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ABSTRACT
A load-based testing approach has been developed recently to estimate the seasonal performance of residential air
conditioners and heat pumps based on their overall dynamic performance measured in a laboratory. In this
methodology, the responses of a typical residential building's sensible and latent loads to the equipment controls are
emulated in a psychrometric test room by continuously updating the room temperature and humidity based on a virtual
model of the building. The test unit thermostat, which is located in the indoor test room, reacts naturally to dynamic
temperature variations, and equipment controls respond appropriately based on a deviation from its setpoint,
comparable to a field application. The thermostat is integral to the load-based testing approach and its location in the
indoor test room can lead to different sensing responses due to a variation in the temperature and airflow distribution
around the thermostat. This can lead to varied test unit dynamic performance in the same and different test facilities,
thus affecting the test methodology repeatability and reproducibility. To address this, a thermostat environment
emulator (TEE) was developed to provide standardized environmental conditions to the thermostat to ensure realistic
and reproducible conditions for the thermostat across different test facilities. In this study, the thermostat environment
emulator operation and performance were assessed across varied conditions based on load-based testing of a 2-ton
variable-speed heat pump with the thermostat installed in a TEE. Further, the test unit performance was also measured
at the same test conditions but with the thermostat installed in the test unit return air (RA) inlet. The test unit
performance was compared for two thermostat installation locations to assess the overall impact of the TEE on the
test unit dynamic response and performance in load-based testing. Comparisons of seasonal performance estimates
for different sets of tests are also presented.

1. INTRODUCTION
For load-based testing, heat pump performance is measured in the laboratory under dynamic conditions with its
integrated controls responding to emulated sensible and latent building loads that are representative of residential
building applications. The indoor test room temperature and humidity conditions are continually adjusted using a
virtual building model to mimic the response of a representative building load and dynamics served by the heat pump.
The test unit thermostat is installed with the test unit in the indoor test room, which senses this dynamic temperature
variation, and based on a deviation from its setpoint, adjusts the control input to the equipment. Hjortland and Braun
(2019), Patil et al. (2018), Cheng et al. (2021b), and Dhillon et al. (2022a) describe the load-based testing methodology
in detail, which forms the basis for CSA (Canadian Standards Association) standard draft EXP07:2019 (CSA, 2019).
The load-based testing approach makes it possible to measure the overall performance of a test unit with its integrated
controls and thermostat in a test laboratory setting in contrast to current testing approaches. The current testing and
rating procedure for residential air-conditioning and heat-pumping systems in the US is based on AHRI 210/240
(AHRI, 2020). For AHRI 210/240, heat pump performance is measured in a pair of psychrometric chambers by
keeping both the test rooms, indoor and outdoor, at a steady state for defined test conditions. In addition, compressor
speeds and indoor unit airflow rates are also fixed during a test interval, typically with proprietary control settings
from the manufacturer. As the current rating approach does not consider the embedded controls and their dynamic
interaction with representative building loads, it might not be representative of the test unit’s actual field performance.
The load-based testing methodology provides an alternative to overcome some of the limitations of the current rating
approach.
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Hjortland and Braun (2019) proposed and demonstrated a load-based testing approach and applied it to compare the
performance of two similar commercial RTU (rooftop unit) air conditioners with their embedded controls in three
different control modes: single-stage, two-stage, and variable-speed. Patil et al. (2018), Cheng et al. (2021b), and
Dhillon et al. (2022a) further extended the load-based testing approach for performance evaluation of residential air
conditioners and heat pumps with their embedded controls and thermostat. Dhillon et al. (2022b, 2018, 2021a)
implemented the load-based testing approach to evaluate the performance of different residential heat-pump
equipment and compared the load-based test results to results based on AHRI 210/240. To validate how well the loadbased testing approach characterizes heat pump performance in a lab compared to an actual residential building,
Dhillon et al. (2021d, 2022e) compared the cooling and heating mode test results of a heat pump tested in a 2-story
residential house to that of a laboratory using the load-based testing approach. Further, load-based testing repeatability
and reproducibility assessment was presented by Dhillon et al. (2022c, 2022d) based on comparisons of multiple
systems test results in the same and different labs. Dhillon et al. (2021b) also proposed a load-based testing approach
for RTUs with integrated economizers applicable for representative small office commercial buildings. In addition to
rating of equipment performance, load-based testing can also be used to evaluate advanced heat pump control design
in a test laboratory setting as demonstrated by Dhillon et al. (2021c) and Ma et al. (2021).
In contrast to AHRI 210/240, the thermostat is integral to the test unit performance measurement in the load-based
testing methodology. Cheng et al. (2018) studied the sensitivity of thermostat location on load-based test results by
comparing test results with the test unit thermostat installed at three different locations in the test room and observed
significantly different performance and unit dynamic behavior. This was due to the variation in airflow and
temperature distribution around the thermostat which affects its response dynamics and consequently, the test unit's
dynamic performance. The airflow and temperature distribution can vary significantly among different test facilities,
so to ensure repeatability and reproducibility of the load-based test results across different test labs, it is important to
ensure representative and reproducible conditions for the test unit thermostat. For this, Cheng et al. (2021a) developed
a thermostat environment emulator (TEE) to provide standardized and reproducible environmental conditions to the
thermostat in the lab. Kim et al. (2022) further updated the design to develop a 2nd generation TEE to improve its
performance and applicability across different test facilities. In this paper, the updated TEE operation and performance
were assessed for a full range of cooling and heating load-based tests with a 2-ton variable-speed heat pump. Further,
the test unit performance was also measured under the same test conditions but with the thermostat installed in the test
unit return air (RA) inlet as prescribed in the current load-based testing methodology as per CSA EXP07. The test unit
performance was compared for these two thermostat installation locations in order to assess the overall impact of the
TEE on test unit dynamic response and performance in load-based testing. A comparison of the test equipment
estimated seasonal performance for different sets of tests are also presented. First, overviews of the test methodology,
test conditions, and test setup are presented. Then, heat pump performance results are presented for the two thermostat
installation configurations, along with comparisons and an analysis of the differences. Finally, the conclusion provides
a summary and discussion of the results along with recommendations for future work.

2. TEST SETUP AND METHODOLOGY
Figure 1 illustrates the load-based testing methodology for a split-type heat pump system installed in a pair of
psychrometric chambers with the thermostat mounted in the thermostat environment emulator (TEE) located in the
indoor test room. The dynamic response of a representative building is emulated in the indoor test room by
continuously adjusting its conditions using a virtual building model, which incorporates the building load and thermal
mass characteristics of a representative residential building scaled to the test equipment design capacity. In this work,
the virtual building model and its parameters were used as per CSA EXP07 (CSA, 2019) with the addition of a
thermostat environment emulator (Cheng et al., 2021a; Kim et al., 2022) to the approach. For a test interval, the
outdoor test room conditions are kept constant, whereas the indoor conditions are dynamically updated based on the
interaction of the virtual building model with the test unit measured performance in real-time. For cooling tests, at
each control interval, the virtual building model temperature (𝑇𝑇𝐼𝐼𝐼𝐼 ) and humidity ratio (𝜔𝜔𝐼𝐼𝐼𝐼 ) are updated for the next
time step (𝑡𝑡 + Δ𝑡𝑡) from the current time step (𝑡𝑡) as per Equation (1) and (2), respectively, based on the difference
between virtual building cooling loads, sensible �𝐵𝐵𝐵𝐵𝑐𝑐,𝑠𝑠 � and latent �𝐵𝐵𝐵𝐵𝑐𝑐,𝑙𝑙 �, together with real-time measurements of
the test unit sensible �𝑄𝑄̇𝑐𝑐,𝑠𝑠 � and latent �𝑄𝑄̇𝑐𝑐,𝑙𝑙 � cooling rates. Similarly, in heating tests, the virtual building model
temperature is updated for each time step as per Equation (3), based on the difference between the virtual building
heating load (𝐵𝐵𝐵𝐵ℎ ) and the test unit measured heating rate �𝑄𝑄̇ℎ �.
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022
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Figure 1. Load-Based Testing Schematic for a Split-Type Heat-Pump System in a Psychrometric Test Facility with
Thermostat Environment Emulator (TEE)
𝑇𝑇𝐼𝐼𝐼𝐼 (𝑡𝑡 + 𝛥𝛥𝛥𝛥) = 𝑇𝑇𝐼𝐼𝐼𝐼 (𝑡𝑡) + 𝛥𝛥𝛥𝛥 ⋅ �

𝐵𝐵𝐿𝐿𝑐𝑐,𝑠𝑠 − 𝑄𝑄̇𝑐𝑐,𝑠𝑠
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�
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𝑄𝑄̇ℎ − 𝐵𝐵𝐿𝐿ℎ
�
𝐶𝐶𝑠𝑠

(1)

(2)

(3)

where 𝐶𝐶𝑠𝑠 and 𝐶𝐶𝑤𝑤 are the effective thermal and moisture capacitances, respectively, for a representative residential
building scaled to the equipment sensible �𝑄𝑄̇𝑐𝑐,𝑠𝑠,𝐷𝐷 � and total �𝑄𝑄̇𝑐𝑐,𝐷𝐷 � cooling capacities at design conditions as per
Equation (4), and ℎ𝑓𝑓𝑓𝑓 is the latent heat of vaporization for water.
𝐶𝐶𝑠𝑠 [𝐽𝐽/℉] =

𝑄𝑄̇𝑐𝑐,𝐷𝐷 [𝑊𝑊]
𝑄𝑄̇𝑐𝑐,𝑠𝑠,𝐷𝐷 [𝑊𝑊] ⋅ 300[𝑠𝑠]
; 𝐶𝐶𝑤𝑤 [𝑘𝑘𝑘𝑘] =
𝛥𝛥𝑇𝑇𝑑𝑑𝑑𝑑 [℉]
12.9 [𝑊𝑊/𝑘𝑘𝑘𝑘]

(4)

where Δ𝑇𝑇𝑑𝑑𝑑𝑑 is the thermostat deadband defined as the difference between upper and lower bounds. The virtual building
model sensible load for cooling mode, 𝐵𝐵𝐵𝐵𝑐𝑐,𝑠𝑠 , and for heating mode, 𝐵𝐵𝐵𝐵ℎ , are defined as a linear function of outdoor
temperature (𝑇𝑇𝑂𝑂𝑂𝑂 ) scaled to the test unit cooling capacity at design conditions �𝑄𝑄̇𝑐𝑐,𝐷𝐷 � as per Equation (5) and (6),
respectively.
1 𝑄𝑄̇𝑐𝑐,𝐷𝐷 ⋅ 𝑆𝑆𝑆𝑆𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝐵𝐵𝐵𝐵𝑐𝑐,𝑠𝑠 = ⋅
⋅ (𝑇𝑇𝑂𝑂𝑂𝑂 − 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 )
(5)
𝐹𝐹𝑐𝑐 �𝑇𝑇𝑂𝑂𝑂𝑂,𝐷𝐷,𝑐𝑐 − 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵,𝐷𝐷,𝑐𝑐 �
𝐵𝐵𝐵𝐵ℎ = 𝐹𝐹ℎ ⋅

𝑄𝑄̇𝑐𝑐,𝐷𝐷

�𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵,𝐷𝐷,ℎ − 𝑇𝑇𝑂𝑂𝑂𝑂,𝐷𝐷,ℎ �

⋅ (𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑇𝑇𝑂𝑂𝑂𝑂 )

(6)

where 𝐹𝐹𝑐𝑐 and 𝐹𝐹ℎ are building load sizing factors to scale the cooling and heating load lines, 𝑇𝑇𝑂𝑂𝑂𝑂,𝐷𝐷 is the outdoor design
dry-bulb temperature, and 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵,𝐷𝐷 is the design balance point temperature, both of which are different for cooling and
heating mode. 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is the effective balance point temperature, which is updated as per Equation (7) to account for the
variation in building load due to a change in indoor temperature (𝑇𝑇𝐼𝐼𝐼𝐼 ) from the indoor design temperature (𝑇𝑇𝐼𝐼𝐼𝐼,𝐷𝐷 ),
which is also the thermostat setpoint.
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(7)

𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵,𝐷𝐷 + �𝑇𝑇𝐼𝐼𝐼𝐼 − 𝑇𝑇𝐼𝐼𝐼𝐼,𝐷𝐷 �

The virtual building latent load �𝐵𝐵𝐵𝐵𝑐𝑐,𝑙𝑙 � for cooling mode is defined based on the simple assumption of maintaining a
constant building load sensible heat ratio (𝑆𝑆𝑆𝑆𝑅𝑅𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) as per Equation (8).
𝐵𝐵𝐵𝐵𝑐𝑐,𝑙𝑙 = 𝐵𝐵𝐵𝐵𝑐𝑐,𝑠𝑠 ⋅ �

1

𝑆𝑆𝑆𝑆𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

(8)

− 1�

During a load-based test, the virtual building conditions are continuously updated based on the above equations, which
are then provided as the indoor test room psychrometric setpoints. In this way, the indoor test room mimics the
response of a representative building coupled with the test unit performance. The test unit thermostat senses the
dynamic indoor temperature variation, and the test unit responds accordingly with its embedded controls to maintain
the space temperature near the thermostat setpoint. Thus, the dynamic performance of a heat pump is measured with
its integrated controls and thermostat responding similarly to a field application.
Table 1 and Table 2 show the cooling and heating mode test conditions for the load-based tests as per CSA EXP07
(CSA, 2019), representative of two climate types, humid and dry for cooling, and continental and marine for heating.
In a load-based test, the indoor conditions represent the target comfort conditions set as the test unit thermostat and/or
humidistat setpoint, whichever is applicable. For cooling dry coil and heating tests, only sensible building loads are
simulated; whereas, for cooling humid test conditions, both sensible as well as latent loads are simulated. If the unit
fails to maintain the indoor temperature to the target thermostat setpoint due to the maximum capacity being less than
the building load, then a full-load test is conducted. In a full-load test, both test rooms are maintained at steady state
and the unit performance is measured by running it at full capacity with the test unit thermostat setpoint set well below
the target indoor condition in cooling mode and above in heating mode.

Test
CA
CB
CC
CD
CE

Test
HA
HB
HC
HD
HE
HF

Table 1. Load-based Testing Methodology Cooling Mode Test Conditions (CSA, 2019)
Humid Test Conditions
Dry Test Conditions
Outdoor T [°F] Indoor Temperature [°F]
Outdoor T [°F]
Indoor Temperature [°F]
Dry Bulb
Dry Bulb
Wet Bulb
Dry Bulb
Dry Bulb
Wet Bulb
N/A
113
104
104
56
95
74
63
95
79
(max)
86
86
77
77
Table 2. Load-based Testing Methodology Heating Mode Test Conditions (CSA, 2019)
Continental Outdoor
Marine Outdoor Conditions
Indoor Conditions
Conditions
Dry Bulb [°F]
-10
5
17
34
47
54

Wet Bulb [°F]
-11.4
4
14.5
31
41
45

Dry Bulb [°F]

Wet Bulb [°F]

N/A

N/A

17
34
47
54

15.5
32
45
49

Dry Bulb [°F]

Wet Bulb [°F]

70

60
(max)

In this study, the performance of a 2-ton variable-speed heat pump was measured based on the load-based testing
approach with two different thermostat installation configurations as shown in Figure 2. First, as currently prescribed
in CSA EXP07 (CSA, 2019), the thermostat was installed in the indoor test unit return air (RA) inlet where the
temperature is controlled to the virtual building temperature. Second, the thermostat was installed in the thermostat
environment emulator (TEE) in which the thermostat inlet air temperature is also controlled to the virtual building
temperature and a constant air velocity of around 30 fpm (0.15 m/s) is maintained over the thermostat to represent
typical indoor conditions.
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Figure 2. Two Different Thermostat Installation Configurations

3. TEST RESULTS
First, to scale the virtual building model parameters, the test unit design cooling performance is measured at a steadystate 𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 test (AHRI, 2020) condition with the indoor test room at 80℉ dry-bulb / 67℉ wet-bulb, the outdoor test
room at 95℉ dry-bulb temperature conditions, and the heat pump running at full capacity in cooling mode. Table 3
shows the virtual building parameters that were utilized with equations (1)-(8) to perform cooling and heating loadbased tests at different conditions shown in Table 1 and Table 2. In the subsections below, first, load-based test results
with the thermostat installed in the return air (RA) of the indoor unit are presented. Second, load-based test results at
the same test conditions but with the thermostat installed in the thermostat environment emulator (TEE) are presented
followed by comparisons of the two cases and a discussion on the observed differences.
Table 3. Virtual Building Model Parameters for Load-based Testing as per CSA EXP07
Cooling Dry-Coil
𝑸𝑸̇𝒄𝒄,𝒔𝒔,𝑫𝑫
𝚫𝚫𝑻𝑻𝒅𝒅𝒅𝒅
𝑭𝑭𝐜𝐜
𝑸𝑸̇𝒄𝒄,𝑫𝑫
𝑺𝑺𝑺𝑺𝑹𝑹𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝑻𝑻𝑶𝑶𝑶𝑶,𝑫𝑫,𝒄𝒄 𝑻𝑻𝑩𝑩𝑩𝑩𝑩𝑩,𝑫𝑫,𝒄𝒄 𝑻𝑻𝑰𝑰𝑰𝑰,𝑫𝑫,𝒄𝒄
Parameter
𝑊𝑊
𝑊𝑊
℉
℉
℉
℉
Value
6002
5000
2
1.2
1
105
72
79
Heating
Cooling Humid-Coil
Parameter
𝑻𝑻𝑶𝑶𝑶𝑶,𝑫𝑫,𝒉𝒉 𝑻𝑻𝑩𝑩𝑩𝑩𝑩𝑩,𝑫𝑫,𝒉𝒉 𝑻𝑻𝑰𝑰𝑰𝑰,𝑫𝑫,𝒉𝒉 𝑺𝑺𝑺𝑺𝑹𝑹𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝑻𝑻𝑶𝑶𝑶𝑶,𝑫𝑫,𝒄𝒄 𝑻𝑻𝑩𝑩𝑩𝑩𝑩𝑩,𝑫𝑫,𝒄𝒄 𝑻𝑻𝑰𝑰𝑰𝑰,𝑫𝑫,𝒄𝒄
𝑭𝑭𝒉𝒉
℉
℉
℉
℉
℉
℉
Value
1
5
60
70
0.8
95
67
74

Thermostat in Return Air (RA)

Figure 3 shows heat pump performance and temperature variations for the cooling dry-coil tests at different ambient
temperatures with the thermostat mounted in the indoor test unit return air (RA) inlet (Figure 2). In the upper subplot,
the test unit sensible cooling rate, virtual building sensible load, and total power consumption correspond to the left
vertical axis and airflow corresponds to the right vertical axis. The lower subplot shows the virtual building indoor
temperature (IDT), return air (RA) temperature and thermostat setpoint of 79℉ on the left vertical axis, and the outdoor
temperature setpoint and its measured value on the right vertical axis. The indoor unit return air temperature was
controlled to the virtual building indoor temperature well which is also the temperature near the thermostat in this
case. At low ambient temperatures of 77℉ and 86℉, with low building loads, the heat pump cycled on/off to maintain
the virtual building indoor (and return) air temperature near the thermostat setpoint. At intermediate outdoor
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temperatures of 95℉ and 104℉, the test unit operated in a variable-speed mode to maintain the space temperature
near the thermostat setpoint and at 113℉ ambient temperature, the test unit failed to meet the building load and a fullload test was performed. The highlighted period (light red) shows the converged performance data used in the analysis
and comparisons. Similarly, the test unit performance was measured at cooling humid-coil test conditions, in which
virtual building sensible as well as latent loads were emulated, and the test unit cycled on/off at low ambient
temperature (77℉), operated in variable-speed mode at intermediate outdoor temperatures (86℉ & 95℉) and ran out
of capacity to meet the building load the highest outdoor temperature (104℉) conditions.

Figure 3. Heat Pump Performance and Temperature Variation for Cooling Dry-Coil Load-Based Tests with the
Thermostat Mounted in the Return Air (RA)

Figure 4. Heat Pump Performance and Temperature Variation for Heating Continental Load-Based Test at 54℉ and
47℉ with the Thermostat Mounted in the Return Air (RA)
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Figure 4 shows heat pump performance and temperature variations for heating continental load-based tests at 54℉
and 47℉ ambient temperatures with the thermostat installed in the indoor test unit RA. In heating tests, the thermostat
was set at 70℉ and the test unit cycled on/off at these high outdoor temperatures with low building loads to control
the indoor (return) air temperature near the thermostat setpoint. Further, the test unit also cycled on/off at 34℉ outdoor
temperature to meet the building load, operated in variable-speed mode with intermittent defrosts at 17℉ ambient
temperature, and ran out of capacity to meet the building load at the lower ambient temperature of 5℉, where a fullload test was performed. Similarly, the test unit performance was measured in 4 heating marine test intervals (Table
2) where the test unit showed similar behavior as the heating continental test intervals at the same outdoor dry-bulb
temperature conditions. In test intervals with the test unit cycling on/off, the indoor temperature variation around the
thermostat setpoint was larger in heating tests compared to cooling tests. Also, it should be noted that in heating tests
(continental and marine), the thermostat offset was set at 2℉ to account for the measurement difference in the
thermostat integrated sensor and the test facility sensors. In cooling dry-coil tests, the thermostat offset was set at 1℉;
whereas no offset was needed in cooling humid-coil tests. This difference in the thermostat offset and the indoor
temperature variation in on/off cycling test intervals between cooling and heating tests with different indoor target
temperatures is possibly due to the variation in the thermostat sensing response at different temperature conditions.
Figure 5 shows overall summary results with measured COP and observed test unit behavior for cooling and heating
test intervals with the thermostat installed in the indoor test unit RA. Higher COP was measured in cooling humidcoil tests compared to dry-coil tests under the same ambient conditions with the differences varying from 4.3% to
12.8%. This was due to the moisture removal by the indoor unit coil in humid-coil tests, which improves the
evaporator's overall energy transfer effectiveness. In heating tests, similar COP and test unit behavior were observed
in continental and marine test intervals at the same outdoor dry-bulb temperature conditions with the differences in
COP varying between 0.3% and 1.4%. For this particular test equipment, higher outdoor humidity in marine tests
compared to continental test intervals did not affect the overall performance significantly.

Figure 5. Cooling and Heating Test Intervals COP and Unit Behavior with Thermostat mounted in RA

Thermostat in Thermostat Environment Emulator (TEE)

Heat pump performance was also measured at the same cooling and heating load-based test conditions (Table 1 &
Table 2) as above, but with the thermostat mounted inside the thermostat environment emulator (Figure 2). Figure 6
shows cooling dry-coil load-based test results at different outdoor temperatures with the thermostat mounted in the
TEE. The indoor test unit return air and thermostat inlet air temperature were controlled to the virtual building indoor
temperature (IDT) and both tracked the virtual building IDT quite well. Also, the air velocity over the thermostat was
maintained at around 30 FPM (0.15m/s). Overall, the test unit showed similar behavior across different outdoor
temperature conditions as for the case with the thermostat installed in the RA (Figure 3). Compared to the case with
the thermostat mounted in the RA, there were some differences in the test unit dynamic response and average indoor
temperature maintained during the convergence period. The variability in the test unit controller response and overall
measurement uncertainties also contributed to the observed differences, in addition to the thermostat installation
location. One thing to note in Figure 6 is that in on/off cycling test intervals at 77℉ and 86℉, the average indoor
temperature maintained was similar whereas, with the thermostat in the RA (Figure 3), the average indoor temperature
in 86℉ interval was higher compared to the 77℉ outdoor temperature test interval. This could be due to constant
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airflow over the thermostat in the TEE which results in a more consistent response, whereas, with the thermostat in
the RA, the airflow over it varies with the indoor unit airflow rate. It should be noted that in all tests with the thermostat
mounted in the TEE, the same thermostat offsets were used as in the tests with the thermostat in the RA. The test unit
performance was also measured at cooling humid-coil test conditions with the thermostat installed in the TEE, and
similar unit behavior was observed as to the test results with the thermostat in the RA under the same test conditions.

Figure 6. Heat Pump Performance and Temperature Variation for Cooling Dry-Coil Load-Based Tests with
Thermostat Mounted in Thermostat Environment Emulator (TEE)

Figure 7. Heat Pump Performance and Temperature Variation for Heating Continental Load-Based Test at 54℉ and
47℉ with Thermostat Mounted in Thermostat Environment Emulator (TEE)
Figure 7 shows test unit performance and temperature responses for heating continental test intervals at 54℉ and 47℉
ambient temperatures with the thermostat mounted in the TEE. The test unit cycled on/off to meet the low building
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loads similar to the test results with the thermostat in the RA under the same test conditions (Figure 4). The thermostat
inlet air temperature controlled by the thermostat environment emulator closely tracks the virtual building IDT. With
the thermostat mounted in the TEE, the indoor temperature variation between consecutive on/off cycles was more
consistent compared to the test results with the thermostat installed in the RA (Figure 4). Similarly, heat pump
performance was measured at other heating continental and marine test conditions. Figure 8 shows an overall summary
of cooling and heating test results with the thermostat mounted in the TEE. At the same test conditions, the test unit
responded similarly to the results with the thermostat mounted in the RA (Figure 5), and a similar trend in COP
variations was observed with different test conditions. Overall, the thermostat environment emulator (TEE) was able
to control the thermostat inlet air temperature to the virtual building temperature setpoint quite well across varied
cooling and heating mode test conditions. Also, with the thermostat installed in the TEE, there was no erratic or
unexpected test unit behavior observed which can highlight any possible issues with the thermostat environment
emulator design and its operation.

Figure 8. Cooling and Heating Test Intervals COP and Unit Behavior with Thermostat mounted in TEE

Comparisons and Discussion

In this section, comparisons of test unit overall dynamic performance between load-based results with the thermostat
installed in the RA and the TEE are presented. Figure 9 shows COP comparisons for cooling dry-coil and humid-coil
tests between the thermostat installed in the RA and the TEE. In cooling dry-coil tests, similar COPs were measured
for both thermostat mounting locations; whereas, in humid-coil test intervals, larger COPs were measured in tests with
the thermostat installed in the TEE with the differences varying from 1.1% to 5.8%.

Figure 9. Cooling Dry-Coil and Humid-Coil tests COP comparison for two thermostat installation locations
Figure 10 shows comparisons of the mean and range of temperature near the thermostat for the two thermostat
installation locations that were measured during the convergence period. The mean of the temperature near the
thermostat and its variation in on/off cycling test intervals were similar for both thermostat installation locations,
indicating that the thermostat sensing responses were similar for both locations. The larger differences in COP for
cooling humid-coil tests are possibly due to additional variability in unit dynamic response because of humidity effects
as well as larger overall uncertainties in measurements. The differences in the test unit cooling COPs for the two
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thermostat installation locations are within the variations observed in load-based testing repeatability assessment for
a similar unit by Dhillon et al. (2022c).

Figure 10. Cooling Dry-Coil and Humid-Coil tests temperature near the thermostat comparison for two thermostat
installation locations
Figure 11 and Figure 12 show comparisons of test unit COPs and temperatures near the thermostat between two
thermostat installation locations for heating continental and marine test intervals. For heating continental test intervals,
the differences in COP varied from -6.9% to 2.2% and for marine test intervals from -7.4% to 2.2% with relatively
larger variations observed in 54℉, 47℉, and 34℉ test intervals where the test unit cycled on/off. The average
temperature near the thermostat was similar for the two thermostat installation configurations; however, its variation
in on/off cycling test intervals was relatively smaller with the thermostat installed in the TEE, showing some variation
in the thermostat sensing response. This variation could be due to differences in airflow around the thermostat in the
two configurations. Inside the TEE, a constant air velocity of around 30 FPM is maintained around the thermostat;
whereas in the RA, the air velocity around the thermostat could vary from around 45 FPM to 130 FPM depending on
the indoor unit airflow, which is not representative of typical field application. Also, the thermostat in the RA was
directly exposed to the conditioned air entering the test room from its re-conditioning system which might affect the
thermostat response differently in cooling and heating tests.

Figure 11. Heating Continental and Marine tests COP comparison for two thermostat installation locations

Figure 12. Heating Continental and Marine tests temperature near the thermostat comparison for two thermostat
installation locations
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Figure 13 and Figure 14 show comparisons of cooling and heating seasonal coefficient of performance (SCOP) across
different climate zones estimated based on the corresponding test results for the two thermostat installation
configurations. Overall differences in SCOP are within 5%, with relatively small variations in climate zones that
utilize cooling dry-coil and heating continental test interval results for SCOP estimation and larger differences in
climate zones that utilize cooling humid-coil and heating marine test results. Overall, the variations in test unit dynamic
response between the two thermostat installation locations were smaller than initially expected. However, it should be
noted that these results are applicable for this unit and thermostat only as a different thermostat might give significantly
larger differences depending on its sensing dynamic response.

Figure 13. Cooling SCOP comparison for two thermostat installation locations

Figure 14. Heating SCOP comparison for two thermostat installation locations

4. CONCLUSIONS
This paper presents cooling and heating mode performance evaluation results for a 2-ton variable-speed heat pump
based on load-based testing as per CSA EXP07 and with two different thermostat installation configurations: 1)
thermostat installed in the indoor test unit return air (RA) inlet as prescribed in CSA EXP07:19, and 2) thermostat
installed in a thermostat environment emulator (TEE) which provides standardized and representative inlet air flow to
improve repeatability, reproducibility, and representativeness of load-based testing. The thermostat environment
emulator was able to track the virtual building temperature quite well across varied cooling and heating test conditions,
thus meeting its design criteria. Overall, similar test unit behavior was observed between load-based tests at the same
test conditions with the two thermostat installation locations. Some differences in the test unit measured COP, as well
as the indoor temperature variation in on/off cycling test intervals, were observed that may be due to differences in air
flow over the thermostat for the two configurations. However, overall differences in the COP were within the
variations observed in load-based testing repeatability assessments. One of the future tasks should be to use field
studies to define representative air flow conditions and mounting for the thermostat in the TEE when performing loadbased testing. Also, a comprehensive reproducibility study of the load-based testing approach should be performed
across multiple labs using the TEE for the thermostat.
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