluated based on the propagated
error of both calculated values and is related to the accuracy of the instruments used. This process is illustrated in Figure 2.10.
This technique reduced the variability of the calculated heat pump performance from the overall sample of collected data.

-error /?« +error  -error ||3 +error
- ] B g T

Measurement 1:
Overlapping

-error /fx +error -error |.3 +error

Measurement 2:
No overlap

Figure 2.10 — examples of propagated error between two calculated values. In this example,
Measurement 1 would be accepted as its error band (B) overlaps with expected result’s error
band (A). Measurement 2 error band (B) does not overlap with expected error band (A) and
therefore would be rejected.

2 Wolfram (2019) Experimental Data Analyst Documentation. Available online:
https://reference.wolfram.com/applications/eda/ExperimentalErrorsAndErrorAnalysis.html
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2.4.2. Energy Output - Air-To-Water Heat Pump Systems

In air-to-water heat pump systems, energy output from the heat pump is distributed though hydronic loops. The temperature
difference between supply and return outlets from the buffer tank towards the indoor establishes the amount of heat being
supplied or removed. The flow rate of glycol solution passing through the hydronic loops was measured; a 50% propylene
glycol solution was assumed.® The added or removed energy calculation is described below:

AE = V-p-Cp- (T, — Ty)

Where V is the volumetric flow rate (m®%/s), p is the density of the glycol solution (kg/m?), C, is the specific heat capacity of the glycol
solution (kJ/kg), T, refers to the return inlet temperature, and T, refers to the supply outlet temperature.

2.4.3. COP Calculations and Assumptions

Heating and Cooling COPs
The coefficient of performance (COP) for each five-minute period during active heating or cooling was averaged to determine
the average COP at corresponding outdoor temperatures. Note that data was measured at 1-minute intervals with monitoring
equipment and resampled to 5-minute data. Heating COP is calculated using the ratio of total useful heat delivered and total
energy consumption by the heat pump system, during active heating and defrost periods (Equation 1). Cooling COP is similarly
calculated using the ratio of total useful heat removed and total energy consumption by the heat pump system during active
cooling (Equation 2).

__ heat delivered to the indoor environment [W-h]

COPheating N energy consumed by the heat pump [W-h] (Equatlon ])

heat removed from the indoor environment [W-h]

cop (Equation 2)

Cooling - energy consumed by the heat pump [W-h]

The criteria to determine whether the heat pump is actively heating and cooling are outlined in Table 2.2 below.

TABLE 2.2 HEATING AND COOLING CRITERIA (5-MINUTE DATA)

Parameters Ductless System Central Ducted Air-to-Water
System System
Difference in supply and return temperatures (| Tsupply-Treturn|); and = 1°C; except = 5°C > 0°C
WH-05: = 3.8°C
Indoor fan operation (5A CT) or flow (flow meter); and > 0 kWh >0L/s
System consumption (50A CT) = 0.01kWh = 0 kWh

The system consumption thresholds were selected to be above typical fan electricity consumptions for the air-to-air systems
(over a five-minute period). For ductless systems, the supply and return temperatures of the heat pump system were
measured in close proximity; thus the temperature difference threshold to determine heat pump operation is lower. In the case
of WH-05, a higher temperature difference (AT) threshold was applied because the indoor unit is a floor-mounted type. For
wall-mounted mini-split heads installed near the ceiling, warm supply air, though directed downward, quickly rises and
elevates the return temperature measured near the ceiling. This results in a smaller AT, requiring a lower threshold to detect
heating operation. Unlike typical wall-mounted units, the floor unit has its supply grille at the top and return near the bottom,
making it less affected by thermal stratification. This configuration reduces the likelihood of buoyant warm supply air
artificially increasing the return temperature and decreasing the apparent temperature difference. As a result, a tighter filter
was applied to remove low-output outliers, which were more likely to represent noise or measurement artifacts rather than
active heating. A minimum AT threshold of 3.8°C was selected to correspond to a heating output of at least 0.5 kW at the unit's
lowest fan speed setting.

3 From Page 9 of Arctic Heat Pumps' “Installation & Instruction Manual - EVI DC Inverter - Air to Water Heat Pump,” V4.7, Aug. 2024.
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For central systems, supply and return temperatures were measured in the ducting (before branching), where return
temperature was impacted by supplemental heating operation in the space and thermal stratification due to the difference in
heights of the supply and return grilles at the indoors. As such, the temperature difference threshold to determine heat pump
operation was higher. Similarly, based on the schematics of air-to-water systems from the equipment manual, supplemental
heating is delivered upstream of the supply outlet where supply temperature is measured; supplemental heating output needs
to be subtracted from the total output to isolate for the heat pump-only output. Isolation of supplemental heating impact on
heat pump COP is outlined in “Supplemental Heating" section below.

Additionally, for all system typologies, a filter with maximum COP of 10 when outdoor temperature is = -10°C, and maximum
COP of 4 when outdoor temperature is <-10°C was applied to remove outliers. These COPs (and higher) are typically
unrealistic, even under lab testing (ideal) conditions.

Defrost Cycles

When the outdoor ambient temperature is around freezing, condensation can occur on refrigerant lines of the outdoor heat
pump unit and turn to ice. Defrost cycles occur periodically, or on a demand-detected basis, to prevent ice build-up by
temporarily reversing the refrigerant cycle to deliver heat to the outdoor coil. At the same time, the heat pump system typically
reduces or stops the airflow to the indoors, to limit the amount of air being cooled in the indoor space. Central ducted systems
are typically equipped with a built-in supplemental heating source that turns on during defrost.

Defrost cycles were estimated by isolating periods of sporadic drops in vapour line temperature during the heating season.
The criteria to identify the start and the end of a defrost cycle is outlined in Table 2.3. Local peak system consumption (more
than the five-minute periods before and after) is used to identify the end of the defrost cycle because consumption was
observed to spike at the end of the defrost cycle, when the compressor operates continuously to raise the supply temperature
back to the typical heating range. Otherwise, defrost cycles were assumed to continue for a maximum length, based on
available manufacturer's literature or typical defrost cycles lengths observed.

Heating/cooling and defrost were determined independently. While simultaneous heating and defrost is not theoretically
possible due to the directions of the refrigeration cycles being opposite, the indoor fan is not always off during defrost, and
supply temperature of the heat pump sometimes remain higher than the return temperature from residual heat by at least the
threshold in Table 2.2. As a result, the heat pump system is supplying heat to the indoor environment based on the heating
criteria above.

TABLE 2.3 DEFROST CRITERIA (5-MINUTE DATA)

Parameters Ductless System Central Ducted System
Start of Defrost Change in vapour line temperature < -10°C; except =< -15°C
(ATvapour); and WH-06: < -12°C
WH-07: = -8°C
WH-11: = -5°C
Vapour line temperature (Tvapour); and < Tsupply

System consumption (50A CT); and = 0.04 kWh; except = 0.04 kWh
WH-03: 0.075 kWh
WH-05: 0.050 kWh

WH-11 & 12: 0.070 kWh

Outdoor temperature =<10°C
End of Defrost Vapour line temperature (Tvapour); and = Tvapour at start of defrost cycle
System consumption (50A CT) Local maximum
Or, Defrost cycle length = 20 minutes; except WH-04: = 30 minutes
WH-03, 06, 08, & 16: = 30 WH-14 & 15: = 20 minutes
minutes

Note: Defrost was not evaluated for air-to-water systems; defrost cycle of the heat pump was assumed to have limited impact to the
supply and return hydronic temperatures due to them being measured after the buffer tank.
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Supplemental Heating

In central ducted and air-to-water systems, supplemental heating was assumed to affect supply and return temperatures
differently. When estimating heat pump heating output based on the temperature difference (and additional psychrometric
properties for central systems) between supply and return states, the influence of supplemental heating must be considered
when determining heat pump COPs.

For central ducted systems, supplemental heating output was estimated by multiplying the sub-metered supplemental heating
consumption by the assumed efficiency of 1 (for electric resistance heat).

For air-to-water systems, supplemental heating is delivered upstream of the buffer tank, where mixing with the return solution
happens, and heating is circulated to the interior space downstream. As a result, supplemental heating output is not reflected
instantaneously by the difference between measured supply and return temperatures. To account for the dispersed
supplemental heating delivery, supplemental heating output was estimated from sub-metered consumption using a six-hour
backward-looking rolling window (assumed efficiency of 1), consistent with the observed maximum interval in sub-metered
consumption.

Finally, the estimated supplemental heating output was then subtracted from the calculated energy output (see Sections 2.4.1

and 2.4.2). All heating energy supplied by the supplemental system was assumed to be delivered to the indoor environment to
produce a conservative heat pump output.

Seasonal Performance
The following metrics were used to understand seasonal performance of the heat pumps:

e The Seasonal Coefficient of Performance (SCOP) is a measurement used to the assess the energy efficiency of the
heat pump. Two metrics can be calculated, one for the heating season and one for the cooling season. For the
heating SCOP, the calculation accounts for electric energy consumption during heating and during defrost. The
following equation outlines the equation for calculating heating SCOP:

total seasonal heating output [W-h]

SCOP =

total electric energy consumed by the heat pump for heating [W-h] (Equation 3)

e The Heating Seasonal Performance Factor (HSPF) is a measurement of the heat pump's efficiency over a heating
season. It is calculated as the ratio of the total heat output over the season and the electricity consumed during that
time. Using monitoring data, the equivalent HSPF is determined by dividing the seasonal heating COP by 0.293 (i.e.
performing a unit conversion).

total seasonal heating output [BTU]

HSPF =

(Equation 4)

total electric energy consumed by the heat pump for heating [Wh]

e The Seasonal Energy Efficiency Ratio (SEER) is a performance metric used to evaluate the heat pumps space cooling
performance over a cooling season. The SEER values for heat pumps are typically higher than their HSPF values,
since defrosting is not needed during the cooling season. SEER is calculated as the ratio of the total cooling output
over the season and electricity consumed during that time. For heat pumps, the equation is:

total seasonal cooling output [BTU]

SEER =

(Equation 5)

total electric energy consumed by the heat pump for cooling [Wh]
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2.5. Financial, Emissions & Energy Savings Assumptions

Since utility data was not available, a simplified approach was used to estimate the theoretical energy savings over a typical
meteorological year. Analysis steps are described below:

e STEP 1: Based on the monitoring data, linear regressions between the heat pump's total energy output (in kW) and
outdoor temperature (in 1°C bins) were conducted to arrive at the dark blue lines in Figure 2.11. Similarly, linear
regressions were conducted between the heat pump's total energy consumption and outdoor temperature to arrive at
the light blue lines.

For the moderate temperature regressions (where the slope is negative), the calculation was limited to an upper
bound outdoor temperature of 15°C to reflect the typical operating range for heat pump heating among all sites. The
lower bound for the moderate temperature regressions generally corresponds to the heat pump’s peak total energy
output, representing conditions where heating output increases to fulfill increasing heating demand as outdoor
temperature decreases.

Where sufficient data is available at outdoor temperatures below the heat pump’s peak total energy output, a second
linear regression (where the slope is positive) was conducted. This second cold temperature regression represents
conditions where the heat pump’s energy output decreases as outdoor temperature further decreases, despite further
increasing heating demand, as the heat pump can no longer or controls are not set up for it to meet the heating
demand.

Heating [kW]

0 1 1 1 1 1 1
-45 -35 -25 -15 -5 5 15 25

Outdoor Temperature [°C]

® Heat Pump Output (Data) Heat Pump Output, Fitted

® Heat Pump Consumption (Data) Heat Pump Consumption, Fitted

Theo. Baseline Cons. (HP Portion by Oil Stove) O Excluded from Regression

Figure 2.11 - Example of Step 1for WH-02, which demonstrates how the regressions of the heat pump consumption
(light blue lines) and output (dark blue lines) were performed. Theoretical baseline consumption assuming oil stove is
represented by the orange line.
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STEP 2: To determine the theoretical total baseline consumption, CSA F280 design heating loads (or EnerGuide
heating loads, if F280 is unavailable) provided by the Government of Yukon were used. Figure 2.12 plots the demand
between the design load calculated at -41°C and the indoor heating design temperature of 21°C (where it is assumed
that heating demand is zero) as the grey dashed line. The theoretical supplemental energy output (dark green line)
was estimated by subtracting the heat pump output (dark blue line determined in Step 1) from the total heating
demand (gray dashed line). Heat pump usage above the CSA F280 demand was omitted at this step (i.e. where dark
blue line is above the gray dashed line at higher outdoor temperatures).

The theoretical supplemental consumption (light green line) was estimated by dividing the total estimated
supplemental energy output by the baseline system efficiency. Note that this analysis assumes typical baseline (pre-
retrofit) system efficiencies. For non-electric furnaces, electricity consumption by the blower motor was omitted to
provide a conservative savings estimation (i.e. a lower baseline consumption).

In the example figure below, between outdoor temperatures of -37°C and 1°C, both the supplemental heating and heat
pump are operating; below -37°C (where no heat pump heating data is available), the system was assumed to rely
100% on the supplemental, and thus the supplemental output is assumed to equal the CSA F280 Design Heat Load.

14

CSA F280 Design
Heating Load* at -41°C

12

10

Heating [k\W)]

0 I i i I i I
-15 -5 5

25
Outdoor Temperature [°C]
== @= (CSA F280 Design Heating Load

Heat Pump Output, Fitted

Theo. Supp. Output (Oil Stove Portion) Theo. Supp. Cons. (Oil Stove Portion)

* Provided by the Government of Yukon

Figure 2.12 Example of Step 2 for WH-02, which demonstrates how the theoretical supplemental consumption (light green)
was estimated.

STEP 3: Total energy consumption (purple line in Figure 2.13) was determined by summing the heat pump

consumption (light blue lines from Step 1) and the theoretical supplemental consumption (light green line from Step 2).
The theoretical baseline heating consumption (red line) was calculated by summing the theoretical baseline
consumption (orange line from Step 1) and the total theoretical supplemental consumption (light green line from

Step 2).
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14

12

Energy Savings

Heating [k\W)]

QOutdoor Temperature [°C]
~——Heat Pump Consumption, Fitted ~——Theo. Baseline Cons. (HP Portion by Qil Stove)
Theo. Supp. Cons. (Oil Stove Portion) ———Theo. Total Cons. (Oil Stove Supp.+HP)
——Theo. Total Baseline Cons. (Qil Stove Only)

Figure 2.13 - Example of Step 3 for WH-02 which demonstrates how the energy savings were calculated; this is
represented by the orange highlighted area.

e STEP 4: Annual energy consumption for each electricity/fuel type was determined by calculating the sum-product of
the heating consumption (in kW, at varying outdoor temperatures) and the outdoor temperature distribution (in hours)
of the Canadian Weather Year for Energy Calculation (CWEC) 2020 Version 2.0 weather file to represent a typical
year. The Whitehorse CWEC file was geographically the nearest and used for all sites except for WH-14, which used
the Haines Junction CWEC file. Annual savings were calculated between two bounds: 1) upper bound of 15°C, and 2)
lower bound of lowest CWEC outdoor temperature (-44°C for all sites except -41°C for WH-14).

e STEP 5: Annual energy savings were calculated as the difference between the baseline and post-retrofit energy
consumptions. Utility costs and savings were calculated using the corresponding monetary rates.

e STEP 6: Finally, greenhouse gas (GHG) emission reductions were determined by multiplying the normalized energy
consumptions by the corresponding residential emissions factor, and the GHG emissions savings were calculated to
be the difference between the baseline and post-retrofit cases.

Table 2.4 provides residential electricity, heating oil, and propane rates; and thermal efficiencies used for the conducting the

financial and energy savings analysis. Rate assumptions were provided to us by the Government of Yukon based on data from
the Yukon Bureau of Statistics.
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TABLE 2.4 SAVINGS ANALYSIS ASSUMPTIONS

Energy Source Energy Content* Emission Factors¢ Rate 7 Equipment Efficiency®
[kWh/L] [g CO2e/kWh] [$/Unit]

Electricity Not applicable 70 $0.2419/kWh Baseboard 100%
Boiler 100%

Heating oil 10.2 2701 $1.60/L Furnace 86%
Boiler 90%
Stove 78%

Propane 71 217.8 $0.97/L Furnace 82%

2.6. Missing Data

Missing data during the monitoring period from September 1, 2023 to March 31, 2024 is summarized as follows:

e WH-01: System consumption data (50A CT) was corrupt after September 2023; therefore, only a very limited number
of data points during a limited range of outdoor temperatures were available.

e WH-03: Data for indoor head B between November 28, 2023 and March 2, 2024 was omitted due to faulty sensor
readings. Data for indoor head A missing between September 8, 2023 and October 28, 2023.

e WH-04: Data from the indoor coil and fan are missing between October 25 and December 6, 2023.

e WH-06: Data from the indoor head A missing between September 27 and November 27, 2023 (battery failure). Data
from indoor head B missing between October 28 and November 27, 2023 (battery failure). Data logger appears to
have been unplugged by homeowner on Jan. 18, 2024.

e WH-07: Data from the indoor head B missing between September 9 and October 24, 2023 (battery failure).

e WH-08: Supply and return temperatures were corrupt for indoor heads A and B between October 21, 2023 and
February 16, 2024.

e WH-09: System consumption data (50A CT) was corrupt for entire period, preventing reliable COP calculation for this
site.

e WH-10: The participant withdrew from the study in October 2023. Before that, no supply temperature was available
for indoor head A.

e WH-11: Data were missing from indoor head A between October 9 and November 28, 2023, and at indoor head B
between October 14 and November 28, 2023 (battery failures).

e WH-12: Data missing at indoor head A between October 9 and November 29, 2023 (battery failure). Data missing at
indoor head B between November 3 and 29, 2023 (battery failure).

e WH-13: Data missing at indoor head A between October 10 and Nov. 27, 2023, and between March 28, 2024 and April
11, 2024 (battery failure). Data missing at indoor head B between Feb. 13 and Feb. 28, 2024 (battery failure). Data
missing at indoor unit head C between Nov. 15 and Nov. 27, 2023 (battery failure).

e WH-15: Indoor head fan consumption (5A CT, proxy for airflow rate) was corrupt, however, there was only one fan
setting and corresponding airflow rate for this system.

4 Canada Energy Regulator (2016). Energy conversion tables (accessed July 2025). https://apps.cer-rec.gc.ca/Conversion/conversion-tables.aspx

® Environment and Climate Change Canada (2024). Emission factors and reference values (accessed July 2025). https://www.canada.ca/en/environment-climate-
change/services/climate-change/pricing-pollution-how-it-will-work/output-based-pricing-system/federal-greenhouse-gas-offset-system/emission-factors-
reference-values.html Note: Based on 2025 values.

¢ Department of Justice (2025). Greenhouse Gas Pollution Pricing Act (accessed July 2025). https://laws-lois.justice.gc.ca/eng/acts/g-11.55/Full Text.html| Note:
Schedule 3 Global Warming Potential.

7 Rates for this study were provided by the Yukon Government (2025).

8 Natural Resources Canada (2012). Heating with Oil. https://natural-resources.canada.ca/sites/nrcan/files/energy/pdf/energystar/Heating-with-Oil_EN.pdf
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e WH-16: Data for indoor head A before December 1, 2023 were omitted due to faulty sensor readings. Homeowner
also reported turning off the monitoring equipment overnight, resulting in loss of approximately 25% of data on daily
basis.

e WH-18: Integrated supplemental heating consumption data (200A CT) is always reported as zero. Integrated
supplemental heating was used based on measured supply temperatures up- and down-stream of the buffer tank,
and thus heating output by the heat pump alone could not be isolated.

WH-09, WH-10, and WH-18 were excluded from COP vs. outdoor temperature, SCOP, time spent in various modes, and
savings summaries due to the lack of sufficient data.

WH-01and WH-03 did not have sufficient data over the heating season to present a SCOP value even though sufficient data
was available to present outdoor temperature-based results.

3. Results & Discussion

3.1. Heat Pump Performance

Typical Energy Consumption and Output Profiles of Different Heat Pump Types

Figure 3.1, Figure 3.2, and Figure 3.3 display the measured ambient outdoor temperature collected at each site; the
temperatures at indoor unit supply/return, and the equivalent energy provided or removed by heat pump compared to total
energy consumption for a sample of sites; a ductless system (WH-05), a central ducted system (WH-15) and an air-to-water
system (WH-17) for the monitoring period from September 1, 2023 to March 31, 2024. Plots for the other sites are included in
Appendix B.
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Figure 3.1 Sample plot for ductless heat pump system, WH-05. a) Measured equivalent energy provided/removed by heat pump

compared to energy consumption. b) measured ambient outdoor temperature, and temperatures at the supply/return of the indoor
unit (head).
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Figure 3.2 Sample plot for central ducted heat pump system, WH-15. a) Measured equivalent energy provided/removed by heat
pump compared to energy consumption. b) measured ambient outdoor temperature, and temperatures at supply/return ducting.
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Figure 3.3 Sample plot for central air-to-water heat pump system, WH-17. a) Measured equivalent energy provided/removed by heat
pump compared to energy consumption. b) measured ambient outdoor temperature, and temperatures at supply/return pipes.

Figure 3.4 and Figure 3.5 show plots of heat pump operation for Sites WH-03 and WH-15 on a sample day. It can be noted that
the vapour line temperature (blue) regularly dips below the supply (green) and return (purple) temperatures during periods of
low outdoor temperatures. This indicates defrost cycles, when the heat pump temporarily reverses to send heat to the outdoor
coil instead of the indoor coil. It can also be noted that supply temperatures do not consistently remain above or below the

return temperature during defrost, even at the same indoor unit, demonstrating when simultaneous defrost and heating can
occur.
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Figure 3.4 Heat pump cycles for site WH-03 (ductless system with 3 indoor units), during a sample day on December 5, 2023.
Each indoor unit has its own subplot. The blue, purple and green lines show the vapour line, return airflow, and supply airflow

RDH BUILDING SCIENCE INC. | YUKON COLD CLIMATE HEAT PUMP STUDY - 2023/2024 HEATING SEASON 22|



RDH

temperatures of the heat pump, respectively. The grey line shows the measured ambient outdoor temperature. Data points that
are considered part of the defrost cycle are shown in red.
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Figure 3.5 Heat pump cycles for site WH-15 (central ducted system), during a sample day on December 5, 2023. The dark blue,
light blue, purple, and green lines show the vapour line temperature at supply, vapour line temperature at return, return airflow
temperature, and supply airflow temperature of the heat pump, respectively. The grey line shows the measured ambient outdoor
temperature. Data points that are considered part of the defrost cycle are shown in red.

Average Coefficient of Performance (COP)

Coefficient of performance (COP) is a common metric for measuring the efficiency of heat pumps. It is a dimensionless
number and is defined as the energy delivered or removed from a space divided by the energy required by the system to
perform the work. If the energy provided or removed is greater than the energy consumed by the heat pump, the COP will be
greater than 1. For comparison, electric baseboards have a constant COP of 1 (at the device and not accounting for grid
transmission losses); meaning that for every one unit of energy provided to the equipment, one unit of heat is output to the
space.

Figure 3.6 presents the relationship between the average heating COPs and outdoor air temperature for the ductless heat
pump (i.e. mini- and multi-split) systems. For each site, COP values are only plotted at temperatures where there were a
sufficient number of data points. The number of datapoints collected for each site is summarized in Appendix C.

Key observations include:

e As expected, the heating COP generally increases with rising outdoor air temperature, consistent with typical heat
pump performance.

e Atvery low temperatures (below -25°C), most of systems are still capable of COPs greater than 1.

e At higher temperatures (above 0°C), the majority of systems are capable of achieving COPs between 3 and 4.5.

e Two sites did not have sufficient data to be included in the average heating COP vs. outdoor temperature summary:
o  WH-09: System consumption data (50A CT) were corrupt, preventing reliable COP calculations for this site.
o  WH-10: The participant withdrew from the study in October 2023.

e For site WH-01, data was corrupt after September 2023; therefore, only a very limited number of data points during a
limited range of outdoor temperatures were available. It was included in the plot for completeness, but the results are
not considered statistically robust.

e The following systems had poor performance for various reasons:

o WH-03: System appears to be underperforming; however, only about two months of reliable data were
available for analysis, as a portion of the data was excluded due to faulty sensor readings, which may have
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contributed to results below. Initial observations suggest that the system at this site exhibits shorter heating
cycles compared to higher-performing systems, which may be a contributing factor to the reduced efficiency.

o WH-08: A refrigerant leak was reported in the outdoor unit. Although the issue was reportedly repaired, the
participant noted that the repair process took longer than expected. Low refrigerant levels reduce heat
transfer efficiency, which would have contributed to poorer COP values. It is anticipated that refrigerant
leakage was occurring at least part of both heating seasons.

o  WH-11: A refrigerant leak occurred in one of the indoor units, located in the living room. The problem was
discovered during space cooling operation, though it is unclear how long the leak had been present. Again,
COPs for this site are lower than anticipated.

o WH-13: Homeowner reported that system issues were evident immediately after installation and
commissioning of the heat pump system. They determined that a faulty outdoor temperature sensor was
likely shutting down the heat pump when outdoor temperatures were around -16°C or lower (not anticipated
performance).

Average Heating COPs for Ductless Heat Pumps
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Figure 3.6 Average heating COP versus outdoor air temperature for sites with ductless heat pumps. COP values for each site were
included at extreme temperatures (very low or high) only if more than 40, 5-minute data points were available at those temperatures.
This report only includes heating season from September 1, 2023 to March 31, 2024. Sites indicated with dashed lines are those where
the heat pumps were not operating as intended for various reasons (e.g. refrigerant leaks).

Figure 3.7 presents the relationship between the average heating COP and outdoor air temperature for the central ducted heat
pump systems. There were three systems of this type in the study.

Key observations include:
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e Two of the sites (WH-04 and WH-15) had similar performance. They were able to achieve COPs of 1 at very low
outdoor temperatures (below -25°C), and above 0°C, they were able to achieve COPs between 2.5 and 4.

e WH-14 demonstrated relatively poor performance. The average COP only exceeds 1.5 even at temperatures above
2°C. The exact reason for poor performance at this site is unclear; however, the heat pump did not spend much time
in heating mode and instead spent most of the time in fan-only mode, which may suggest issues with the
commissioning/controls, and that the heat pump was not operating as intended.

50 Average Heating COPs for Central Ducted Heat Pumps
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Figure 3.7 Average heating COP versus outdoor air temperature for sites with central ducted heat pumps. COP values for each site were
included at extreme temperatures (very low or high) only if more than 40, 5-minute data points were available at those temperatures.
This report only includes heating season from September 1, 2023 to March 31, 2024. WH-14 is represented as a dashed line as it was not

operating as intended; the heat pump spent most of its time in fan-only mode, which may indicate issues with controls although this is
unconfirmed.

Figure 3.8 presents the relationship between the average heating COP and outdoor air temperature for the air-to-water heat
pump systems. Only one system, WH-17, had complete data and is plotted.

WH-18's supplemental heating consumption (200A CT) was always zero; however, heating was being provided when heat
pump consumption (50A CT) was zero; therefore, heating was likely provided by the supplemental system. This suggests that
supplemental heating monitoring may not have been properly configured.

For the plot below, the average COP at a given outdoor temperature was plotted if more than 20, 5-minute data points were

available at those temperatures. This number of data point threshold was reduced for this plot because of the limited data
collected for this site
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Average Heating COP for WH-17 Air-to-Water Heat Pump
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Figure 3.8 Average heating COP versus outdoor air temperature for site with a central air-to-water heat pump. COP value for WH-17 was
included at extreme temperatures (very low or high) only if more than 20, 5-minute data points were available at those temperatures.
Note that there were only two air-to-water heat pumps in this study, and one (WH-18) had missing/corrupt data, so only the COP of WH-
17 is plotted. This report only includes heating season from September 1, 2023 to March 31, 2024.

Seasonal Performance of Heat Pumps (SCOP, SEER, HSPF)

Seasonal efficiencies provide an understanding of a heat pump's performance over a heating or cooling season. These values
account for how the system behaves over a season when outdoor temperature fluctuates. Figure 3.9 shows the hourly
outdoor temperature distribution during the monitoring period from a nearby weather station.
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Figure 3.9 Outdoor temperature distribution during the monitoring period (September 1, 2023 to March 31, 2024); hourly temperatures at
“Whitehorse A" weather station (ID#2101303) was obtained from Environment and Climate Change Canada.
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Figure 3.10 presents the measured heating SCOPs across the thirteen (13) different heat pump systems for which sufficient
data is available for the period between September 1, 2023 and March 31, 2024, alongside manufacturer rated heating SCOP
values where available. A whisker plot of the outdoor air temperature (measured locally at site) corresponding to data points
included in the measured SCOP calculation is also provided for context. This was included to capture variability of heat pump
operation from one site to another due to differences in owner preferences, operational issues, heat pump supplemental
integration/controls and data availability.

Key observations are as follows:

e In general, the measured SCOPs (green bars) were lower than the manufacturer-rated SCOP equivalents (pink bars)
for both distributed and central ducted systems (10 of the 14 sites). This is not surprising if the rated temperature
(which is a standardized laboratory test condition) for a given system is higher than the average outdoor temperature
that the heat pump was operating at.

e Note that rated SCOP values are not available for the air-to-water systems (WH-17 and WH-18). WH-18 was omitted
from this figure because of the lack of data.

e  For six of the ten ductless systems plotted, the measured SCOP values were broadly in line with rated values though
slightly lower on average. Three of these (WH-02, -06, and -12) had measured SCOP values that were slightly higher
than the manufacturer rated values and exceeding a SCOP of 3.0. WH-9 and WH-10 were omitted from this figure
because of the lack of data.

e For the central ducted systems (WH-04, WH-14, and WH-15), measured SCOP values were consistently lower than
both their rated values and the performance of the ductless systems. However, these systems on average operated in
colder outdoor temperatures, which would result in a lower measured SCOP. WH-14 had the lowest measured SCOP
of the three, which is consistent with what is seen in Figure 3.7. On average, the central ducted systems had lower
measured SCOPs than the ductless systems although the systems had similar rated SCOPs. This is expected as
central systems heat at the source and then must move air to/from the rooms.

e All systems were able to achieve SCOPs greater than 1, even those that had the lowest performance.
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Figure 3.10 Seasonal heating COPs (SCOPs) for all sites; measured (green bars) and rated (pink bars). This report only includes heating
season from September 1, 2023 to March 31, 2024. Note that WH-01, WH-09, WH-10 and WH-18 are omitted from this plot because
there was not sufficient data to calculate measured SCOPs for these sites. WH-03, WH-08, WH-11, WH-13 and WH-14 are hatched
because these systems were not performing as intended. For WH-08 and WH-11, refrigerant leaks were reported. WH-14 had low SCOP
possibly due to control issues, but this was unconfirmed. WH-03 results may have been impacted by short cycling of the unit and less
data availability.

Table 3.1 presents the average measured SCOP by system type for all sites, and an average measured SCOP for sites that
were operating as intended.

TABLE 3.1 AVERAGE SCOP BY SYSTEM TYPE AND OPERATION

Type All Operated as Intended
Ductless 2.5 2.9

Central Ducted 1.6 1.9
Air-to-Water 1.3 (one site*) 1.3 (one site*)

* Only one of the two sites with an air-to-water heat pump had sufficient data to report on this.

Note: “All" groupings excluded WH-01, -09, -10, and -18 which did not have sufficient data; "Operated as Intended" groupings excluded WH-
01, -03, -08 through -11, -13, -14, and -18 which did not have sufficient data, and/or did not operate as intended.
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Heat Pump System Uptime and Time Spent in Different System Modes
The criteria for determining heating, cooling and defrost periods is described in Section 2.4.3.

Figure 3.11 shows the total operating hours across different modes for each of the heat pump system installations. Modes were
divided into heating (HP and/or integrated supplemental), concurrent heating and defrost, defrost only, cooling, fan only, and
off. Hours when data was missing or incomplete are also indicated.

Observations are as follows:

e Heat pump systems were operating (i.e. in heating, cooling, defrost only, or fan only mode), i.e. system was not ‘off’,
between 70% to 100% of the time.® One notable exception was the air-to-water system WH-17, which was only
operational 16% of the time (likely because of the buffer tank).

e For most of the systems, the dominant mode of operation was heating (orange) when the system is on.

o Defrost-related operation (solid blue and hatched blue) was present to varying degrees. The ductless and central
ducted systems were seldom in defrost mode (solid blue; less than 2% on average). This is generally in line with
expectations.

e  For WH-11, WH-13 and WH-14, it appeared that the heat pumps spent more time in fan only mode (estimated at 92%,
68% and 83% of time, respectively). The heat pumps systems at these sites also spent very little time in heating
mode. It is important to note that these three systems (two ductless, and one central ducted) all had lower than
average performance compared to their counterparts (as seen in Figure 3.1 and 3.2). This seems to indicate that their
configuration was not optimized and/or homes were primarily reliant on non-integrated supplemental heating, or in
the case of WH-14, high solar heat gains (this home had significant amounts of glazing at the southwest aspect). All
three of these homes have wood stoves. WH-11 and WH-13 also have electric supplemental heating (unit heaters or
baseboards).

e Unsurprisingly, there was almost no cooling at any of the sites over the monitoring period in the winter season. Only
two sites (WH-14 and WH-15) had small amounts of cooling (0.3 hours and 19.2 hours, respectively). This indicates
that none of the systems are increasing space temperatures too quickly during heat pump operation, triggering
subsequent periods of space cooling (i.e. they are likely appropriately sized).

Figure 3.12 further shows the breakdown of heat pumps systems that have integrated supplemental heating. This includes the
three central ducted systems (WH-04, WH-14, WH-15) and one of the air-to-water systems (WH-17) where there was
sufficient data. From this figure, it can be noted that the integrated supplemental heating is rarely used. For WH-04, WH-14,
and WH-17, this accounts for 0.6%, 0.7% and 6.8% of the time, respectively. It appeared that WH-15 did not use its integrated
supplemental heating (the 200A CT read zero) for the duration of the monitoring period.

9 For these percent time estimates for each site, note that this is calculated as: (hours of interest)/(total hours of data collected); i.e. we are not considering time
where data was missing in the denominator. This applies to all percent time estimates in this section.
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Hours Heat Pump Systems Spent in Various Modes
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* Defrost could not be reported for WH-07 as vapour line sensor data was missing; however, fraction is anticipated to

be small (based onwhatis observed for other systems).

Figure 3.11 Hours spent in various modes for heat pumps. Systems WH-09, WH-10 and WH-18 have been omitted due to lack of

reliable data. Heating (HP and/or Integrated Supplemental) means that either the heat pump and/or the integrated supplemental are

providing heating to the home.
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Hours Spent Heating with Heat Pump vs. Integrated Supplemental Heating
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* For WH-15it appeared that there was no supplemental usage based on 200A CTvalues; however, this
could also have been an equipment error.

Figure 3.12 Hours spent in various heating modes for heat pump systems with integrated supplemental heating. Note that WH-18
also had integrated supplemental heating, but was omitted from this figure because of the lack of reliable data.
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3.2. Energy, Emissions and Financial Savings

This section presents the estimated theoretical energy savings over a typical meteorological year per Section 2.5. The
distribution of outdoor temperatures in a typical meteorological year per CWEC 2020v2 files for Whitehorse, YT and Haines
Junction, YT are summarized in Figure 3.13.
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Figure 3.13 Outdoor temperature distribution in a typical meteorological year per CWEC 2020v2 in Whitehorse, YT (all sites
except WH-14) and Haines Junction, YT (WH-14).

An example of the model used to estimate the energy savings is shown in Figure 3.14; it includes the estimated heating load at
the heating design outdoor temperature.™® The more detailed step-by-step methodology for the energy savings calculation is
presented in Section 2.5, and summary plots for the remaining systems are included in Appendix E. Figure 3.14 presents an
example (WH-02) where the heat pump system is operated as intended and the modeled energy savings are appreciable over
the range of outdoor temperatures seen in Whitehorse.

° Per CSA F280-12.
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Figure 3.14 Sample plot for energy savings analysis at ductless heat pump system, WH-02, where energy savings across the full
range of expected operating outdoor temperatures is shown in the savings model.

The net energy savings calculated for each site were then used to calculate the theoretical GHG emission savings and utility
cost savings for a typical meteorological year. The resulting weather-normalized annual energy and emissions savings are
summarized in Table 3.2. A breakdown of baseline (pre-retrofit) and post-retrofit annual energy consumption, greenhouse gas
emissions, and utility costs/savings is included in Appendix E. Some of the sites below did not have calculated savings; these
were for the sites for which insufficient data was available to evaluate HP performance and thus calculate savings.
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TABLE 3.2 NET ANNUAL ENERGY, EMISSIONS, AND FINANCIAL SAVINGS PER SITE

Baseline Hgating Supplemental Energy GHG Emissions .
Site ID SHe;at Ptfrmp s;lgster_n (i.e. Heating System Savings Savings s UFIllty fsﬁt/)
ystem Type revious Non-inteqrated % % avings %
i ( g ) [ekWh] (%) [kgCO2e] (%)
WH-01 Ductless Oil furnace Oil furnace Insufficient data; no CSA F280 heating load
WH-02 Ductless Oil stove Oil stove 24,503 (61%) 8,064 (74%) 3,230 (51%)
WH-03 Ductless Electric Electric baseboard i
baseboard No CSA F280 heating load
WH-04 | Central Ducted | Propane furnace | Electric baseboard | 35,657 (58%) 11,572 (87 %) 2,169 (26%)
Electric .
WH-05 Ductless baseboard Electric baseboard No CSA F280 heating load
(assumed)
(assumed)
Electric . o o o
WH-06 Ductless Electric baseboard 8,113 (45%) 568 (45%) 1,963 (45%)
baseboard
WH-07 Ductless Oil furnace QOil furnace 20,977 (31%) 7,438 (40%) 2,538 (24%)
WH-08 Ductless Propane furnace Propance furnace 1,848 (7%) 1,202 (20%) -316 (-8%)
WH-09 Ductless Electric Electric baseboard Insufficient data
baseboard
WH-10 Ductless oil bqller Qil bqller Insufficient data
(unconfirmed) (unconfirmed)
WH-1 Ductless Oil stove Oil stove No CSA F280 heating load
WH-12 Ductless oil furpace Ol furpace No CSA F280 heating load
(unconfirmed) (unconfirmed)
WH-13 Ductless Oil heater Oil heater 24,272 (54%) 8,486 (70%) 2,988 (42%)
WH-14 | Central Ducted Oil furnace QOil furnace 10,882 (22%) 7,299 (55%) -146 (-2%)
Electric Electric baseboard
WH-15 | Central Ducted baseboard 16,347 (51%) 1,144 (51%) 3,954 (51%)
(assumed)
(assumed)
Electric . o o o
WH-16 Ductless Electric baseboard | 20,156 (47 %) 1,41 (47 %) 4,876 (47%)
baseboard
Central Air-to- Electric boiler Electric boiler o o o
WH-17 Water (unconfirmed) (unconfirmed) 4,131 (8%) 289 (8%) 999 (8%)
wH-1g | Central Air-to- Oil boiler Oil boiler Insufficient data
Water

Note: if baseline heating system was unknown, it was assumed for the purpose of the energy savings calculation that the baseline system was
electric; these were noted with ‘(assumed)’. For sites where we were reasonably confident of the previous system type based on discussion
with the homeowner or current system, but it was not fully confirmed, these have been annotated as ‘(unconfirmed).’ Savings for WH-09, -10,
and -18 were not calculated as the measured heating consumption and/or output were missing for these sites (see Sections 2.5 for calculation
methodology and 2.6 for missing data). For the remaining sites, savings were only calculable if we had CSA F280 heat load value. The one
exception was WH-17, which although it did not have an F280 heat load value, it had one from EnerGuide.
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Table 3.3 below summarizes the average savings by system type and compares all systems against those operating as
intended. Generally, sites that were operating as intended resulted in significant utility, emissions and energy savings.

TABLE 3.3 AVERAGE ANNUAL ENERGY, EMISSIONS, AND FINANCIAL SAVINGS BY SYSTEM TYPE AND OPERATION

Average Energy Savings

Average GHG Emissions

Average Utility Cost Savings

Type . Savings .
[ekWh] (%) [kgCOzel (%) [$1 (%)
All Operated as All Operated as All Operated as
Intended Intended Intended
Ductless 16,645 (41%) 18,438 (46%) 4,528 (49%) 4,370 (52%) 2,546 (33%) 3,152 (42%)
Central Ducted 20,962 (44%) 26,002 (51%) 6,672 (64%) 6,358 (69%) 996 (25%) 3,954 (38%)
. 4,131 (8%) 289 (8%) 999 (8%)
Air-to-Water* ) . .
(one site*) (one site*) (one site*)

* Only one of the two sites with an air-to-water heat pump had sufficient data to report on this.
Note: “All" groupings exclude WH-01, -03, -05, -09 through -12, and -18 which did not have sufficient data or CSA F280 values;
"Operated as Intended"” groupings exclude WH-01, -03, -05, -08 through -14, and -18 which did not have sufficient data or did not operate as
intended.

Sites with electric baseline systems had consistent percentage savings across energy consumption, greenhouse gas
emissions, and utility costs, while sites that switched from oil- or propane-fuelled baseline systems to electric heat pumps
achieved higher percentage emission savings due to the relatively clean electricity grid in Yukon. However, these systems had
lower percentage savings in, and in some cases, higher utility costs due to electricity being more expensive (on a $/ekWh
consumption basis) than heating oil and propane.

The heat pump system at WH-08 was reported to have refrigerant leaks during the monitoring period, which likely reduced its
overall performance. Despite this, WH-08 achieved energy and emissions savings when the heating output exceeded the heat
pump's electricity consumption at outdoor temperatures above -10°C (i.e. when COP exceeds 1in Figure 3.7). Additional
savings also occurred between the outdoor temperature range of -17°C to -10°C, when the measured average heat pump
consumption remained below the theoretical baseline consumption for a propane furnace (i.e. heat pump efficiency remained
better than the assumed baseline efficiency of 0.82). However, because the heat pump system operated at relatively low
efficiency compared with its rated performance, and because electricity is more expensive than the baseline propane, WH-08
likely did not achieve utility cost savings. It should be noted that the differences between the baseline and post-retrofit cases
are small and fall within the expected uncertainty range of this savings analysis.

Similarly, WH-14 was not operating as intended and thus used more energy to operate the heat pump systems compared to
the baseline systems (in ekWh) at outdoor temperatures below -19°C, which resulted in net increases in utility costs at the site;
however, the differences between the baseline and post-retrofit cases are limited and fall within the expected error range of
this savings analysis. This is consistent with the performance of this system shown in Figure 3.7, where average COP falls
below 1in outdoor temperatures below around -14°C. Systems that operated as intended generally achieved higher savings.

Overall, the heating systems spend more time operating at more moderate temperatures (above -10°C per Figure 3.13) in the
southern Yukon climate, and thus all sites that could be assessed for savings achieved net energy and emissions savings, and
most achieved utility cost savings through a heat pump retrofit.
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4. Summary of Findings

This report includes results from data collected between September 1, 2023, and March 31, 2024.
Comments on Overall Efficiency of Heat Pumps in the Southern Yukon
When considering the three major system types included in this study (ductless, central ducted, and air-to-water):

e On average, the ductless heat pump systems (i.e. mini-splits and multi-splits) that were operating as intended were
able to achieve COPs of approximately 2.2 at an outdoor ambient temperature of -25°C, and COPs of approximately
3.7 at outdoor ambient temperature of 0°C. These systems also tended to have SCOPs within the ballpark of the
manufacturer rated SCOPs; an average measured SCOP of 2.9 for ductless systems that operated as intended was
observed.

e On average, the central ducted heat pump systems that were operating as intended were able to achieve COP of
approximately 1.2 at -25°C and approximately 2.7 at 0°C. An average measured SCOP of 1.9 was observed for ducted
systems operating as intended. These did not perform quite as closely to rated SCOP values as the ductless systems;
however, they also were operating at lower average outdoor air temperature over the monitoring period than the
ductless systems.

e COP of the air-to-water heat pump system (WH-17) was 1.1 at -15°C and approximately 2.5 at 0°C. The measured
SCOP for this system was determined to be 1.3.

When considering the suitability of different system types, as there were fewer central ducted and air-to-water systems
included in the study compared to ductless, the results for those are not as statistically robust as for the ductless heat pump
systems.

Comments on the Variables Associated with Equipment Functioning Below their Rated Efficiency
The following are reasons why certain systems did not appear to be performing as well as others:

1) Refrigerant leaks or low refrigerant levels — Based on discussions with participants, we suspect that installers did not
consistently verify that systems were fully charged at commissioning. Low refrigerant levels were reported at a
minimum of two sites. In addition, refrigerant leaks were confirmed at least at two other locations. While these leaks
were repaired, the fixes occurred only after homeowners reported performance issues. A lack of sufficient refrigerant
reduces the system'’s ability to transfer heat, leading to diminished heating (or cooling) capacity and overall lower
system efficiency.

2) Clogged filters — Clogged filters were observed at several sites. Restricted airflow through the system increases static
pressure, reduces heat exchange efficiency and overall performance. Although this was observed during equipment
removal by RDH in March 2025 (outside the official reporting period), it is likely that clogged filters were already
affecting system performance during the first heating season. Several participants indicated they were unaware that
regular filter cleaning was necessary, suggesting a knowledge gap in routine maintenance requirements.

3) Faulty equipment or improper commissioning (e.g. faulty temperature sensors) — For example, in at least one
instance, a temperature sensor malfunction led to the heat pump consistently shutting down at -16°C, despite being
rated for colder conditions. Equipment-related issues can significantly compromise performance, particularly during
peak demand periods.

4) Proximity of indoor systems - For example, at one site (WH-10), it was reported that the indoor heads were installed
too close to one another, resulting in overlapping coverage zones. This may have caused the units to compete,
reducing system efficiency and comfort.
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Energy, Emissions and Financial Savings of Homes with Heat Pumps

The savings calculations (energy, emissions, and financial) demonstrated appreciable savings when a heat pump system was
operating as intended Table 4.1.

TABLE 4.1 AVERAGE ANNUAL ENERGY, EMISSIONS, AND FINANCIAL SAVINGS FOR SITES WHERE SYSTEMS OPERATED AS

INTENDED

Type Average Energ){, Savings Aver:ilge GHG Emissioons Average Utility Cost
[ekWh] (%) Savings [kgCOze] (%) Savings [$] (%)
Ductless 18,438 (46%) 4,370 (52%) 3,152 (42%)
Central Ducted 26,002 (51%) 6,358 (69%) 3,954 (38%)
) 4,131 (8%) 289 (8%) 999 (8%) (one site*)
Air-to-Water ) .
(one site*) (one site*)

* Only one of the two sites with an air-to-water heat pump had sufficient data to report on this.

Participant Satisfaction

¢ When systems were properly commissioned, participants were generally very satisfied with their heat pump
performance. On average, users reported positive experiences, particularly regarding comfort, energy savings and
reduced reliance on supplemental heating (e.g. wood stove).

e Aknowledge gap exists among homeowners regarding the operation and maintenance of their systems. Several
participants were unaware of the need to clean filters regularly and expressed uncertainty about how to operate or
adjust system settings. Despite this, many homeowners demonstrated a strong willingness to learn.

This presents an opportunity for industry stakeholders or government bodies to provide targeted homeowner
education, such as workshops, webinars, or user-friendly guides, to improve confidence and system performance
through better-informed usage.

e Multiple participants reported challenges in finding qualified service providers. In one case, a homeowner contacted
several companies before finding one willing to inspect their system. There is a clear opportunity to support
homeowners post-installation by offering access to a directory of qualified service providers (and by providing
contractor training to provide this service), and/or by encouraging contractors to offer follow-up service visits.
Including this kind of support as part of rebate or incentive programs could improve long-term satisfaction and
system upkeep.
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5. Closure

In all, the results suggest that cold climate air-source heat pumps have the potential to serve as the primary heating
technology for heating in the Yukon and other subarctic regions, provided the equipment is properly commissioned and some
form of supplemental heating can be provided during periods below the heat pump'’s rated outdoor operating conditions.

We trust this report adequately summarizes the results of the cold climate heat pump study in Yukon. Please contact the

undersigned should you require further information.

Yours Truly,

S imandt

Laura Simandl! | M.S., P.Eng, P.E.
Project Engineer
E: Isimandl@rdh.com

RDH Building Science Inc.

Samantha Chum | M.A.Sc., CMVPIT
Building Science Engineer (EIT)
E: schum@rdh.com

RDH Building Science Inc.
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Appendix A - Site Information

Appendix A summarizes key site information for WH-01 through WH-18.
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Appendix B - Energy Consumption & Output Profiles

Appendix B displays the measured ambient outdoor temperature; the temperatures at indoor unit supply/return, and the
equivalent energy provided or removed by heat pump compared to total energy consumption for site WH-01 through WH-18.
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Data for indoor head B between Nov. 28th, 2023

40

and March 2, 2024 was corrupt data.

20

Temperature [°C]

-20

—40+

2023-0 2023-10 2023-11 2023-12 2024-01 2024-02

WH-03-B
Supply Temperature ['C] «  Return Temperature ['C] Outdoor Temperature ['C]

2024-04

System Off

60

40

20 fd

o pt—" A AY P A [ MY VI

Temperature ['C]

-20

ac: 313+

¥

'
-4
4. it

' o

1

-40

2023-09 2023-10 2023-11 2023-12 2024-01 2024-02

WH-03-C
Supply Temperature [°C] - Return Temperature [’C] Outdoor Temperature [*C]

2024-03

2024-04

System Off

At indoor heads A and C, occasional periods with return temperatures above supply temperatures occur when
the indoor fan is off and the coil stays warm. This appears to be creating local stratification near the return
sensor (which is installed right above the coil).
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Appendix C - Number of Data Points

Appendix C plots the number of data points collected in each temperature bin for sites WH-01 through WH-18 (with the

exception of WH-09 and WH-10).
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Appendix D - Theoretical and In-Situ Balance Points

The balance point temperature is the outdoor temperature below which the heat pump no longer has the capacity to provide
all the heating for the home. It can be estimated by evaluating when the heat pump'’s heating capacity curve and heating
demand (i.e. heat loss of the home) curve intersect. The balance point temperature varies for the different sites and different
models of heat pumps.

Figures D1, D2 and D3 show the maximum capacity of the heat pump units based on the manufacturer’s specifications (shown
with grey dots). These values were obtained from AHRI Directory of Certified Product Performance online database (which
includes ‘AHRI certified ratings’ and ‘other ratings’). Where available, the modeled heating demand from Government of
Yukon-provided CSA F280 calculations was used to plot the linear relationship in orange; the exception being WH-17 where
the CSA F280 value was unavailable, but an EnerGuide value was. Note that not all homes had CSA F280 calculation or results
of EnerGuide audit available; therefore, only a handful of sites could be plotted in this way.

The blue dots represent the average measured heating capacity (i.e. measured output from monitoring data) of the heat
pumps. The solid blue line represents the maximum measured heating capacity determined from the monitoring data.
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Figure D1. Measured heating outputs (average and maximum) for the ductless heat pump systems and heating demands. CSA F280 calculated heating demands
supplied by the Government of Yukon were used. Specified capacity values (grey dots) are from the AHRI Directory of Certified Product Performance.
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Figure D2. Measured heating outputs (average and maximum) for the central ducted systems and heating demands. CSA F280 calculated heating demands supplied by the
Government of Yukon were used. Specified capacity values (grey dots) are from the AHRI Directory of Certified Product Performance.
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Figure D3. Measured heating outputs (average and maximum) for an air-to-water heat pump system (WH-17) and heating demand. CSA F280 calculated value was not available for
this site, but the EnerGuide value is and was thus used instead. Specified capacity values (grey dots) are from the AHRI Directory of Certified Product Performance.
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Appendix E - Energy Savings

Appendix E details the energy savings estimation for sites WH-01through WH-18. Note the values in this table assumed
supplemental heating to be the CSA F280 heating demand unmet by the heat pump (i.e. difference between heating demand
and heat pump output).

Energy Consumption [ekWh/year]

Greenhouse Gas Emissions [kgCO2e/year]

Utility Cost [$/year]

Baseline heating
site ID Heat Pump System system (i.e. Pre-Retrofit | Post-Retrofit Pre-Retrofit | Post-Retrofit Pre-Retrofit | Post-Retrofit
Type previous heating Heat Pump Savings Heat Pump Savings Heat Pump Savings
system) Baseline and/or (%) Baseline and/or (%) Baseline and/or (%)
Supplemental Supplemental Supplemental
Ductless Oil Furnace Insufficient data; no CSA F280 heating load
Ductless Oil Stove 40,097 15,593 24,503 10,831 2,767 8,064 6,290 3,060 3,230
(61%) (74%) (0%)
Ductless Elec. Baseboard No CSA F280 heating load
Ductless Elec. Baseboard, No CSA F280 heating load
assumed
WH-06 Ductless Elec. Boiler, 18,188 10,075 8,113 1,273 705 568 4,400 2,437 1,963
assumed (45%) (45%) (45%)
WH-07 Ductless OilFurnace 68,237 47,259 20,977 18,433 10,995 7,438 10,704 8,166 2,538
(31%) (40%) (24%)
1,848 1,202 -316
WH-08 Ductless Propane Furnace 27,831 25,982 6,061 4,858 3,807 4,123
(7%) (20%) (-8%)
Ductless Elec. Baseboard, Insufficientdata
assumed
Ductless Oil Boiler, assumed Insufficientdata
Ductless QOil Stove No CSA F280 heating load
OilF s .
Ductless \trurnace No CSA F280 heating load
assumed
WH-13 Ductless Oit Furnace, 45,038 20,766 24,272 12,166 3,681 8,486 7,065 4,077 2,988
assumed (54%) (70%) (42%)
WH-16 Ductless Blec. Baseboard, | 5 )64 23,107 20,156 3,028 1,618 1,411 10,465 5,590 4,876
assumed (47%) (47%) (47%)
Ductless Average
7 11,572 2,1
WH-04 Central Ducted Propane Furnace 61,422 25,765 35,65 13,376 1,804 5 8,401 6,233 /169
(58%) (87%) (26%)
WH-14 Central Ducted OilFurnace 48,885 38,003 10,882 13,205 5,906 7,299 7,668 7,814 -148
(22%) (55%) (-2%)
WH-15 | Central Ducteg | E\€C-Baseboard, |4, o\ 15,895 16,347 2,257 1,113 1,144 7,799 3,845 3,954
assumed (51%) (51%) (51%)
Central Ducted Average
Elec. Boiler, 4,131 289 999
WH-17 [Central Air-to-Water 2,2 4, 7 12 1
assumed 52,230 8,099 (8%) 3,656 3,36 (8%) ,635 ,635 (8%)
-Central Air-to-Water Oil Boiler Insufficientdata
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WH-02

14
12 | CSA F280 Design
Heating Load* at -41°C
10
?_.4 8 Energy Savings
5
o 6
I
4
0
o
2 | °” 0% 0
-~ [e]
0 . 00®eQ Oq
-45 -35 -25 15 -5 5 15

Outdoor Temperature [°C]

® Heat Pump Output (Data)

® Heat Pump Consumption (Data)

Theo. Baseline Cons. (HP Portion by Oil Stove)

Theo. Supp. Output (Oil Stove Portion)

Theo. Total Cons. (Oil Stove Supp.+HP)

O  Excluded from Regression

Heat Pump Output, Fitted

Heat Pump Consumption, Fitted

= «f= = CSA F280 Design Heating Load

Theo. Supp. Cons. (Oil Stove Portion)

Theo. Total Baseline Cons. (Oil Stove Only)
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WH-04

18

16 | CSAF280 Design

Heating Load* at -41°C

14 |

2T Energy Savings

Heating [kW]
)

OutdoorTemperature [°C]

® Heat Pump Output (Data) Heat Pump Output, Fitted

® Heat Pump Consumption (Data)
Theo. Baseline Cons. (HP Portion by Prop. Furn.) = =)= = CSA F280 Design Heating Load

Heat Pump Consumption, Fitted

Theo. Supp. Output (Elec. Resis. Portion)

Theo. Supp. Cons. (Elec. Portion by Prop. Furn.)

Theo. Total Baseline Cons. (Propane Furnace Only) O  Excluded from Regression

Theo. Supp. Cons. (Elec. Resis. Portion)
Theo. Total Cons. (Elec. Resis. Supp.+HP)
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WH-06

18

16 | CSAF280 Design

Heating Load* at -41°C

14 |

2T Energy Savings

Heating [kW]
)

OutdoorTemperature [°C]

® Heat Pump Output (Data) Heat Pump Output, Fitted

® Heat Pump Consumption (Data)
Theo. Baseline Cons. (HP Portion by Prop. Furn.) = =)= = CSA F280 Design Heating Load

Heat Pump Consumption, Fitted

Theo. Supp. Output (Elec. Resis. Portion)

Theo. Supp. Cons. (Elec. Portion by Prop. Furn.)

Theo. Total Baseline Cons. (Propane Furnace Only) O  Excluded from Regression

Theo. Supp. Cons. (Elec. Resis. Portion)
Theo. Total Cons. (Elec. Resis. Supp.+HP)
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WH-07

25
CSA F280 Design
b .
20 | eating Load* at -41°C
— 15 }
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=T . -- e ©
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-45 -35 -25 -15 -5 5 15 25
Outdoor Temperature [°C]
® Heat Pump Output (Data) Heat Pump Output, Fitted
® Heat Pump Consumption (Data) Heat Pump Consumption, Fitted

Theo. Baseline Cons. (HP Portion by Oil Furnace)

Theo. Supp. Output (Oil Furnace Portion)

Theo. Total Cons. (Oil Furnace Supp.+HP)

O  Excluded from Regression

= «f= = CSA F280 Design Heating Load
Theo. Supp. Cons. (Oil Furnace Portion)

Theo. Total Baseline Cons. (Oil Furnace Only)
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WH-08

10

CSAF280 Design
eating Load* at -41°C

Energy Savings

Heating [kW]

-45 -35 -25 -15 -5 5 15 25

Outdoor Temperature [°C]

® Heat Pump Output (Data) Heat Pump Output, Fitted

® Heat Pump Consumption (Data) Heat Pump Consumption, Fitted
Theo. Baseline Cons. (HP Portion by Propane Furn.) = «@== CSAF280 Design Heating Load

Theo. Supp. Output (Propane Furn. Portion)

Theo. Supp. Cons. (Propane Furn. Portion)

Theo. Total Cons. (Propane Furn. Supp.+HP) Theo. Total Baseline Cons. (Propane Furn. Only)

O  Excluded from Regression
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WH-13

14

CSA F280 Design
Heating Load* at -41°C

12

10 F

[o4]
T

Heating [kW]
s3]

Energy Savings

-45 -35 -25 -15

-5 5 15

Outdoor Temperature [°C]

® Heat Pump Output (Data)

® Heat Pump Consumption (Data)

Theo. Baseline Cons. (HP Portion by Oil Furnace)

Theo. Supp. Output (Oil Furnace Portion)

Theo. Total Cons. (Oil Furnace Supp.+HP)

O  Excluded from Regression

Heat Pump Output, Fitted

Heat Pump Consumption, Fitted

= «@= = CSAF280 Design Heating Load

Theo. Supp. Cons. (Oil Furnace Portion)

Theo. Total Baseline Cons. (Oil Furnace Only)
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WH-14
16

CSA F280 Design
Heating Load* at -45°C

12
Increased Energy

o | Consumption

Energy Savings

Energy, 5-MInute Data [ekWh]

OutdoorTemperature [°C]

® Heat Pump Output (Data)

Heat Pump Output, Fitted

® Heat Pump Consumption (Data)
Theo. Baseline Cons. (HP Portion by Oil Furn.) = «@- = CSAF280 Design Heating Load

Heat Pump Consumption, Fitted

Theo. Supp. Output (Oil Furn. Portion)
Theo. Total Cons. (Oil Furn. Supp.+HP)

O Excluded from Regression

Theo. Supp. Cons. (Oil Furn. Portion)
Theo. Total Baseline Cons. (Oil Furn. Only)

25
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WH-15

CSA F280 Design
s I «— Heating Load* at =41°C

Energy Savings

Heating [kW]

0 1 1 1
-45 -35 -25 -15 -5 5 15 25

Outdoor Temperature [°C]

® Heat Pump Output (Data)

Heat Pump Output, Fitted

® Heat Pump Consumption (Data) Heat Pump Consumption, Fitted

Theo. Baseline Cons. (HP Portion by Elec. BB) = «f= = CSA F280 Design Heating Load

Theo. Supp. Output (Elec. BB Portion) Theo. Supp. Cons. (Elec. BB Portion)
Theo. Total Cons. (Elec. BB Supp.+HP) Theo. Total Baseline Cons. (Elec. BB Only)

O  Excluded from Regression
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Heating [kW]

WH-16

16

CSA F280 Design
Heating Load* at -41°C

14 |
12

10 |

Energy Savings

-45 -35 -25 -15 -5 5 15
OutdoorTemperature [°C]

® Heat Pump Output (Data) Heat Pump Output, Fitted

® Heat Pump Consumption (Data) Heat Pump Consumption, Fitted
Theo. Baseline Cons. (HP Portion by Elec. BB) = =@= = CSAF280 Design Heating Load
Theo. Supp. Output (Elec. BB Portion) Theo. Supp. Cons. (Elec. BB Portion)
Theo. Total Cons. (Elec. BB Supp.+HP)
O  Excluded from Regression

Theo. Total Baseline Cons. (Elec. BB Only)
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WH-17
20

18 F EnerGuide Design
Heating Load* at -41°C

—_
[+2]
T

Increased Energy
Consumption

— — —
=) N B
T T T

Heating [kW]

[o4]
T

Energy Savings

-45 -35 -25 -15 -5 5 15 25

Outdoor Temperature [°C]

® Heat Pump Output (Data)
® Heat Pump Consumption (Data)

Heat Pump Output, Fitted

Heat Pump Consumption, Fitted
Theo. Baseline Cons. (HP Portion by Elec. Boiler) = =@== CSAF280 Design Heating Load
Theo. Supp. Output (Elec. Boiler Portion)
Theo. Total Cons. (Elec. Boiler Supp.+HP)
O  Excluded from Regression

Theo. Supp. Cons. (Elec. Boiler Portion)
Theo. Total Baseline Cons. (Elec. Boiler Only)
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