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ABSTRACT

Space heating for buildings and institutional complexes represents a dominant sector of
energy consumption and greenhouse gas (GHG) emissions in Canada, a challenge
exacerbated by the nation’s cold climate. This is particularly critical in regions like Thunder
Bay, where harsh winters and significant heating demands make the building sector a
major contributor to local emissions—the residential sector alone accounts for 27% of
community GHG output. The geothermal heat pump (GHP), or ground-source heat pump,
is a highly efficient technology that leverages the stable thermal energy of the subsurface
to provide space conditioning. By using the ground as a heat source in winter and a heat
sink in summer, GHPs can reduce heating and cooling energy use by 25-50% compared to
conventional systems. This makes them a promising solution for large-scale space heating
applications, such as at the Thunder Bay Regional Health Sciences Centre (TBRHSC), a
major healthcare facility and one of the city's largest energy consumers. Despite this
potential, there remains a significant gap in region-specific performance data and
operational understanding of GHPs in extreme cold climate in Northwestern Ontario. This
study addresses that gap through experimental characterization of a lab-scale GHP system
using actual subsurface temperature profiles. An extensively instrumented GHP simulator
was employed to evaluate system performance across a key range of operating conditions.
The experimental results showed that the supply air temperature from the GHP system
rises rapidly following system start-up, with each tested condition achieving approximately
90% of its peak value within the first 4 to 5 minutes. A consistent thermal gain of the GHP
was observed, where each 5°C increase in entering water temperature yielded an
additional 3°C rise in the useful supply air temperature. The temperature gradients plateau
after 10 min indicating that the system has achieved a thermal steady state. Progressively
increasing the simulated ground-loop water temperature entering the GHP's evaporator
from 5°C to 10°C and then to 15°C resulted in a corresponding rise in supply hot air
temperature and an improvement in the GHP system's coefficient of performance (COP).
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1. Introduction

Escalating thermal and electrical demands, particularly in cold remote regions, coupled with stringent
regulations targeting greenhouse gas (GHG) emissions and air pollution, and growing concerns over finite natural
resources have intensified global interest in innovative renewable energy technologies for integrated heating,
cooling, and power generation [1-3]. Geothermal energy is derived from the Greek words "geo" (earth) and
"therme" (heat), refers to the thermal energy stored within the Earth's subsurface. Geothermal heat pumps (GHPs)
leverage the fundamental physical principle that subsurface temperatures remain relatively stable throughout the
year. This thermal stability enables a geothermal heat pump (GHP) to function efficiently in both heating and
cooling modes, as the ground acts as a heat source in winter and a heat sink in summer, in contrast to more
variable ambient air temperatures, like those conventionally used known as air-source heat pumps (ASHP). GHPs
present a technologically attractive alternative to conventional heating, ventilation, and air conditioning (HVAC)
systems due to their superior energy utilization efficiency, making them prevalent for space conditioning and
water heating in buildings. There are many numerical and experimental studies on fundamentals, modeling,
experimental and technical performance aspects, as well as benefits of using GHP systems for heating and cooling
[4-24], more particularly when operating in extreme cold climate [5, 23]. The benefits of GHP systems are
multifaceted, encompassing environmental, economic, comfort, and safety advantages. Conventional combustion-
based systems, which burn fossil fuels such as natural gas (primarily methane), consume oxygen (O,) and produce
carbon dioxide (CO,)—a primary greenhouse gas contributing to global warming and climate change—alongside
other harmful pollutants. In contrast, GHP systems, which transfer rather than generate heat, produce
significantly lower direct CO, emissions and pollutants. Consequently, this innovative clean technology is
garnering increased adoption in North America and Europe for its potential to drastically reduce primary energy
consumption and associated emissions. Operationally, GHPs can significantly lower long-term heating and cooling
costs. They are frequently paired with low-temperature radiant floor or wall distribution systems, which promote
occupant comfort and a healthy indoor climate by minimizing air temperature stratification and reducing airborne
dust circulation. Furthermore, as a non-combustion thermodynamic cycle, GHP systems inherently reduce risks
associated with fire and fuel-related accidents.

A heat pump is a thermodynamic device that transfers thermal energy for heating or cooling applications.
Primary configurations include air-to-air, air-to-water, water-to-air, and water-to-water systems, with the water-to-
air type being most common in geothermal applications [7]. System performance is quantified by the coefficient
of performance (COP). A standard vapor-compression heat pump cycle comprises four key components: an
evaporator, a compressor, a condenser, and an expansion valve, with R-134a being a commonly employed
refrigerant [8]. A complete GHP system integrates three primary subsystems, as illustrated in Fig. (1), a ground-
loop heat exchanger (a closed circuit of buried piping containing a heat-transfer fluid, typically an antifreeze
solution), the heat pump unit itself (the closed refrigerant cycle), and an HVAC distribution system.
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Figure 1: A schematic diagram illustrating a typical geothermal heat pump (GHP) system.

Operation involves circulating the fluid through the buried ground loop to absorb or reject heat from the earth.
This thermal energy is transferred to the refrigerant at the evaporator. The refrigerant is then compressed,
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elevating its temperature, before rejecting heat to the building's air (via a fan coil unit and ductwork) at the
condenser, thereby providing space heating.

The Thunder Bay Regional Health Sciences Centre (TBRHSC), located in Thunder Bay, Ontario, is the principal
tertiary healthcare provider for Northwestern Ontario, delivering advanced medical services across a large,
dispersed population. As a hub for regional healthcare innovation and education, TBRHSC is recognized for its
comprehensive specialty care in oncology, cardiology, and emergency medicine. Its extensive infrastructure,
including 375 inpatient beds, necessitates continuous, high-energy operation, positioning the facility as a critical
site for energy efficiency and sustainability initiatives. The hospital has established targets to reduce natural gas
consumption by 5% (2025-2029) and 8% by 2035, alongside a 3% reduction in energy use intensity (EUI) within five
years and 6% by 2035. These objectives support its commitment to lowering greenhouse gas (GHG) emissions by
10% from 2016 levels by 2035, consistent with Ontario’s aim for a 30% reduction from 2005 levels by 2030 [9].
TBRHSC's strategic integration of energy management into daily operations prioritizes indoor environmental
quality, operational efficiency, and sustainable decision-making. This proactive framework establishes an ideal
context for evaluating geothermal energy solutions, which could substantially advance the hospital's energy
conservation and GHG reduction goals. Implementing a renewable geothermal heating and cooling system would
directly support TBRHSC's aims to decrease fossil fuel reliance, improve operational efficiency, and enhance
sustainability while meeting its significant thermal demands. This analysis is crucial for assessing the potential
benefits and integration challenges of geothermal heat pump (GHP) technology within TBRHSC's infrastructure,
more particularly when operating in severe cold climate in Northwestern Ontario. To diminish fossil fuel
dependence and reduce operating expenses, the GHP system represents a promising solution offering a highly
efficient and sustainable method for meeting a building’s heating and cooling requirements. An aerial photograph
of TBRHSC is provided in Fig. (2) [25].

e

Figure 2: An arial view of Thunder Bay Regional Health & Science Centre (TBRHSC), Thunder Bay, Northwestern Ontario [25].

Existing research has extensively characterized the performance of geothermal heat pump (GHP) systems [17].
However, investigations that incorporate site-specific geothermal properties—such as actual ground temperature
profiles derived from field measurements—remain limited for potential space heating applications more
particularly in extreme cold regions such as Northwestern Ontario, Canada, where GHP could be potentially
applied for the large-scale TBRHSC facility located in Thunder Bay city. These precise profiles are critical for
feasibility studies, enabling accurate system assessments. Therefore, this study's primary objective is to
experimentally characterize a lab-scale GHP (referred to as a GHP simulator) using actual geothermal temperature
data measurement station at a nearby site (Musselwhite gold mine site) in Northwestern Ontario. Geothermal
logging stations and HOBO micro-weather instrumentation were deployed at the site to collect extensive, actual
subsurface temperature measurements at multiple depths across two distinct locations of boreholes at the site in
the first phase of this Lakehead University Engineering-Musselwhite geothermal project (2007-2009) [26]. Data
acquisition utilized ground temperature sensors and remote-radio data acquisition system. Subsequently,
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comprehensive laboratory tests were conducted using a fully instrumented GHP simulator, driven by the site-
specific ground thermal data. In this paper, more detailed tests were performed to evaluate the GHP simulator’s
performance across a wide range of operating conditions relevant to a potential future large-scale heating
application for the TBRHSC health care facility. Key performance characteristics and findings from these detailed
experimental simulations using the GHP simulator are presented in the following sections.

2. The Experimental GHP Simulator

In this investigation, a fully instrumented, lab-scale geothermal heat pump (GHP) simulator was designed and
constructed. A comprehensive series of tests was conducted using this apparatus, accompanied by rigorous
energy analysis, to elucidate system performance across a wide range of operating conditions modeled after the
geothermal data acquired from the site. A photograph and schematic diagram of the GHP simulator are shown in
Fig. (3) and Fig. (4), respectively.
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Figure 3: A photograph showing the GHP simulator used in this study.

As illustrated in Fig. (4), the experimental system is built upon two core loops: a simulated geothermal ground
loop and a closed heat pump refrigerant cycle, supplemented by an integrated air duct system to replicate space
heating. A plate-type heat exchanger within the GHP simulator facilitates the primary thermal energy transfer
from the simulated geothermal source to the refrigerant R-134a. The inlet temperature to the heat pump was
precisely controlled and varied to evaluate performance dependencies. Comprehensive instrumentation,
including pressure gauges, K- and T-type thermocouples, and control valves, was installed at strategic locations
across the assembly, as depicted in Fig. (4). The Pressure Manifold is a product of Yellow jacket Series 41 Manifolds
with 2-1/2" Gauges color coded into Blue and Red, and it's equipped with color coded hoses; such as yellow, red
and blue. The purpose of the pressure manifold is to achieve accurate pressure readings of the heat pump when
it's under operating conditions. The High pressures are to be read from the ‘Red’ colored gauge and it's rated up to
500psi. This gauge is known as the “high pressure side”. The T-type temperature probes were to be installed at the
inlet and outlet of the ground loop side of the evaporator, whereas the K-type temperature probes were to be
installed in the refrigerant loop at the following locations: the inlet of the evaporator, the outlet of the evaporator,
the inlet of the condenser, and the outlet of the condenser. Before the temperature probes could be installed, %
inch pipe thread tees had to be fitted at each of the desired locations mentioned previously. To accurately
visualize how far downward the temperature probes would cross the refrigerant flow area, a spare probe was
twisted into a spare tee. The installed T-type thermocouples at the water-side inlet and outlet of the evaporator
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have an accuracy of +/- 0.25°C, whereas the K-Type thermocouples at all refrigerant side have an accuracy of +/-
0.75°C. Locations of these thermocouples are shown in Fig. (4). A thermostatic expansion valve (TXV) was used in
the heat pump loop and a standard rotameter was used in the geothermal water side of the loop to measure the
flow rate. The type of compressor used in the heat pump is a hermetic rotary compressor with a rated electrical
horsepower capacity of 0.5 hp.
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Figure 4: A schematic diagram showing flow diagram and instrumentations’ locations of the GHP simulator used in this
investigation.

The GHP simulator operates on a vapor-compression refrigeration cycle, represented by the theoretical
temperature-entropy (T-s) diagram in Fig. (5). In this cycle, superheated vapor exits the evaporator at state (1) after
absorbing heat (Qu) from the temperature-controlled water bath (Sentra™ unit, Fig. (3)), which emulates a stable
ground temperature. Process (1)—~(2) represents isentropic compression, where electrical work input (Wi») increases
refrigerant pressure and temperature. Process (2)-(3) denotes isobaric heat rejection in the condenser, where heat
(Qn) is transferred to the ducted airstream, resulting in condensation to saturated liquid at state (3). Process (3)-(4)
is an isenthalpic throttling process through an expansion valve (capillary tube), causing a significant pressure drop.
Finally, process (4)-(1) represents isobaric evaporation in the plate heat exchanger, where the refrigerant absorbs
heat from the ground loop, completing the cycle by returning to state (1), as shown in Fig. (5). The cycle repeats
continuously, enabling sustained heat absorption from the simulated ground loop via the evaporator and
consistent heat rejection to the air duct system across the condenser. The designed lab-scale GHP experimental
simulator closely replicates the thermodynamic operation of an actual geothermal heat pump, thereby providing
critical insights and understanding into the anticipated performance of full-scale systems, potentially for the
TBRHSC complex, under varied operating conditions.

3. Experimental Results and Discussion
3.1. Ground Temperature Profile

The sizing and configuration of a geothermal heat exchanger, normally the major component in an actual
geothermal heat pump system, are critically dependent on the local soil's thermophysical properties, including
thermal conductivity, thermal diffusivity, ground temperature, and moisture content. Reliance on estimated charts
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Figure 5: The theoretical T-s diagram for a heat pump cycle.

or predictive correlations for these parameters can lead to significant system oversizing or undersizing, resulting
in either excessive capital costs or an inability to meet thermal demand. A more accurate and feasible design
methodology is to base the system on experimentally determined geothermal properties, in this study it is the
ground temperature profile. The variation of ground temperature with depth were experimentally obtained, from
the main author's separate research phase | (2007-2009) of this work [26] (Fig. 6), using a geothermal logging
probe in a 100m deep borehole installed at the Goldcorp-Musselwhite gold mine, north of Thunder Bay,
Northwestern Ontario. Fig. (7) shows the 9 locations of the installed thermocouples, namely, at 0.3m, 1m, 5m,
10m, 30m, 50m, 70m, and 95m. Table 1 [26] shows that the average ground temperature profile at the Goldcorp-
Musselwhite mine site, during January—the coldest month of the year. The ground temperature profile provided
detailed insights. It increases sharply within the upper soil strata but begins to stabilize and slightly decrease

Figure 6: Photographs showing the installation process of the borehole and geothermal logging station at Goldcorp-
Musselwhite mine north of Thunder Bay, Northwestern Ontario (a separate research-phase |1 2007-2009 of this project) [26].
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Figure 7: Temperature probes configuration in the borehole installed in the first phase of this project 2007-2009 [26] at
Goldcorp-Musselwhite mine north of Thunder Bay, Northwestern Ontario.

beyond a depth of approximately 5 meters. Specifically, the temperature declines from 6.3°C at 5 m to 5.8°C at 10
m, remaining constant thereafter at greater depths. Based on this ground temperature profile, a preliminary
design recommendation is to install the ground-loop heat exchanger of the GHP system near the 5-meter depth.
This configuration would capture the warmest accessible subsurface temperatures while avoiding the incremental
cost and complexity associated with deeper drilling.

Table 1: Averaged ground temperature, Tgmin , at Goldcorp-Musselwhite mine, north Thunder Bay, Northwestern
Ontario-Project Phase | [26].

Depth (m) Average T mi» Temperature (°C/°F)
1 1.2/34.2
3 5.4/41.7
5 6.3/43.3
10 5.8/42.4
30 4.5/40.1
50 3.9/39.0
70 3.9/39.0
95 4.0/39.2

3.2. Experimental Results of the GHP Simulator

Three experimental runs were conducted, with the independent variable set as the entering water temperature
(EWT), representing the ground temperatures (i.e. the geothermal source temperature), on the simulated ground-
loop side of the evaporator, successively fixed at an average EWT of 5°C, 10°C, and 15°C. Throughout all tests, the
water volumetric flow rate was maintained at a constant 500 L/h — a mid-range value selected to balance thermal
exchange efficiency and pumping power. Prior to each run, instrumentation including a Yello Jacket pressure
manifold with dual K-type thermocouple readers, a hot-wire air-velocity meter, and two inline power meters (for
the compressor and fan) were connected and verified. The entering water temperature was varied using the
temperature-controlled water bath unit (i.e. the thermal regulator, Sentra™). Upon stabilization of the target EWT
and flow conditions, key parameters—such as temperature, suction and discharge pressures, air velocity, and
electrical power inputs—were recorded at two-minute intervals over a 30-minute duration. This procedure was
repeated for each remaining EWT setpoint, yielding three complete datasets for performance analysis. The
measurements results are shown in Table 2A- 2C.
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Table 2A: Experimental results of the operating conditions (at a simulated geothermal water flow of 500 I/h) in the
GHP simulator.

Time EWT LWT Evapin | EvapOut | CondIn | Cond Out | Duct Average | CompIin | Comp Out Duct
[min] T1 T2 T3 T4 T5 T6 T11 P1 P2 Airfl(?w
[°C] [°C] [°cl [°cl [°C] [°cl [°cl [kPa] [kPa] [ft/min]
0 53 49 13.9 13.9 21.7 20.3 24.5 446 446 0
2 5.2 4.7 -0.3 1 70.2 44.9 36.6 322 1308 90
4 5.2 4.3 -1.5 1.5 72.8 46.4 38.2 315 1363 90
6 5.1 4.1 -1.1 1 74.9 46.9 38.9 315 1370 90
8 5.1 4.2 -1 23 76.4 47.2 39.2 315 1370 90
10 5.0 4.2 -0.8 2.6 77 47.5 39.4 315 1370 100
12 5.2 4.2 -0.6 3 78.1 47.6 39.7 315 1377 100
14 5.1 4.4 -0.5 3.1 78.6 47.6 39.7 315 1377 100
16 5.1 4.2 -0.6 3.2 79.3 47.7 39.7 315 1377 100
18 5.1 4.2 -0.7 3.2 79.9 47.7 39.8 315 1377 100
20 5.1 4.3 -0.7 3 80.7 47.7 39.9 315 1377 100
22 5.1 4.3 -0.5 3.1 81 48 40.0 315 1377 100
24 5.1 4.4 -0.5 3.2 81 48.2 39.9 315 1377 100
26 5.2 4.4 -0.5 33 81.5 48.4 40.1 315 1377 100
28 5.2 4.2 -0.5 3.5 81.5 48.1 40.1 315 1377 100
30 5.2 4.3 -0.5 2.7 81.5 48.63 40.2 315 1377 100

Table 2B: Experimental results of the operating conditions (at a simulated geothermal water flow of 500 I/h) in the
GHP simulator.

Time EWT LWT EvapIn | EvapOut | CondIn | Cond Out | Duct Average | CompIn Comp Out Duct
[min] T1 T2 T3 T4 T5 T6 T11 P1 P2 Airflt?w
[°cl [°cl [°cl [°cl [°Cl] [°c [°cl [kPa] [kPa] [ft/min]
0 10.3 10.8 15.0 17.5 45.2 30.4 28.6 391 1377 0
2 10.0 9.2 4.2 8.7 76.7 49.5 33.9 363 1411 100
4 10.0 8.9 3.5 8.7 80.1 50.4 40.6 363 1480 100
6 10.0 8.8 3.5 8.4 82.9 51.1 41.6 356 1480 100
8 9.9 8.7 3.5 8.6 85.2 51.4 41.8 356 1480 100
10 9.9 8.7 3.7 8.6 87.0 51.8 42.2 356 1487 100
12 9.9 8.8 3.6 8.4 88.4 51.8 42.4 356 1501 100
14 9.8 8.7 3.7 8.6 89.7 50.8 42.6 356 1515 100
16 9.8 8.9 3.8 8.4 90.5 52.3 42.8 356 1515 100
18 9.8 8.8 3.8 8.5 91.3 52.1 42.9 356 1515 100
20 9.9 9.0 3.8 8.3 91.7 51.9 43.0 356 1515 100
22 9.9 8.9 4.0 8.0 91.8 52.1 43.0 356 1515 100
24 9.9 8.8 4.0 8.2 92.1 52.0 43.0 356 1515 100
26 9.9 8.8 3.6 7.8 92.3 52.3 43.1 356 1515 100
28 9.8 8.8 3.6 7.8 92.7 53.7 431 356 1515 100
30 9.8 8.8 3.7 7.9 92.5 50.9 43.2 356 1515 100
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Table 2C: Experimental results of the operating conditions (at a simulated geothermal water flow of 500 I/h) in the
GHP simulator.

Time EWT LWT Evapin | EvapOut | CondIn | Cond Out | Duct Average | CompIin | Comp Out Duct
[min] T1 T2 T3 T4 T5 T6 T11 P1 P2 Airfl(?w
[°cl [°Cl [°Cl [°Cl [°Cl [°cl [°cl [kPa] [kPa] [ft/min]
0 15.1 15.3 15.5 19.1 46.8 35.5 29.1 432 1308 0
2 14.7 13.5 7.9 11.3 85.0 533 37.6 412 1549 100
4 14.6 13.1 7.4 11.7 89.4 54.0 43.7 405 1549 100
6 14.6 13.0 7.3 11.8 92.5 54.4 44.4 405 1549 100
8 14.6 13.0 7.4 123 95.5 55.0 44.9 405 1618 100
10 14.6 131 7.5 12.4 96.4 55.3 453 405 1618 100
12 14.5 13.2 7.5 12.9 99.1 55.4 45.4 405 1618 100
14 14.6 13.2 7.4 12.4 100.4 55.7 455 405 1618 100
16 14.6 133 7.5 12.9 100.1 55.9 45.7 405 1618 100
18 14.6 133 7.6 13.1 102.6 56.0 45.8 405 1618 100
20 14.6 133 7.7 12.4 103.3 55.8 45.9 405 1653 100
22 14.6 133 7.6 12.2 104.0 55.9 46.1 405 1653 100
24 14.7 13.4 7.7 12.2 104.4 56.1 46.1 405 1653 100
26 14.6 133 7.8 11.9 105.1 56.5 46.1 405 1653 100
28 14.6 13.3 7.8 124 105.2 56.3 46.2 405 1653 100
30 14.6 13.3 7.7 124 105.6 56.5 46.2 405 1653 100

As graphically shown in Fig. (8), the supply air temperature rises rapidly following system start-up, with each
tested condition achieving approximately 90% of its peak value within the first 4 to 5 minutes. A consistent
thermal gain is observed, where each 5°C increase in entering water temperature (EWT) yields an additional ~3°C
rise in useful supply air temperature. After approximately 10 minutes, the temperature gradients plateau,
indicating that the system has achieved a thermal steady state. Fig. (8) thus confirms that elevated EWTs directly
enhance heating capacity, a fundamental relationship that informs the ground-loop heat exchanger design and
sizing strategy.
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Figure 8: GHP average duct air temperature for variable EWT at constant water flow rate of 500 I/h.
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Table 3A: Experimental results of the operating conditions (at a simulated geothermal water flow of 200 I/h) in the
GHP simulator.

Time EWT LWT Evapin | EvapOut | CondIn | Cond Out | Duct Average | Compin | Comp Out Duct
[min] T1 T2 T3 T4 T5 T6 ™1 P1 P2 Airfl(?w
[°C] [°Cl [°cl [°cl [°C] [°cl [°C] [kPa] [kPa] [ft/min]
0 5.6 5.6 15.5 21.6 24.1 26.7 69.2 460 474 0
2 5.6 4.2 -7.5 7.9 46.4 36.8 91.3 267 998 100
4 5.7 4.2 -3.2 7.1 54.9 39.9 99.7 274 1101 100
6 5.6 4.2 -1.7 6.4 62.1 40.7 104.4 287 1136 100
8 5.7 4.3 -1.2 6.5 69.2 42.4 107.0 294 1170 100
10 5.7 43 -0.3 6.8 71.4 427 108.7 294 1170 100
12 5.5 4.5 -0.5 6.2 75.6 42.8 110.0 301 1204 100
14 5.6 4.4 -0.6 6.1 78.9 42.9 111.2 301 1204 100
16 5.5 4.4 -0.5 6.2 81.9 43 111.5 301 1204 100
18 5.5 4.6 -0.3 6.3 84.5 433 112.1 301 1204 100
20 5.6 4.5 0.2 6.2 86.3 42.4 1131 301 1204 100
22 5.6 5.0 0.1 6.3 88.6 43.6 113.3 301 1204 100
24 5.6 4.8 0.5 6.3 90 437 113.6 301 1204 100
26 5.6 5.2 0.1 6.1 91.6 43.8 114.0 301 1204 100
28 5.6 5.2 -0.1 6 92.4 44 114.4 301 1204 100
30 5.6 4.8 0.2 6.2 94.5 443 114.3 301 1204 100

Table 3B: Experimental results of the operating conditions (at a simulated geothermal water flow of 400 I/h) in the
GHP simulator.

Time EWT LWT EvapIn | EvapOut | CondIn | Cond Out | Duct Average | CompIn | Comp Out Duct
[min] T T2 T3 T4 T5 T6 ™11 P1 P2 Airflc?w
[°cl [°c] [°cl [°cl [°C] [°cl [°cl [kPa] [kPa] [ft/min]
0 5.7 5.7 33.8 12.2 67.4 34 28.0 418 446 0
2 5.5 5.2 6.3 4.1 79.8 423 37.2 308 1204 100
4 5.5 5.2 0.2 5.3 86.8 43.3 37.9 308 1204 100
6 53 4.9 -0.4 5.7 89.3 43.4 38.1 308 1204 100
8 53 4.7 0 5.9 90.6 43.9 38.2 308 1204 100
10 53 4.7 0.1 5.9 92.3 44 38.2 308 1204 100
12 5.4 5.0 0.1 6 93.7 44 38.3 308 1204 100
14 5.4 4.9 0.2 6.1 94.3 44 38.3 308 1239 100
16 5.5 4.9 0.1 6.3 95.2 44.2 38.3 308 1239 100
18 5.6 5.1 0.3 6.1 95.9 44.5 38.3 308 1239 100
20 5.6 5.0 0.1 6.2 96.7 44.5 38.4 308 1239 100
22 5.6 5.1 0.4 6.4 97.1 441 38.4 308 1239 100
24 5.6 5.1 0.3 6.2 97.8 44 38.4 308 1239 100
26 5.6 5.0 0.3 6.3 98 44.1 38.4 308 1239 100
28 5.8 5.1 0.1 6.2 98.3 441 38.4 308 1239 100
30 5.7 5.0 0.2 6.4 98.8 44.2 383 308 1239 100
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In the second experimental settings, the entering water temperature (EWT) was maintained at an average
temperature of 5°C, while the simulated geothermal water flow rate was varied from 200 L/h to 600 L/h. The
measurements results are shown in Table 3A- 3C.

Table 3C: Experimental results of the operating conditions (at a simulated geothermal water flow of 600 I/h) in the
GHP simulator.

Time EWT LWT EvapIn | EvapOut | CondIn | Cond Out | Duct Average | CompIin | Comp Out Duct
[min] T1 T2 T3 T4 T5 T6 T P1 P2 AirfIcgw
[°cl [°cl [°cl [°cl [°Cl [°cl [°cl [kPa] [kPa] [ft/min]
0 5.4 4.6 13.6 15.8 46.1 29.3 28.2 412 446 0
2 5.4 4.2 12.4 4.1 74.2 35.2 36.7 301 1170 100
4 5.3 5.0 -0.9 4.6 86.9 42.6 37.3 301 1170 100
6 53 4.9 -0.7 4.8 90.6 43 37.5 301 1204 100
8 5.3 4.9 -0.9 5 91.5 42.9 374 301 1204 100
10 53 4.9 -0.9 5.1 93.1 43 37.5 301 1204 100
12 53 4.9 -0.7 4.8 93.9 42.9 37.5 301 1204 100
14 5.3 5.0 -1.1 4.7 94.2 43.1 37.7 301 1204 100
16 53 5.0 -1.1 5.1 95.4 43 37.6 301 1204 100
18 53 5.0 -0.8 5.6 96.3 43.1 37.7 301 1204 100
20 53 5.0 -0.7 53 96.6 42.9 37.7 301 1204 100
22 5.3 4.9 -1.1 5.1 96.9 43 37.7 301 1204 100
24 5.3 5.0 -1 5.1 97.4 42.9 37.7 301 1204 100
26 53 5.0 -0.9 5 97.7 42.8 37.9 301 1204 100
28 53 5.0 -1 5.1 98 42.6 37.9 301 1204 100
30 53 5.0 -1 5.1 98.6 43.1 38.1 301 1204 100

The results are presented in Fig. (9). In all tested cases, the air temperature rises rapidly during the initial five
minutes, after which the curves plateau as the system approaches steady state. Increasing the flow rate from 200
L/h to 400 L/h elevates the quasi-steady air temperature by approximately 2°C and shortens the warm-up
transient, indicating enhanced evaporator-side heat extraction. However, a further increase to 600 L/h yields no
additional thermal gain, as the corresponding temperature profiles converge. This result demonstrates a point of
diminishing returns, where higher mass flow no longer translates to appreciable heating output but would incur
increased pumping power in a full-scale installation. Consequently, for the laboratory setup at the selected EWT, a
flow rate of approximately 400 L/h appears optimal, providing near-maximum outlet air temperature of
approximately 38°C while avoiding unnecessary energy expenditure for fluid circulation. Another important result
obtained from these tests is the COPyy, (coefficient of performance for the GHP system), defined as the ratio
between rate of heat delivered to the total input power of the GHP simulator. It is the measure of how efficient the
GHP is in a heating mode and is given by the equation:

Copsys _ q_H _ My Cp(Te—Ts) (1)

Win Wcomp+ Wrtan

Where, m;, is the mass flow rate of air (kg/s), Cp is the specific heat of air (kJ/kg.°K), Te is the average duct
temperature (°C), and Ts is the average room temperature at that moment (°C). These variables determine the
amount of heat that is delivered from the condenser. While Wcomp and Wran are the amount of electrical power
being used by the compressor and the fan to run the system. Some variables that stay constant are the specific
heat of air, mass flow rate produced by the fan and the room temperature.
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Figure 9: GHP average airflow temperature delivered by the duct system for variable water flow rate at a constant EWT of 5°C.

As presented in Table 4, progressively increasing the simulated ground-loop water temperature entering the
evaporator from 5°C to 10°C and then to 15°C results in a corresponding rise in supply air temperature (38.5°C,
41.1°C, and 44.0°C, respectively) and an improvement in the system'’s coefficient of performance (COP) from 8.73
to 8.90 and finally to 9.36. These experimentally simulated results confirm that a warmer ground source
simultaneously augments the heating capacity and improves the performance of the GHP by reducing compressor
work. This trend agrees with the experimental study given in reference [9]. It should be noted that the high COP
values achieved under controlled laboratory conditions represent an optimistic upper bound, and actual field
performance at TBRHSC would likely be lower due to system losses and operational variability.

Table 4: The results of the average COPsys and the average air supply temperatures by the GHP’s duct system at
different simulated EWT.

Entering Simulated Ground Water Temperature Tewr(°C) Tair, duct (°C) COPsystem
5 385 8.73
10 41.1 8.90
15 44.0 9.36

4. Conclusions

The building sector, particularly space heating for residential and institutional complexes, represents a
dominant fraction of Canada's primary energy consumption and a major source of greenhouse gas (GHQG)
emissions—a challenge amplified by Canada's cold climate. This is especially critical in regions like Thunder Bay,
where extreme winter conditions impose substantial heating demands, making building operations a principal
contributor to local emissions. Geothermal heat pumps (GHP) offer a highly efficient technological pathway,
leveraging the stable thermal energy of the subsurface for space conditioning. By utilizing the ground as a heat
source in winter and a thermal sink in summer, GHPs can reduce building energy use for heating and cooling by
an estimated 25-50% compared to conventional systems. This positions them as a promising decarbonization
solution for large-scale applications, as proposed for the Thunder Bay Regional Health Sciences Centre (TBRHSC),
a critical healthcare facility and one of the city's most energy-intensive infrastructures. However, a significant
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research gap exists regarding region-specific performance data and operational understanding of GHPs in
Northwestern Ontario. This study addresses that gap by experimentally characterizing a lab-scale GHP system
using actual subsurface temperature profiles from a local site. A fully instrumented GHP simulator was used to
evaluate system performance under a controlled range of operating conditions. Key performance metrics from
these simulations were presented and analyzed. Experimental results showed that the GHP's supply air
temperature rises rapidly upon start-up. Thermal steady state was typically achieved within 10 minutes.
Furthermore, progressively increasing the EWT from 5°C to 15°C resulted in a corresponding increase in both
supply air temperature and the system's coefficient of performance (COP). The insights derived from this
experimental work establish a foundational understanding for future high-fidelity numerical simulations to model
and optimize a large-scale GHP system for potential application at the TBRHSC in extreme cold climate in
Northwestern Ontario. Future work of this project may focus on performing a comprehensive energy, economic,
and GHG emissions analyses and optimization of a proposed large-scale hybrid solar PV-GHP system integration
to the TBRHSC facility in Northwestern Ontario.
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