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ABSTRACT

A comprehensive monitoring system has been
implemented at the Archetype Sustainable Twin
Houses at Kortright Center in Vaughan, Ontario,
Canada to investigate the thermal performance of a
variety of sustainable housing technologies. Among
these technologies include a variable capacity two-
stage air-source heat pump (ASHP) system for
residential space heating and cooling in House A of
the twin houses. Using monitored data in the summer
and winter by means of a data acquisition system
(DAQ), cooling and heating performance curves for
the ASHP were developed and a simplified
parametric energy model of the ASHP and the
building was created in TRNSYS 16 software.

INTRODUCTION

In an effort to demonstrate sustainable housing
technologies in Ontario, the Toronto and Region
Conservation Authority (TRCA) along with the
Building Industry and Land Development (BILD)
Association have implemented the “Sustainable
Archetype House” project at The Living City
Campus at Kortright in Vaughan, Ontario, Canada.
This prototype twin house demonstrates sustainable
housing technologies through research, education,
training, market transformation, and partnership
programs. Among numerous sustainable technologies
installed in the twin houses, the equipment of interest
is a two-stage variable capacity air-source heat pump.
A long-term monitoring system has been
implemented to monitor the ASHP thermal
performance using a data acquisition (DAQ) system,
and analyzed using LabVIEW platform (Dembo et
al., 2009) (Barua et al.,2009) (Zhang et al., 2009)
(Zhang et al., 2011). A simplified parametric energy
model was created using data gathered from a three
week summer test period and a two month winter test
period. The model was used simulate the yearly
performance of the ASHP in the Toronto region.

For the purpose of efficient residential heating and
cooling, air-source heat pumps are preferred over
ground source heat pumps mainly due to a
significantly reduced installation cost. However, one
great disadvantage of the air-source heat pump is the
decrease of heat output and coefficient of
performance (COP) in colder outdoor temperatures
(Bertsch et al., 2008). Heating requirements in

climates like Ontario, Canada provide a challenge for
the air source heat pump because of outdoor
temperatures that can reach -30°C. In addition,
because of such cold winter temperatures in the
heating season, to meet the required building heating
demand, a large sized heat pump is often used. Due
to such a large capacity heat pump, the compressor
will generally operate at part loads to meet the
building demand at milder winter temperatures and in
cooling mode. This part load operation causes a
reduction in efficiency and comfort due to the need
of heat pump cycling. Multiple or modulating
compressors address mismatched loads by sizing
compressor capacity to meet heating loads at full
capacity, and part load operation with the lower stage
compressor to satisfy cooling loads and
dehumidification. However, the problem of reduced
heating cycle efficiency as ambient temperature
decreases, remain (Rot et al., 2009). Variable
capacity air-source heat pumps on the other hand
offer potential improvements in the efficiency and
reliability of operation. These improvements result
from a reduction in cyclic operating time, and
enhanced performance at lower capacities (Erbs et
al., 1986). The two-stage variable capacity ASHP
used for testing has a rated cooling capacity of
34,000 BTU/hr (9.96 kW) at an indoor condition of
26.7°C dry bulb and 19.4°C wet bulb temperature,
and an outdoor condition of 35°C dry bulb and 23.9
°C wet bulb temperature. The heat pump varies
capacity by varying compressor and outdoor fan
speeds. A direct expansion coil AHU system is used
to deliver conditioned air. The literatures have shown
numerous reports on ASHP performance.

A variable capacity compressor heat pump system
was tested in Japan under winter temperatures
between 0°C to -10°C and summer temperatures
ranging from 25°C — 35°C (Umezu et al., 1984). The
findings of this research suggest that the variable
capacity compressor results in energy savings of
15%. They suggest energy savings are achieved
because, 1) The system has a two-stage capacity
without an electric heater enabling the output thermal
energy to better meet the heating and cooling
demand, 2) The heating to cooling ratio is 1.5 which
is ideal for a two stage system, because the single
stage can be mostly utilized for cooling while the
second stage for heating, 3) A smaller compressor
can be used in the system.
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An enhanced ASHP system was built and
experimentally tested in Wuxi, China for cold
climate performance (Wang et al., 2011). The ASHP
system uses a bypass refrigerant circuit to increase
the density of the refrigerant at the inlet of the
compressor thus improving the efficiency. The
prototype ASHP was investigated in a temperature
and humidity controlled test chamber. Various
sensors were used to obtain the performance of the
system. The findings of the test period suggests that
at an indoor temperature of 20 °C and an outdoor
temperature of 9 °C the COP turned out to be 3.5,
while at an indoor temperature of 20 °C and an
outdoor temperature of -15 °C the COP was 2.35.

Ten residential ASHP systems were used to heat a
1512 m® experimental greenhouse, and the
performance under various temperatures was
investigated (Tong et al., 2010). The ten heat pumps
were identical, each having a heating capacity of 2.8
kW and a rated heating COP of 5.4 at an indoor
temperature of 20 °C and an outdoor temperature of 7
°C. Sensors were used to measure operating
characteristics of the heat pump to compute the COP.
The outdoor temperature during the experiment
ranged from -4.5°C to 5.6°C while the indoor
temperature was maintained at 16 °C. At an outdoor
temperature of 5.6 °C, the COP turned out to be 5.8,
and at an outdoor temperature of -4.5 °C, the COP
was 2.9.

A few other studies have performed energy
modelling to simulate the performance of various
heat pump systems. A group at the Georgia Institute
of Technology (Fadel et al., 1986) studied the
performance of a variable speed drive heat pump
through simulation. The heat pump compressor can
change speeds by changing the frequency of the
current by means of an inverter. The simulation
results demonstrate that the variable speed heat pump
has improved COP at reduced frequency and higher
heating rates at high frequencies. The improved COP
is desirable for enhancing the part load performance
of the heat pump. Additionally, it was noted that the
efficiencies of the heat pump deteriorate at higher
frequencies because the heat exchangers are more
heavily loaded requiring the condenser to operate at a
higher temperature and pressure, and similarly
forcing the evaporator to a lower pressure. Due to
this higher pressure ratio, the work to the compressor
increases resulting in a decrease of COP.

TRNSYS simulations have been performed to
investigate various configurations of ground source
heat pumps and solar collectors for space heating and
domestic hot water (Kjellsson et al., 2010). The
simulation used the Stockholm weather file with a
house having 29,400 kWh/yr of heating and DHW
demand, while a heat pump power of 7 kW and a flat

plate solar collector with 10 m” area was used in the
simulation. The findings of the simulation suggest
that the best option is to have the solar collector
recharge the borehole during the winter because the
ground temperature tends to lower due to significant
heat extraction from the ground, and use the solar
collector for domestic hot water in the summer. Due
to low irradiation during the winter months, the hot
water produced using the solar collector would be
better suited for recharging the ground rather than for
domestic hot water. However, during the cooling
season, the solar collector can provide sufficient hot
water for DHW heating, and the ground temperature
can naturally recharge for the next heating season.

The annual performance of a three zone residential
building in Greece, with a conventional chiller-boiler
system was compared to an alternative horizontal
coupled loop GSHP using TRNSYS 16 (Zogou et al.,
2007). The first simulation consists of a boiler and an
air-cooled chiller model that use a fan coil system to
distribute heating and cooling. The alternative system
uses a water-source heat pump with a horizontal
looped ground heat exchanger and a fan coil system
to distribute heating and cooling to the different
zones. The TRNSYS simulation indicates that a
detailed model of the HVAC system operation
provides a more realistic assessment of the effects of
HVAC sizing, control system, and design parameters
of the two configurations.

TRNSYS ENERGY SIMULATION

The software used to simulate the performance of the
ASHP is TRNSYS 16. TRNSYS is a transient system
energy modeling software designed to solve complex
energy system problems. The software uses
individual components referred as types connected to
each other with each representing one part of the
overall system (Klein et al., 2006). For instance, a
house model is one component which can be
connected to the ASHP or heat pump component that
calculates the amount of heating and cooling
provided to the building. Within each component
there are inputs, parameters, and outputs that can be
linked with the other systems. The building model
was created using provided information from the
twin houses, and the HVAC system performance was
modeled based on the data collected. A weather file
of metropolitan Toronto was used for the simulation.

House A — Model Validation

The House A model was created using TRNBuild
with known building parameters. The model was
then validated with the data collected from
monitoring the ASHP. From the results of the data
collection, a curve was developed illustrating the
daily total cooling and heating output of the ASHP
with respect to the daily average outdoor
temperature. This curve was used to validate the
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TRNSYS house model by matching the TRNSYS
daily cooling and heating demand of House A at
daily average outdoor temperatures with the
developed curve from the data. The heating and
cooling demand of the TRNSYS House A model was
slightly adjusted by altering the shading devices on
the house. With a proper shading schedule, the model
matching the cooling and heating output of the ASHP
obtained from the data. Figure 1 demonstrates the
House A cooling validation where the daily cooling
demand of the house at different daily average
outdoor temperatures are matched with the daily
ASHP cooling output at different daily average
outdoor  temperatures.  Similarly, Figure 2
demonstrates the House A heating validation where
the daily heating demand of the house at different
daily average outdoor temperatures are matched with
the daily ASHP heating output at different daily
average outdoor temperatures.
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Figure 1 TRNSYS House A Cooling Validation
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Figure 2 TRNSYS House A Heating Validation

House A Thermal Demand
The validated house A model was simulated over a
yearly period to obtain the annual heating/cooling

and peak demand. The weather file used to simulate
the thermal demand is the metropolitan Toronto
weather file given in the TRNSYS library. The
cooling season was assumed to begin on May 22
(3408 hour) and end on September 30™ (6575 hour)
with an indoor set point temperature of 23 °C. The
Heating season was assumed to begin October 1%
(6576 hour) to May 21(3407 hour) with an indoor set
point temperature of 21 °C. Figure 3 below illustrates
the TRNSYS cooling/heating demand of House A
where the peak heating demand is 6.76 kW and the
peak cooling demand is 5.08 kW. Figure 4 depicts
the cumulative cooling/heating demand of house A
where the total cooling demand at the end of the
season is 2,313 kWh, and the total heating demand at
the end of the season is 17,557 kWh. Figure 5
illustrates the annual outdoor temperature profile of
Metropolitan Toronto. The maximum temperature is
33.9 °C, and the minimum temperature is -22.11 °C.
The peak cooling and heating loads were obtained at

these maximum and minimum temperatures
respectively.
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Figure 4 House A cumulative cooling/heating
demand
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Air Source Heat Pump Model:

The ASHP Type 665 module in TRNSYS 16 (Klein
et al., 2006) uses a manufacture’s performance data
to model a split system heat pump. This model was
used with a developed heating and cooling
performance curve from the results of the data
collection. The heating and cooling was delivered
through a direct expansion coil air handling unit
which supplied conditioned air to all floors of the
house. Using a schedule, the heating and cooling
season was differentiated. Depending on the season,
the appropriate performance curve was called up by
the ASHP module to determine the thermal output
and electricity consumptions at various outdoor
temperatures. An optional auxiliary heater can be
used with the model in heating mode, however for
this model, no supplementary heating was added.
The ASHP module is controlled by a room
thermostat which is located on the main floor. To
obtain a better representation of the actual system, a
one minute time step was used. For the purpose of a
direct comparison with a GSHP in a later study, the
electricity consumption of the compressor and
outdoor fan is only considered in the COP
calculation.

RESULTS/DISCUSSION

The results of the simulation are given below in
Figures 6 and 7. Figure 6 illustrates the annual
heating and cooling output of the ASHP. During the
heating season, the ASHP mainly operated in the
single stage mode providing approximately 6 kW of
thermal heating. The ASHP operated in the second
stage at limited periods with a peak thermal heating
of 13.17 kW. In cooling mode, the ASHP only
operated at the single stage with a peak cooling
output of 5.76 kW. Figure 7 illustrates the annual
heating and cooling input of the ASHP. In heating
mode, the peak electricity draw took place during

second stage operation when the outdoor temperature
was -22.11 °C. At this temperature, the output
heating was 13.17 kW and the heating electricity
draw was 8.30 kW which translates to a COP of 1.58.
In cooling mode, the warmest temperature was 33.9
°C, and the cooling output was 5.02 kW with an
electricity draw of 1.05 kW. This translates to a COP
of 4.78. It is noted that the peak cooling output does
not occur at the warmest outdoor temperature.
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Figure 6 ASHP TRNSYS heating/cooling output
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Figure 7 ASHP TRNSYS heating/cooling input

The overall results of the ASHP simulation are
shown below in Table 1. During the heating season,
the total heating output at the end of the season was
17,579 kWh, and the total electricity consumption
was 5,442 kWh. The heating seasonal COP therefore
turned out to be 3.23. In the cooling season, the
ASHP provided 2,289 kWh of cooling while
consuming 434 kWh of electricity. The seasonal
cooling COP turned out to be 5.27
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Table 1 ASHP Simulation Results

Seasonal Seasonal Seasonal
Output Electricity COP
(kWh) Consumption
(kWh)
Heating 17,579 5,442 3.23
Cooling 2,289 434 5.27
CONCLUSION

A comprehensive monitoring system was used to
investigate the cooling and heating thermal
performance of a two-stage variable capacity air
source heat pump system in House A of the
Archetype Sustainable Twin Houses. Using the
collected data, cooling and heating performance
curves for the ASHP were developed, and a
simplified parametric energy model of the ASHP and
the building was created in TRNSYS 16 software.
The TRNSYS house model was validated using the
ASHP experimental performance by matching the
daily total cooling and heating output obtained from
the data collection to the daily total cooling and
heating output of the model with respect to daily
average temperature. The heating and cooling
demand of the TRNSYS House A model was slightly
adjusted by altering the shading devices on the house.
Once the model matched the ASHP heating and
cooling output, simulation was used to obtain the
cooling and heating demands of the house. The
heating season was assumed to start on October 1*
through May 21% with a demand of 17,557 kWh and
a peak heating demand of 6.76 kW at -22.11 °C. The
cooling season was assumed to start on May 22th
through September 30™ with a demand of 2,313 kWh
and a peak cooling of 5.08 kW at 33.9 °C. The ASHP
model was then created with the developed heating
and cooling performance curves and the entire
system including the ASHP and the house was
simulated over the entire year. In heating mode, the
simulation results suggested that the total heating
output was 17,579 kWh and the -electricity
consumption was 5,442 kWh resulting in a seasonal
heating COP of 3.23. The ASHP mostly operated at
part loads wusing the single stage compressor
outputting around 6 kW. In colder outdoor
temperatures, the second stage compressor operated
with a peak heating output and electricity draw of
13.17 kW and 8.30 kW respectively at -22.11°C. This
translates to a COP of 1.58. In cooling mode, the
simulation results illustrates that the total cooling
output was 2,289 kWh and the -electricity
consumption was 434 kWh resulting in a seasonal
cooling COP of 5.27. The ASHP only operated in the
single stage outputting around 5 kW of cooling. At

the warmest summer temperature of 33.9°C, the heat
pump cooling output was 5.02 kW and the electricity
draw was 1.05 kW resulting in a COP of 4.78. The
results of the simulation indicate that this particular
ASHP performs well both heating and cooling in
Toronto. During heating mode, the heat pump was
able to deliver enough heating output to maintain the
indoor temperature set points. However, as evident
from the COP at -22°C, the heat pump efficiency is
significantly lowered. It is also noted that the heating
output varied significantly based on the house
thermal demand. In cooling mode, the heat pump
efficiency was very high, and the second stage
compressor was not required. Overall, the findings
indicate that because the heat pump system mostly
operated during part loads, a wvariable speed
compressor ASHP presents a good solution for
residential heating and cooling due to its enhanced
part load performance. If a single stage system was
used instead, the heat pump would be oversized
causing a reduction in efficiency and comfort due to
the need for heat pump cycling.
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