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ABSTRACT 

The performance of vertical and horizontal ground loops coupled to a Ground-Source 

Heat Pump (GSHP) was investigated under four different scenarios. For this purpose, an 

experimental set-up was designed and constructed at the Archetype Sustainable houses in 

Vaughan, Ontario, Canada. In the first two tests, the two vertical ground loops coupled to the 

GSHP were tested in heating, and cooling modes. In heating mode, the GSHP COP ranged 

between 2.7 and 3.15. In cooling mode, the GSHP performed better than the heating mode with 

COP range of 3.75 and 5.4. In the last two tests, two scenarios were tested to compare the 

horizontal and the vertical ground loops in cooling mode. In the first scenario, the ground loop 

flow was divided equally between the loops and the GSHP overall COP was 5.42. The last test 

used equal Reynolds number in both loops and the GSHP overall COP was 5.36. 
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CHAPTER 1 

Introduction  

Due to increasing energy consumption and related environmental concerns, there is an 

ongoing drive to develop and implement cleaner and more sustainable energy sources. In 

addition, this has driven the developments and technologies to increase the efficiency and reduce 

energy loss in any given system. In Canada, the increase of commercial and institutional 

facilities' energy demands grew by over 35% between 1990 and 2009. Also, due to the increase 

of the number of households and house sizes in the same period, energy consumption of the 

housing sector rose 37% (NRCan, 2012a). Figure 1.1 shows that space heating, space cooling, 

and water heating account for 82% of the total residential building energy use and 60% of the 

commercial building energy use. In 2008, these sectors were responsible for 28% of the total 

Greenhouse Gas (GHG) emissions in Canada (NRCan, 2012b). To lower energy consumption 

and its associated GHG emissions in buildings, a number of strategies can be employed not only 

to reduce the energy demands but also to make the most of the energy used by increasing the 

efficiency. One of the most energy efficient mechanical systems that can provide space heating, 

space cooling and domestic hot water (DHW) is the ground source heat pump (GSHP). 

 

Figure 1.1 : Energy use by end of 2008 (NRCan, 2012b) 
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The use of such technology can lower energy use in buildings. A ground source heat 

pump (GSHP) system has three major components: a heat pump, a ground loop, and a heating or 

cooling distribution system. Whether it is a water-to-water or water-to-air heat pump, it acts like 

a heat exchanger to transfer heat between the heating/cooling distribution system and the ground 

loop system and it uses the same cycle as a refrigerator (NRCan, 2005). The water-to-water 

designation indicates that the fluid carrying heat to and from the ground loop is water or a 

water/antifreeze mixture and that the heat distribution system relies on water as shown in Figure 

1.2. Whereas the water-to-air designation indicates that the heat distribution system relies on air.  

The heat pump operates using the same cycle as a refrigerator. In heating mode, the 

circulating water/antifreeze mixture in the ground loop absorbs heat from the ground and then 

feeds it to a heat exchanger called the evaporator inside the heat pump. The heat from the ground 

loop is absorbed by the refrigerant on the other side of the evaporator, which boils and turns the 

refrigerant from its liquid state to a low pressure gas. Then, this gas passes into the compressor in 

which it increases its pressure and, as a consequence, its temperature. After that, this high 

pressure and high temperature gas goes to another heat exchanger called the condenser. This is 

where the heat is absorbed from the refrigerant by water on the other side, in the case of a water-

to-water heat pump, or by air, in the case of a water-to-air heat pump. After dumping its heat, the 

refrigerant transforms into a liquid state and then goes through an expansion valve to reduce its 

pressure and temperature. Now, this low temperature liquid flows to the evaporator, and the 

cycle starts again. In cooling mode, the cycle is reversed where heat inside the building is 

released to the ground using the same principle but the condenser becomes the evaporator and 

the evaporator becomes the condenser through a reverse valve. This is how the GSHP uses the 

ground as a heat source in heating mode and a heat sink in cooling mode.    
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Figure 1.2 : Water-to-water heat pump (Inherent Energy, 2013) 

A desuperheater, as illustrated in Figure 1.3, provides domestic hot water (DHW) when 

the compressor is operating. The desuperheater is a small auxiliary heat exchanger at the 

compressor outlet. It is used preferably in cooling mode to recover heat from the high pressure 

and high temperature refrigerant exiting the compressor. This process enhances heat pump 

efficiency because it allows the refrigerant to be further condensed at the condenser heat 

exchanger (NRCan, 2005). However, when used in heating mode, the heat used to heat the water 

is taken from the overall useful heat produced from the heat pump.  

 

Figure 1.3 : The refrigeration cycle in heating mode of a typical heat pump unit (NRCan, 2005) 
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The ground loop is where the heat transfer between the GSHP system and the soil occurs. 

The two most common types of ground loops are horizontal and vertical. In the horizontal loop 

configuration, pipes are buried in horizontal trenches, whereas in the vertical loop configuration, 

the pipes go into vertical boreholes.  

Looking at the industry average in Canada over 2008-2010, 56.4% of residential systems 

had a horizontal ground heat exchanger (GHE) and 24.2% had a vertical GHE. Open loop 

systems that use wells follow with 13% of residential applications while pond and lake loops 

account for 6.4%. The higher popularity of the horizontal loop configuration is due to the lower 

price of installing a horizontal ground loop. In 2010 for example, the average vertical GSHP 

system sold for $7886 per ton in Canada compared to $6116 per ton for a GSHP system with a 

horizontal GHE. The total average price for a 4-ton system is $31,544 for a GSHP system with a 

vertical GHE and $24,464 for a system with a horizontal GHE. Horizontal systems are roughly 

25% less expensive per ton than the vertical option (Canadian GeoExchange Coalition, 2011). 

Although the horizontal GHE may require more piping in some cases, there are significant 

savings made on trenching versus drilling. 

This study was conducted in the Archetype Sustainable House (ASH) project at the 

Living City Campus at the Kortright Centre in Vaughan, Ontario, Canada. The twin houses are 

among the first Canadian projects to achieve LEED for Homes Platinum certification. House A 

demonstrates best practice technology and design available to home owners today while House B 

incorporates experimental technologies. ASH was developed by the Toronto and Region 

Conservation Authority (TRCA) along with the Building Industry and Land Development 

(BILD) Association. Those prototype twin houses are designed to demonstrate sustainable 

housing technologies in Ontario through research, education, training, market transformation and 

partnership programs (Dembo et al., 2009). 

Amongst a variety of sustainable technologies within the twin houses, the House B 

ground source heat pump is the main focus in this thesis. The Archetype Sustainable House B 

provides a unique opportunity to compare two different ground loops systems under identical 
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energy loads. House B has both vertical and horizontal loops that are connected to the same heat 

pump in the basement. Also, a long term monitoring system has been implemented to monitor 

the equipment and the loops using a data acquisition (DAQ) system, and analysed using the 

LabVIEW platform. Using this DAQ system, data from various sensors installed in the system 

are collected every 5 seconds (Zhang, Barua, & Fung, 2011). Figure 1.4 shows the south-west 

elevation of the twin houses where House A is located on the west side and B on the east side 

neighbouring to the in-law suite. 

 

Figure 1.4 : South-west view of the Archetype Sustainable twin houses 
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CHAPTER 2   

2.1 Literature Review   

A variety of methods have been used in the literature to investigate the performance of 

GSHP systems. In most cases, the GSHP is mainly composed of a compressor, an expansion 

valve, a condenser, an evaporator, and a ground loop heat exchanger. In rare cases, a direct 

expansion ground coupled heat pump is used. In the direct expansion ground coupled heat pump, 

the working fluid from the heat pump circulates in the ground loop directly which eliminates the 

need for a heat exchanger between the GSHP and the ground loop. The coefficient of 

performance (COP) is generally used in the literature to describe the performance of the tested 

systems. In heating mode, the COP is defined as the output thermal energy over the input 

electricity consumption.  

A study has been conducted at the current experimental site at the Archetype Sustainable 

Twin houses located in Vaughan, Canada. The study was to evaluate the thermal performance of 

the GSHP using the horizontal loop. The GSHP COP was found to be 3.98 in the cooling mode 

while the heating mode COP was found to be 2.86. The GSHP COP calculations were based on 

the heating/cooling output and the power consumption of the GSHP compressor and the ground-

loop pumps without considering the GSHP/buffer-tank pump (Safa, 2012). The current study 

investigates the performance of the GSHP using the vertical loops and the combination of the 

horizontal and the vertical loops at the same time.  

A similar and recent experimental comparison between a horizontal GSHP system and a 

vertical GSHP system was published focusing on the GSHP heating performance in Elazig, 

Turkey (Benli and Huseyin, 2013). The experimental comparison is the only study in the 

literature considering both a horizontal GSHP system and a vertical GSHP system side by side. 

The heating system consisted of two different ground heat exchangers, a heat pump, measuring 

units, and a heating space of a model-sized glass greenhouse with an area of 30 m
2
. The heating 

coefficients of performance of the two ground-source heat pumps were obtained in the range of 
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3.1–3.6 for the horizontal GSHP, and 3.2–3.8 for the vertical GSHP, respectively. Also, the 

systems' overall heating coefficients of performance were obtained in the range of 2.7–3.3 for the 

horizontal GSHP system, and 2.9–3.5 for the vertical GSHP system, respectively. The aim was 

to demonstrate the technical and design feasibility of using GSHP systems in mild climate 

applications for greenhouse heating, where heating requirements are dominant. However, there 

have been no studies in the literature of the heating and cooling advantages of each system in 

residential buildings. 

Another experimental study was done in Firat University, Elazig, Turkey in 2004 to 

evaluate the effects of the buried depth of two horizontal loops that were connected to a GSHP 

system (Inalli and Esen, 2004). The GSHP system was used for space heating of a test room with 

16.24 m
2
 floor area. The GSHP system was connected to two horizontal ground loops, each with 

a 50-m pipe length, a 0.3-m pipe spacing, a 0.016-m nominal pipe diameter, and a 15-m
2
 trench 

area. The two horizontal loops were buried in different trenches at 1 m and 2 m depths. The 

average heating COP of the system was found to be 2.66 using the 1-m deep horizontal loop and 

2.81 for the 2-m horizontal loop. At both depths, the ground temperature was affected by the 

weather conditions but the deeper ground was at least 3°C warmer during the entire heating 

season.  

Growing interest worldwide has driven more experimental work to take place to verify 

potential use of GSHP systems in developing countries. A study was carried out to investigate 

the cooling mode application of GSHP systems in Tunisia (Naili et al., 2013). As a result, a 

GSHP system using a horizontal Ground Heat Exchanger was installed and evaluated in the 

Research and Technology Center of Energy (CRTEn), Borj Cedria, Tunisia. The experiment was 

conducted in a test room with a floor area of about 12 m
2
. In the floor of the tested room was an 

integrated polyethylene exchanger (PEX) used as a radiant floor cooling (RFC) system. These 

experimental data were to evaluate the performance of the GSHP and the overall system in a 

continuous operation mode. The GSHP COP and overall system COP were found to be 4.25 and 

2.88, respectively. The results proved the suitability of the system and encouraged the use of 

GSHP systems for Tunisian building cooling. 
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In China, an experimental evaluation of the heating performance of a direct expansion 

ground-coupled heat pump (DX-GCHP) was carried out in 2007-2008 (Wang et al., 2009). The 

DX-GCHP used R134a as the refrigerant and consisted of three single U-tube copper ground 

heat exchangers (GHEs) placed in three 30-m vertical boreholes. During the test period, the heat 

pump supplied hot water to a fan-coil unit at 50.4°C, and its heating capacity was 6.43 kW. The 

heating coefficient of performance of the heat pump and the whole system were found to be on 

average 3.55 and 3.28 at an evaporating temperature of 3.14°C and a condensing temperature of 

53.4°C, respectively. 

An experimental study on the heating mode performance of a GSHP system was 

performed in the city of Erzurum, Turkey (Kara, 2007). The GSHP system used a vertical single 

U-tube ground heat exchanger. The loop was made of polyethylene pipe with a 16-mm inside 

diameter that was placed in a vertical borehole with 55-m depth and 203.2-mm diameter. The 

heat extraction rate per meter of the borehole was determined as 33.60 W/m. The average 

coefficients of performance of the GSHP system and heat pump in heating mode were 2.09 and 

2.57, respectively. The low COP in this study was due to the oversized pumps which resulted in 

high pumping power consumption that was not needed. The study also showed that the thermal 

resistance of a borehole is strongly influenced by thermal properties of backfill material and 

circulation of surface water. As the permeability of the GHE backfill material was high, the 

refilled soil could not prevent the vertical circulation of surface water that decreases the thermal 

efficiency of GHE in heating mode. 

The performance of a vertical ground-coupled heat pump system in a school building in 

Korea was evaluated. In the study, ten heat pump units with the capacity of 10 hp each were 

installed in the school building with a closed vertical type ground heat exchanger with 24 

boreholes of 175-m depth. The evaluation of the cooling performance was conducted under the 

actual operation of a GSHP system in the summer of 2007. A data acquisition system was used 

to monitor various operating conditions over the summer period. Those included the ambient 

temperature, the ground temperature, the water inlet and outlet temperatures of the ground heat 

exchanger, and the power consumption rate of the heat pump system. The findings of this study 
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indicated that the overall cooling COP of the GSHP system was found to be 5.9 at a 65% partial 

load condition (Hwang et al., 2008). The same GSHP system was then tested and the results 

were published recently. In heating mode tests, the COP of the heat pump was 4.3–8.3 at partial 

load conditions, while the overall system COP is 3.0–6.2. From the measured data, the variation 

of ground temperature at 2.5-m and 5.0-m depth were affected by outdoor air temperature. 

However, it was shown that the ground temperature was almost constant below 10 m in depth. 

An experimental study on double U-tube borehole heat exchangers (BHEs) with three 

different vertical borehole diameters was carried out in Nuremberg, Germany (Luo et al., 2013). 

The BHE was constructed with 18 boreholes that were grouped into three blocks: block I of 121-

mm borehole diameter, block II of 165-mm borehole diameter, and block III of 180-mm 

borehole diameter. The operation of the GSHP system was monitored between March 2009 and 

October 2012 for analysis. The thermal performance of BHEs was observed to be slightly 

improved for larger borehole diameters (block II and III). Using the recorded data, thermal 

exchange rates were calculated and compared in a daily period as well as a seasonal period. The 

daily statistics indicated that the thermal exchange rate of the BHE increases with larger borehole 

diameter. For the seasonal cooling performance, the amount of thermal exchange of BHEs with 

165-mm and 180-mm diameters was found to be 3.2% and 7.1% larger than that of the BHE with 

the 121-mm diameter, respectively. For the comparison among the three blocks, thermal load of 

block II was 1.64% and block III was 3.45% larger than that of block I, respectively. In addition, 

saving-to-investment ratio (SIR) was evaluated for two parts: the basic part (SIRI) for block I; 

the extra parts (SIRII-I, SIRIII-I) for block II and block III. Over a thirty-year period the SIR was 

estimated to be 4.80, 2.14 and 3.18 for SIRI, SIRII-I and SIRIII-I, respectively. 

An experimental study of a solar-assisted ground-coupled heat pump system (SAGCHPS) 

with solar seasonal thermal storage was installed in a detached house in Harbin, Heilongjiang, 

China (Wang et al., 2010). The solar seasonal thermal storage was conducted throughout the 

non-heating seasons. In summer, the soil was used as the heat sink to cool the building directly. 

In winter, the solar energy was used as the main source of heating. Also, the building was heated 

by solar collectors and a vertical ground-coupled heat pump when needed. The results showed 
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that the system met the heating–cooling energy needs of the building. In the heating mode, the 

heat directly supplied by solar collectors accounted for 49.7% of the total heating output, and the 

average coefficients of performance (COP) of the heat pump and the system were 4.29 and 6.55, 

respectively. The system's higher COP was a result of using the solar collectors. In the cooling 

mode, the COP of the system reached 21.35, as the heat pump was not necessary to be run. After 

a year of operation, the heat extracted from the soil by the heat pump accounted for 75.5% of the 

heat stored by solar seasonal thermal storage. The excess heat raised the soil temperature to a 

higher level, which was favorable for increasing the heating COP of the heat pump. 

A three-year study on the performance of a GSHP system in Northern Greece was 

published in 2007. The GSHP system used a data acquisition system (DAQ) to collect data from 

sensors installed on the heat pump unit. The study looked at the basic parameters and the energy 

flows of a ground source heat pump system used for air conditioning of a City Hall building. The 

building is a public space with an air-conditioned area of 1350 m
2
. The ground source heat pump 

system consisted of 7 groups of water-to-water heat pumps, 21 boreholes with 80-m depth and 

fan-coil units. The basic operational characteristics were constantly monitored from January 

2003 to December 2005. The data logging system monitored the ground heat exchanger inlet and 

outlet temperatures, and the ambient air temperature every 10 minutes. The results of the 

monitored system indicate that the primary energy required by the system for heating was 

estimated to be lowered by 45% and 97% (period average) as compared to that of an air-to-water 

heat pump based and a conventional oil boiler, respectively. Another important conclusion 

regarding the system operation was the changing trend of the seasonal COP. There was an 

increasing trend of the seasonal COP for heating, from 4.4 to 5.2 and a much less enhanced 

decreasing trend of the seasonal COP for cooling, from 4.5 to 4.4. The building cooling load was 

higher than the heating load and over the cyclic (heating–cooling) operation of the GSHP system 

over the three year period which imposed higher ground temperature. The ground temperature 

increase had a stronger influence on the heating mode rather than on the cooling mode, because 

of the average temperature level (Michopoulos et al., 2007). A more recent publication on the 

operation characteristics of the same system over an eight-year period is available (Michopoulos 

et al., 2013). Due to the longer cyclic (heating–cooling) operation of the GSHP system over the 
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eight-year period, the ground temperature was even higher than in the last study. It was found 

that the maximum ground heat exchanger load was 50 W/m in heating operation while in cooling 

mode it ranged between 20 and 210 W/m. Compared to a conventional heating and cooling 

system for the building, the ground source heat pump consumed 25.7% less primary energy. 

Using emission factors for the combustion of diesel fuel and for electricity production, the 

amounts of carbon dioxide (CO2), and nitrogen oxides (NOx) emissions were calculated. The 

ground source heat pump emits less CO2 and NOx by 22.7% and 99.6% respectively.  

Growing interest in Japan has driven more experimental studies to verify potential use of 

GSHP systems in different regions. A study of field data examining the long-term performance 

and environmental effects of a large GSHP system in cold regions was done in the city of 

Akabira in the north of Hokkaido, Japan (Li et al., 2013). The GSHP used a large vertical ground 

loop system to provide heating and cooling for 12 greenhouses. The system had a maximum 

capacity of 640 and 648 kW for heating and cooling, respectively. The system was monitored 

and analyzed from October 2010 through May 2011. The GSHP had a COP of 3.0 and an overall 

system COP of 2.7. The average heat extraction rate of the system was approximately 27.7 W/m. 

In addition, the ground temperature at a depth of 40 m decreased from approximately 7.8°C to 

0°C after 8 months of operation. CO2 emission in the heating mode was calculated to be 20% 

and 22% lower than those of Air Source Heat Pump (ASHP) and kerosene systems.  

A system was designed and installed in the Solar Energy Institute, Ege University, Izmir, 

Turkey (Ozgener and Hepbasli, 2005). The system was investigated for performance 

characteristics of a Solar-Assisted Ground-Source Heat Pump System (SAGSHPS) for 

greenhouse heating with a 50-m vertical 32-mm nominal diameter U-bend ground heat-

exchanger. Based upon the measurements made in the heating mode from the 20th of January 

until the 31st of March 2004, the heat extraction rate from the soil was found to be, on average, 

57.78 W/m of bore depth, while the required borehole length in metre per kilowatt of capacity is 

obtained as 11.92. The entering water temperature to the unit ranged from 8.2°C to 16.2°C, with 

an average value of 14°C. The heating coefficient of performance of the heat pump was 2.00 at 
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the end of a cloudy day, while it was 3.13 at the end of sunny day and fluctuated between these 

values in other times.  

The effective thermal conductivity of six vertical closed-loop ground heat exchangers 

(GHEs), which were installed in a test bed located in Wonju, South Korea, has been 

experimentally evaluated by performing in-Situ thermal response tests (TRTs) (Lee et al., 2012). 

To compare the thermal efficiency of the GHEs in field, various installation conditions were 

considered such as different grouting materials (cement vs. bentonite), different additives (silica 

sand vs. graphite) and shapes of the circulating pipe-section (conventional U-loop type vs. 3-pipe 

type). The 3-pipe type is a conventional U-loop with a central pipe that is filled with water to 

reduce thermal interference between the inlet and outlet pipes. From the test results, it was 

concluded that the cement grout had higher effective thermal conductivity than the bentonite 

grout by 7.4–10.1%, and the graphite outperformed the silica sand by 6.7–9.1% as a thermally-

enhancing additive. In addition, the new 3-pipe type heat exchanger resulted in less thermal 

interference between the inlet and outlet pipes and showed better thermal performance over the 

conventional U-loop type heat exchange pipe by 14.1–14.5%. For the same conditions, the 

cement grouting could reduce the construction cost of GHEs by around 40% in the cost analysis 

scenario. Also, addition of graphite and use of the new 3-pipe heat exchanger led to about 8% 

and 6% operation cost reduction, respectively. The addition of graphite significantly increased 

the thermal conductivity of the cement grout. 

A reversible ground source heat pump was installed and tested at the Eco House, 

University of Nottingham, Nottingham, United Kingdom (Doherty et al., 2004). The system was 

tested with various ground loop configurations. The GSHP was installed in the house to provide 

heating and cooling, and a natural gas-fired condensing boiler was added to provide 

supplementary heating when required. The heat pump unit had a heating capacity of 8 kW using 

R-22 as the refrigerant and included a desuperheater to provide hot water at low flow rates. The 

results of the test indicated that the difference between the entering water temperature to the 

evaporator and the exiting temperature of the condenser significantly affected the heat pump 

COP. In heating mode the COP was obtained to be 3.5 at a 30°C difference in entering source 
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temperature and an exit load temperature, while the COP was obtained to be 3 at a 40°C 

difference between entering source temperature and an exit load temperature. 

The performance of a GSHP with a vertical ground heat exchanger was investigated 

experimentally using monitored data from a data acquisition system in Erzurum, Turkey 

(Bakirci, 2010). The experimental results were obtained from October to May for the months of 

the heating season of 2008–2009. The system consisted of an 8 kW heating capacity heat pump 

with a single U-tube placed in two vertical boreholes that were 53 m deep. The ground loop fluid 

consisted of 50% antifreeze-water mixture while refrigerant 134a was used as the working fluid 

in the heat pump. The findings of the experimental study indicated that at an average entering 

source temperature of 1.6C and an entering load temperature of 47C the average heating COP 

was obtained to be 2.89. The results also showed that the average heat-pump COP and overall 

system’s COP values were approximately 3.0 and 2.6 in the coldest months of the heating 

season. 

The effect of cyclic operation of a horizontal ground loop coupled heat pump 

performance was studied using a finite element numerical model (Wibbels & Braven, 1994). The 

results showed that cyclic operation would decrease the performance of the heat pump. It was 

also shown that as the pipe radius is increased, the effect of cyclic operation decreases due to the 

fluid capacity. 

As evident from the literature, there have been some studies that experimentally 

investigate GSHP performance when coupled to a vertical or a horizontal ground loop. However, 

there still remain some potential improvements and gaps in this area of research that will be 

addressed in this study. For instance, testing the two different ground loops systems under similar 

conditions is uncommon in the literature. The only study that tested the two systems side by side 

focused only on using GSHP systems for greenhouse heating in mild climate. Most of GSHP 

systems in the literature investigated either the horizontal or the vertical loop configurations and 

fail to provide a good understanding of the GSHP performance when using both loops in a 

residential building. The Archetype Sustainable House B provides a unique opportunity to 
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compare two different ground loops systems under identical energy loads. Both configurations 

are tested and investigated simultaneously in the same location, allowing a direct comparison of 

performance. 

2.2 Objectives 

In order to evaluate the benefits from the two vertical and two horizontal ground loops 

and the GSHP system, it is necessary to carry out comprehensive monitoring on every aspect of 

the performance of the system. The specific objectives of the study are listed below: 

 Design and execution of the ground loops flow control system. 

 Replacement of the ground loop fluid with the optimum concentration of water/PG solution 

for the loops. 

 Experimental setup of all the necessary sensors, sensors locations and the data acquisition 

system to carry out the experiment. 

 Installation of all the sensors. 

 Calibration of all the sensors. 

 Implementation of the Data Acquisition (DAQ) system. 

 Validating the collected data from all related sensors, through cross-checking and 

performing calibration, when required. 

 Regular monitoring and backup of the database to insure the quality of the data collected 

during the test. 

 Analyzing the data obtained, evaluating the effectiveness and performance of the 

components, and cross checking them with the manufacturers’ data. 

 Further analysis during the experiment to investigate the issues with the as-built system 

when discovered. 

 Compare the performance of each loop and identify the factors that influence the GSHP 

performance.  
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CHAPTER 3  

House and Systems Description 

Constructed in the summer of 2008, the Archetype Sustainable House consists of two 

semi-detached houses designed to serve as a model or prototype for the next generation of 

“green” production homes. The Archetype Sustainable House provides education and 

opportunities for research on renewable energy, energy efficiency, wastewater treatment and 

sustainable building design. The houses, referred to as House A and House B, are one of the first 

Canadian projects to achieve a LEED (Leadership in Energy and Environmental Design) 

Platinum Certification and they both meet Natural Resources Canada (NRCan) R-

2000 Standard (Dembo et al., 2010). The twin houses are located at the Living City Campus at 

Kortright Centre in the City of Vaughan, Ontario, as shown in Figure 3.1. 

 

Figure 3.1 : Location of the twin houses at The Living City Campus at Kortright Centre (Latitude = 

43.8317, Longitude = -79.5896). 

It is approximately 25 km north of Lake Ontario. Table 3.1 provides climate statistics for 

the area, based on 30 years of data collected at a North York weather station, roughly 10 km 
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southeast of the site (Pelmorex Media, 2013). The intent of House A is to demonstrate current 

best practice sustainable technologies while the second, House B, is designed to demonstrate 

experimental sustainable technologies for the future. In this study, the focus will be on the GSHP 

system, House B, and the two ground loop systems. 

Table 3.1 : Climate statistics for the site, North York weather station (Pelmorex Media, 2013) 

  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

Average high (C) -1.2 0.8 5.6 11.4 19.3 24.8 26.9 26 21.8 14.8 6.9 1.7 

Average low (C) -9 -7.4 -3.8 1 7.8 13.6 15.6 15 10.8 5.2 -0.2 -5.3 

Average (C) -5.1 -3.3 0.9 6.2 13.5 19.2 21.3 20.5 16.3 10 3.4 -1.8 

Cooling degree days (C-days) 0 0 0 0 14 66 109 87 29 1 0 0 

Heating degree day (C-days) 716 605 532 354 152 30 8 9 81 248 438 615 

Monthly rainfall (mm) 50 30 26 62 87 100 73 72 84 59 58 32 

Monthly snowfall (cm) 39 15 26 6 0 0 0 0 0 0 11 28 

3.1 House B Description 

House B has a high level of integration between its various components. It uses the 

geothermal ground loops as both a heat source and heat sink. By integrating the geothermal 

system with the radiant floors and ventilation system, House B can regulate its temperature 

efficiently. The geothermal system can also provide DHW when needed. In addition, hot or 

chilled water is delivered to the in-law suite AHU from the geothermal system to provide heating 

or cooling. The in-law suite is used as a small office space that was built above the garage of 

House B. The basic design features of the house are listed in Table 3.2. Table 3.3 lists the 

structural features of House B whereas Table 3.4 lists the floor areas and volumes (Barua, 2010). 
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Table 3.2 : Basic design features of House-B (Zhang et al., 2011)  

Features House-B 

Orientation  South facing 

Stories 3 

Floor 232 m
2
/25′×40′ (2500 ft

2
)  

Natural Infiltration 0.06 ACH 

Winter design conditions Outdoor temp: -22°C /-7.6°F 

Indoor temp: 22°C /71.6°F 

Summer design conditions Outdoor DB: 31°C/87.8°F 

Outdoor WB: 24°C/75.2°F 

Indoor temp: 26°C/78.8°F  

Heating load 7.94 kW/27.1 MBH  

Cooling load 6.18 kW/21.1 MBH  

Ventilation 70.79 Liters/sec (150 CFM) 

Table 3.3 : Structural features of House B (Barua, 2010) 

Features  House-B 

Basement walls   RSI 3.54 (R20) 

Basement Slab  RSI 1.76 (R10) 

Above Grade Walls  RSI 5.64 (R32) 

Roof  RSI 7 (R40) 

Windows  Triple glazed, low "E", argon filled. U-value : 1.59 W/m
2 
K (0.28 Btu/hr ft

2
 °F) 

Overall UA Value   172 W/K *based on TRNSYS House model (Safa, 2012).  

Wall insulation Heat-lock Soya Polyurethane Foam and Icynene spray foam 

Table 3.4 : Floor area and volume of House B (Barua, 2010) 

Floor Area  Area - m2 (ft2) Volume – m3 (ft3) 

Basement  86.95 (936) 234.03 (8264) 

First Floor  86.95 (936) 291.54 (10296) 

Second Floor  60.19 (636) 238.53 (8424) 

Third Floor  86.95 (936) 271.83 (9600) 

Total  321.04 (3444) 1035.94 (36584) 
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3.2 Mechanical Systems 

House B has many mechanical systems but the focus will be on the GSHP system and the 

other mechanical systems that are connected to it. Figure 3.2 shows the advanced HVAC systems 

in the house and the monitoring points. House B uses both horizontal and vertical loops 

connected to the GSHP with an optional desuperheater for water heating. The GSHP provides 

hot water to the buffer tank and from the buffer tank to the radiant in-floor systems in each floor 

when heating is called for. In the cooling season, the GSHP supplies chilled water to the buffer 

tank and then to the multi-zone AHU in House B and to the in-law AHU. The buffer tank is used 

in between the GSHP and the in-floor system/AHUs to minimize short cycling. Also, an energy 

recovery ventilator (ERV) was installed in the mechanical ventilation system as shown in Figure 

3.2. 

A two-tank system was adopted for DHW production. One is a preheat tank that heats 

water using solar collectors and the other is a time-of-use (TOU) electric backup tank. The TOU 

tank is connected to the desuperheater of the GSHP to supply hot water. The TOU has two 

electric coils for hot water generation as a backup. The technical information on the heat pump 

systems and the other units are given in Table 3.5, while the equipment manufacturers and 

models are given in Table 3.6 (Barua, 2010). 
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Figure 3.2 : Layout of HVAC system and monitoring points in House-B and in-law suite 
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Table 3.5 : Mechanical system technical information (Safa, 2012) 

Equipment   Technical Information  

Ground Source Heat 

Pump (GSHP)  

HEATING CAPACITIES :  

COP : 3.05 (at an ELT of 44.4°C and an EST of 2.7°C) to 3.44 (at an ELT of 

41.5°C and an EST of 5.48°C) 

COOLING CAPACITIES :  

COP : 4.9 (at an ELT of 8.5°C and EST of 19.2°C) to 5.6 (at an ELT of 12.4°C 

and EST of 17.8°C) 

Air Handling Unit 

(House B) AHU-B 

Multi-Zone Air Distribution, Multi Speed Fan  

Cooling capacity : 12.3 kW (3.5 tons)  

Heating capacity : 28 kW (95 MBH)  

Nominal air flow rate : 660 Litres/sec (1400 CFM)  

Air Handler Unit 

(In-law suite) AHU-1 

Single zone maximum air flow : 212.25 L/s (450 CFM)  

Buffer Tank    T-B1 270 litres (71 USG)  

DHW TOU Tank  T-B2 Capacity: 175 Litres (50 USG), Maximum heating capacity: 6 kW (20 MBH)  

Hot Water Tank  

(preheat tank) T-B3 

Capacity: 300 Litres (79 USG)  

Energy Recovery 

Ventilator (ERV-B)  

 

Surface area: 14.51 m
2
 (156 ft

2
),  

Heating capacity: at -15C (5⁰F) supply air temperature  

Sensible recovery efficiency: 55% ,  

Latent recovery moisture transfer: 0.26,  

Net air flow rate: 52 Litre/sec (110 CFM)  

Cooling capacity: at 35C (95F) supply air temperature  

Total recovery efficiency: 41%,  

Net air flow rate: 50 Litres/sec (106 CFM)  

Table 3.6 : Manufacturer and model of equipment (Barua, 2010) 

Equipment  Manufacturer/Distributor  Model  

Ground Source Heat Pump  Water Furnace International, Inc.  EW 042 R12SSA  

AHU-B  Ecologix Heating Technologies Inc.  C3-06  

Air handler & HRV unit (In-law suite) Nu-Air Ventilation Systems Inc. Enerboss-400C 

Buffer Tank  GSW Water Heating  CST-80  

DHW tank (TOU Tank)T-B2 GSW Water Heating  6G50SDE1  

Hot water tank (preheat tank) T-B3 VIESSMANN Manufacturing Inc.  VITOCELL-B 100  

Energy recovery ventilator (ERV)  Venmar Ventilation Inc.  VanEE 45808  
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3.3 Ground loop systems 

The house has a closed ground loops system that is connected to the GSHP. This system 

consists of two horizontal loops and two vertical loops. The loops are connected to the GSHP as 

shown in Figure 3.3. This connection allows the GSHP to operate in different scenarios and 

controls the flow in each loop by controlling 7 valves as shown in Figure 3.4.  

- Both the vertical loops in parallel (Figure 3.4.a).  

- Both the horizontal loops in parallel (Figure 3.4.b).   

- Both the horizontal loops and the vertical loops at the same time in parallel (Figure 

3.4.c). 

- Both the vertical loops in series.  

- One vertical loop.  

 

Figure 3.3 : The loops' connection to the GSHP 
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Figure 3.4 : Flow control diagrams (Blue: supply, Red: return, Black: no flow)  

The reason for not being able to run more scenarios with the horizontal loops is that the 

two horizontal loops are connected in parallel in the field and a common connection is coupled to 

the flow control system in the house as seen in Figures 3.3 and 3.5. The loop specifications and 

details are listed in Table 3.7 and Figure 3.5. 

Table 3.7 : The loop specifications and details 

 Vertical loops  Horizontal loops 

Technical 

Information 

 

Number of loops: 2 

Depth of each loop: 76.2 m (250 ft) 

Total Length of each loop: 152m (500 ft) 

Nominal Diameter: 1″   

Average Inside Diameter: 1.06″  

Average Outside Diameter: 1.315″    

Min wall thickness: 0.12″  

Material: HDPE 4710  

Total volume of both loops: 193 L (51 US gal) 

Number of loops: 2 

Depth of each loop: 1.83m (6 ft)  

Total Length of each loop: 366 m (1200 ft)  

Nominal Diameter: 1.25″   

Average Inside Diameter: 1.34″  

Average Outside Diameter: 1.66″    

Min wall thickness: 0.15″  

Material: HDPE 3408  

Total volume of both loops: 732 L (193US gal)  

Installed by   GeoEnergy Solutions Inc. Geothermal Solutions  

Shape  U-loop J-loop 

Fluid 20% propylene glycol (PG) and 80% water with freezing point of -8
o
C 



23 

 

 

 Figure 3.5 : The vertical loops configuration (left) and the horizontal loops configuration (right)   

GeoEnergy Solutions Inc., which donated the two vertical closed loop boreholes for the 

Archetype Sustainable House at the Kortright Centre in Vaughan in 2011, was retained by the 

Toronto and Region Conservation Authority to drill a geothermal test borehole and conduct an 

in-situ thermal conductivity test for the Kortright’s Visitor Centre. The test borehole was drilled 

to a total depth of 164.6 m at a location less than 200 m from House B vertical loops as shown in 

Figure 3.6. A geological log of the test borehole is included in Figure 3.7. The pre-test 

monitoring (before the heat injection) indicated that the deep earth temperature in the test 

borehole was 10.1C and that the water table at the site is estimated to be approximately 5 m 

below the surface. The test involved the injection of a constant source of heat into the U-loop and 

the measurement of the changes in the temperature of the circulating fluid over a 48-hour test 

period. A summary of the test and the results is given in Table 3.8 (GeoEnergy, 2011). 
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Figure 3.6 : Locations of the loops and test borehole 

 

Table 3.8 : Summary of the thermal conductivity test and the results (GeoEnergy, 2011) 

 Value 

Power Input 7355 W  

Flow Rate 0.4 L/s 

Deep Earth Temperature 10.1 C 

Static Water Level 5.0 m below ground (Estimated) 

Average Difference Between Supply and Return  4.5 C 

Calculated Thermal Conductivity λ = 2.45 W/m·K (1.41 BTU/(hr·ft⋅°F)) 

Calculated Borehole Thermal Resistance 0.19 K·m/W (0.32 hr·ft⋅°F /Btu) 

Calculated Thermal Diffusivity 660 cm
2
/day (0.71 ft

2
/day) 
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Figure 3.7 : Test borehole log and construction details (GeoEnergy, 2011) 
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CHAPTER 4 

Methodology 

The Archetype Sustainable House was designed and constructed as a laboratory for green 

building technology testing and research with over 300 calibrated sensors installed to monitor the 

performance of the electrical/mechanical systems and energy fluxes into and out of the house. A 

National Instruments (NI) data acquisition (DAQ) system is used to process data received from 

the various sensors. The DAQ system is designed to be very flexible so that the wiring of sensors 

can be significantly reduced and the associated signal interference can be minimized. The DAQ 

system consists of a backplane, a controller, modules, connector blocks, power suppliers, 

LabVIEW software platform and the computer. The selection of modules depends on the output 

signal of sensors. This output signal is converted into corresponding engineering units by the 

LabVIEW software. The LabVIEW software has been programmed to provide real-time 

monitoring and data processing. Measurements are collected at 5-second intervals and recorded 

in an MS SQL database (Zhang, Barua, and Fung, 2011). 

4.1 Monitoring Systems: Ground Source Heat Pump 

To analyze the thermal performance of the GSHP system using the monitoring systems, 

data for various operating conditions were obtained. A schematic of the GSHP in House B is 

shown in Figure 4.1, depicting the ground loops lines, the buffer tank line, and the desuperheater 

line with the corresponding sensors and their locations. Also, seven temperature sensors have 

been installed in each vertical loop to monitor the temperature variation with depth during the 

test. The sensors are installed in the HSRTD sensor pipes which are filled with water as shown in 

Figure 4.2. The reason for filling the HSRTD sensor pipes with water is to decrease the response 

time. Tables 4.1-4.5 list the sensors utilized in gathering the required data for the GSHP system 

and the ground loop system.   
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Figure 4.1 : Schematic of the GSHP in House B and the ground loop flow control system  

Table 4.1 : Outdoor temperature and relative humidity sensors 

MAX Address Signal Sensor Sensor model Type Location 

B-CFP2-M3-CH14 mA RH24 Dwyer RHT-D RH FA (north side wall) 

B-CFP2-M3-CH15 mA AT24 Dwyer RHT-D AT FA (north side wall) 

Table 4.2 : Flow rate sensors 

MAX Address Signal Sensor Sensor model Location 

B-CFP2-M7-CH0 V FL41 Proteus 08016BN40QC GSHP supply 

B-CFP2-M7-CH1 V FL42 Proteus 08012BN16QC Vertical loop-A supply 

B-CFP2-M7-CH2 V FL43 Proteus 08012BN16QC Vertical loop-B supply 

B-CFP2-M7-CH3 V FL44 Proteus 08012BN16QC Horizontal loop supply 

B-CFP2-M7-CH6 V FL6 Proteus 0812BN19 GSHP to buffer tank 

B-CFP1-M3-CH6 Pulse FL5 GEMS 173935 GSHP to Desuperheater 
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Table 4.3 : Temperature sensors connected to the GSHP 

MAX Address. Signal Sensor Sensor model Location 

B-CFP8-M3-CH0 Ohms T64 Pt. 500 Supply to GSHP 

B-CFP8-M3-CH1 Ohms T65 Pt. 500 Return from GSHP 

B-CFP8-M3-CH4 Ohms T68 Pt. 500 To vertical loop-A 

B-CFP8-M3-CH5 Ohms T69 Pt. 500 From vertical loop-A 

B-CFP8-M3-CH6 Ohms T70 Pt. 500 To vertical loop-B 

B-CFP8-M3-CH7 Ohms T71 Pt. 500 From vertical loop-B 

B-CFP8-M3-CH2 Ohms T66 Pt. 500 To horizontal loops 

B-CFP8-M3-CH3 Ohms T67 Pt. 500 From horizontal loops 

B-CFP2-M6-CH2 Ohms T17 Pt. 500 Buffer tank to GSHP  

B-CFP2-M6-CH3 Ohms T16 Pt. 500 GSHP to buffer tank  

B-CFP1-M2-CH4 Ohms T18 Pt. 500 Pre Heat Tank to Desuperheater  

B-CFP1-M2-CH5 Ohms T19 Pt. 500 Desuperheater to Pre Heat Tank   

Table 4.4 : Power sensors connected to the GSHP 

MAX Address. Signal Sensor Sensor model Location 

B-CFP7-M1-CH6 Pulse 3-P-1 Wattnode GSHP compressor: 50 Amps 

B-CFP7-M2-CH2 Pulse 5-P3-3 Wattnode GSHP circ. pump: 5 Amps 

B-CFP7-M2-CH0 Pulse 5-P3-1 Wattnode GSHP to buffer tank: 5 Amps 

B-CFP7-M2-CH1 Pulse 5-P3-2 Wattnode Desuperheater pump: 5 Amps 
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The first task was to examine the collected data and ensure the values were within an 

acceptable range. One way of validating the GSHP data was to compare it with the 

manufacturer’s performance data. The data obtained from the manufacturer for the heat pump 

performance were divided into cooling performance and heating performance. The data related to 

this study were collected before each test period using a program called LabVIEW, and then 

stored using Microsoft SQL Server. During the test period, there were points where the data were 

out of the normal range and in some rare cases some data points were not recorded. Out of range 

data points were eliminated from the regular data points to obtain steady accurate results. 

Table 4.5 : Temperature sensors in the test pipes 

MAX Address Signal Depth Location 

B-CFP8-M1-CH0 Ohms 250 ft 

Vertical test 

borehole A 

 

 

 

B-CFP8-M1-CH1 Ohms 200 ft 

B-CFP8-M1-CH2 Ohms 120 ft 

B-CFP8-M1-CH3 Ohms 60 ft 

B-CFP8-M1-CH4 Ohms 30 ft 

B-CFP8-M1-CH5 Ohms 15 ft 

B-CFP8-M1-CH6 Ohms 5 ft 

B-CFP8-M2-CH0 Ohms 250 ft 

Vertical test 

borehole B 

 

 

 

B-CFP8-M2-CH1 Ohms 200 ft 

B-CFP8-M2-CH2 Ohms 120 ft 

B-CFP8-M2-CH3 Ohms 60 ft 

B-CFP8-M2-CH4 Ohms 30 ft 

B-CFP8-M2-CH5 Ohms 15 ft 

B-CFP8-M2-CH6 Ohms 5 ft 



30 

 

  

Figure 4.2 : Schematic of the HSRTD test pipe  

4.2 Ground Source Heat Pump Equations 

 A schematic of the House B GSHP is given in Figure 4.3. The ground source heat pump 

performance can be determined using the following equations (ASHRAE, 2009):  

                                                                                                                                          (1) 
 
 

                                                                                                                                           (2) 
 

where:  

            : Thermal power output (kW) 

               : Mass flow rate of water (kg/s) 

              : Specific heat of water (kJ/kgK) 

               : Water temperature leaving the GSHP to the buffer tank (C) 

                : Water temperature entering the GSHP from the buffer tank (C)  
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Figure 4.3 : Schematic of the GSHP 

The flow rate sensors provide output in litres per minute LPM, thus Equations 1 and 2 

were expressed in terms of volumetric flow rate    (LPM), and density ρ (kg/m
3
). The mass flow 

rate of water     in (kg/s) can be expressed as: 

       
 

   
     

  

                                                                                        (3)  

 

                                                                                                                                                 (4)  

The maximum and the minimum recorded water temperatures in the GSHP/buffer-tank 

loop are 61C and 0C, respectively. The density and the specific heat of water used in the above 

equations do not significantly change with temperature at that range (see Table A.1 in Appendix 

A). The specific heat of water was used as a constant 4.187kJ/kg.K because of the small change 

in its value with temperature over this range (less than 0.6% change). However, an Equation was 

created from the density versus temperature plot for the temperature range of 0.01C to 75C 

(see Table A.1 in Appendix A).  

                                                                                                                   (5)    
       
        

Where:  

        : Density of water (kg/m
3
) 

            : Average water temperature of the inlet and the outlet (C) 
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Substituting Equation 4 into Equations 1 and 2, along with a constant specific heat, the 

flow rate to the buffer tank in LPM (FL6), the supply temperature to the buffer tank (T16), and 

the return temperature from the buffer tank to the GSHP (T17), the following equations for 

output heating and cooling in kW from the GSHP to the buffer tank is obtained as: 

                                                                                              (6) 
 

 

                                                                                               (7)  
                             

Once the output heating and cooling is obtained, equations 8 and 9 can be used to 

investigate the coefficient of performance of the system using the thermal heat output and the 

electricity consumption of the unit which includes the compressor, the ground loop circulation 

pumps, and the buffer-tank pump. 

        
      

            
                                                                                                                                      (8) 

 
  

        
      

            
                                                                                                                                      (9) 

 

 

where:  

 

                                                                                              (10) 
 

4.3 Heat Extraction/Rejection from/to Ground Loops  

Similar to the heating/cooling output to the buffer tank, the heat extraction and rejection 

from and to the ground via the ground loops are calculated in units of kW. The ground loops use 

a mixture of water and antifreeze called Propylene Glycol (PG). The volume ratio is 20% 

Propylene Glycol and 80% water by volume. A graph was created (as shown in Figure A.2 in 

Appendix A) to illustrate the relationship between the density of the mixture at various 
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temperatures. Also, the relation between the density, specific heat and fluid temperature are 

shown in Table A.2 in Appendix A. These relationships are used to calculate the heat 

extraction/rejection from/to the ground loops. The density and the specific heat of the mixture do 

not significantly change within the test temperature range. The specific heat of the mixture was 

used as a constant 3.97 (kJ/kg.K) because of the small change in its value with temperature (less 

than 1.5% change). However, an equation was created from the density versus temperature plot 

for the temperature range of -10C to 100C (see Figure A.2 in Appendix A).  

                                                                                                                         (11) 
 
where:  

 

     : Density of PG mixture (kg/m
3
) 

       : Average mixture temperature of the inlet and the outlet (C) 

 

Figure 4.4 : Schematic of the GSHP loops 

Substituting the constant specific heat, the flow rate to each loop in LPM (FL44, FL42, 

FL43), the supply temperature to each loop (T66, T68, T70), and the return temperatures (T67, 
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T69, T71), the following equations are used for heat extraction/rejection from/to ground loops in 

kW as follows: 

Horizontal loop Heat extraction/rejection :  

 

                                                                                          (12) 

 

Vertical loop-A Heat extraction/rejection :  

 

                                                                                         (13) 

 

Vertical loop-B Heat extraction/rejection :  

 

                                                                                         (14) 

 

4.4 Heat supplied from the desuperheater 

Similar to the heating/cooling output from the buffer tank, water is used in the 

desuperheater loop. The desuperheater supplied heat to the preheat tank can be obtained as 

follows: 

                                                                                            (15) 
 

where:  

FL15 : The water flow rate in the desuperheater loop (L/min)  

T19   : The temperature of water entering the preheat tank (C)  

T18   : The temperature of water entering the GSHP (C)  

ρ        : The density of desuperheater water (kg/m
3
) 
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CHAPTER 5 

Data Analysis 

In the four tests of this study, the first two tests were to evaluate the heating and cooling 

performance of the GSHP system using the vertical ground loop (two U-loops in parallel). In the 

other two tests, the combination of the vertical loop (two U-loops in parallel) and the horizontal 

loop (two J-loops in parallel) were used. Table 5.1 summarizes the four tests in this study. 

Table 5.1 : Summary of the tests 

The vertical loop tests 

(The two U-loops in parallel) 

The vertical and horizontal loops tests 

(The two U-loops and the two J-loops in parallel) 

Heating 

(May 14 – June 4, 2013) 

Cooling 

(June 21 – July 8, 2013) 

Cooling 

(July 19 – Aug. 7, 2013) 

Cooling 

(Aug. 9 – Sep. 4, 2013) 

Vertical loops: 

Reynolds number: 

8300 

Total flow rate: 48 LPM 

Vertical loops: 

Reynolds number: 

8300 

Total flow rate: 48 LPM 

Vertical loops: 

Reynolds number: 

5540 

Total flow rate: 32 LPM 

 

Vertical loops: 

Reynolds number: 

4840 

Total flow rate: 28 LPM 

 

Horizontal loops: 

 Not used 

 

Horizontal loops: 

 Not used 

 

Horizontal loops: 

Reynolds number: 

4400 

Total flow rate: 32 LPM 

 

Horizontal loops: 

Reynolds number: 

4840 

flow rate: 35 LPM 

 

GSHP/buffer-tank loop flow rate: 50.4 LPM GSHP/buffer-tank loop flow rate: 47.3 LPM 
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-The Two Vertical Loops 

5.1.1 Heating mode using the vertical loops (May 14 – June 4, 2013) 

The winter data collection was originally planned to start in January 2013 using both the 

horizontal and the vertical loops till the end of heating season. However, due to the experimental 

setup, there have been some delays in starting the tests. Some major delays have been due to the 

following reasons: 

- The failure of some experimental equipment and sensor vendors to make delivery on 

schedule. 

- The delay of repairing one of the key equipment in the experiment, the GSHP, due to lack 

of parts. 

- An unexpected ground loop leak at the experiment site, which took weeks to locate and 

repair. 

 

For those reasons, the winter data collection was started on May 14
th

 for a period of three 

weeks till June 4
th

. During this period, the ambient temperature range was between 2C and 30C 

and provided a good range to analyze the performance of the GSHP and heat extraction from the 

vertical ground loops.  

In this part of the test, the vertical loops were used to extract heat from the ground to heat 

House B. For the three weeks of the heating mode test, the GSHP compressor, the ground loop 

circulating pump, and the GSHP to buffer-tank pump start at the same time when the temperature 

of the load (the water in the buffer tank) drops below 33C and stop when the temperature 

reaches 43C. Those temperatures are based on the designed temperature of the components 

connected to the buffer tank. The flow rate of the water in the GSHP/buffer-tank loop is almost 

constant at around 50.4 LPM (13.3 US GPM) at all times. Also, the flow rate of the ground loop 

is almost constant at around 48 LPM (12.7 US GPM) divided equally in each of the vertical 

loops. 
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The daily heating and power consumption of different components of the GSHP system 

were investigated for the three-week period. Due to the enormous amount of data, an average 

daily representation will be used in most of this thesis and a run-time sample of operation of a 

cycle will be shown when needed. The performance of the GSHP is analyzed considering the 

compressor, the two circulating pumps, and the buffer-tank pump operating hours and 

consumptions. It should be noted that the majority of the electrical consumption of the system is 

due to the GSHP compressor which starts operating at around 2500 W and increases with time 

and accounted for 77% to 81% of the power consumption. In Figure 5.1, one cycle sample shows 

the power draw of the compressor, the circulating pumps, and the buffer-tank pump for one 

cycle. When the GSHP starts, the compressor starts operating at around 2500 W, whereas the 

circulating pumps and the buffer-tank pump draw around 680 W and 190 W, respectively. While 

the circulating pumps and the buffer-tank pump power draw remain almost constant throughout 

the cycle, the compressor power draw increases with time until it reaches 3850 W at the end of 

the cycle. The increase of the compressor consumption is due to the increasing temperature 

difference between the two sides of the GSHP with time as could be seen in Appendix C.1. 

Figure 5.1 : Buffer-tank pump, ground-loop pumps, compressor, and total power draw with time 
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5.1.2 Daily operation 

Figure 5.2 illustrates the GSHP system operation hours and the daily average outdoor 

temperature starting from May 14 through June 4. The daily average outdoor temperature was 

calculated for all data points in a day starting from midnight. In the first few days of this test 

period, the GSHP operation was not stable as seen from the ratio of the daily operating hours & 

number of cycles. The total daily consumption is illustrated in Figure 5.3. Figure 5.3 shows the 

daily heating that the GSHP supplied to the buffer tank. As the daily average outdoor 

temperature dropped, it is clear that the number of cycles and the operating hours increased to 

meet the house heating demand. Figure 5.3 illustrates days when heating was not required, and as 

a result, the GSHP system did not operate. Figure 5.3 also illustrates a peak daily heating and 

electricity consumption of 140 kWh and 48 kWh, respectively. The daily peak heating output 

and electricity consumption took place on May 28
th 

shortly after the coldest days in the test 

period. This is due to the thermal mass and the insulation in the house which caused the delay of 

peak load. Although the daily average outdoor temperature on May 4
th

 was almost the same as 

on May 28
th

, the daily heating and consumption of the GSHP system are different. Days before 

the beginning of this heating test period, the GSHP system was put in operation for the first time 

in the winter season. This created a great load and instability of the GSHP operation in the first 

few days to increase the house temperature to the desired set point. After days of operation, the 

GSHP reached more stable operating conditions on May 16
th

. This was noticed from the cycles 

operating time of the GSHP and the vertical ground loops. During the GSHP stable operation, 

the cycle average operating time was in the range of 28 ± 2 minutes. However, the cycle 

operating times on May 15
th

 and May 16
th

 were 62 minutes and 42 minutes respectively. The 

reason for the longer cycle operating times at the beginning of the test period is the high heat 

extraction from the ground using the vertical ground loops to heat the house. Those high cycle 

operating times of the GSHP resulted in less time for the ground to recover the amount of heat 

extracted which lead to colder ground temperatures compared to the more stable conditions 

where the ground was able to recover and maintain its temperature. The colder ground 

temperature resulted in longer operating time per cycle to supply the house heating load. 
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Figure 5.2 : Daily operating hours & number of cycles of the GSHP system vs. daily average 

outdoor temperature 

Figure 5.3 : Daily heating and consumption of the GSHP system vs. daily average outdoor 

temperature 

Figure 5.4 shows the daily coefficient of performance (COP) calculated using the daily 

heating and electricity consumption of the GSHP system in Figure 5.3. The coefficient of 

performance of the GSHP ranged from 2.6 to 3.1. As evident from the COP, the heat pump is 

very efficient in the heating mode with an output heating of about 3 times the electricity draw. 

Also, the lower the outside temperature is, the higher the daily operating hours and number of 

cycles of the GSHP system. However, it is noticed that there is minimal change in COP with 

outdoor temperature as evident from the data points in Figure 5.4. Figure 5.5 shows the 
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cumulative heating and electricity consumption of the GSHP within this period. The total 

electricity consumption of the GSHP system during this test period turned out to be 334.5 kWh 

and the total heating was 986.5 kWh which gives a test period COP of 2.95 which matches with 

the GSHP specification (2.9-3.0). The reason for these small changes in the COP is because the 

GSHP system uses the heat of the ground-loop fluid to evaporate the GSHP refrigerant and not 

the heat of the ambient air as for the air-source heat pump. As a result, the ground-loop return 

fluid temperature plays a much more significant role in the performance of the GSHP system. 

 

Figure 5.4 : Daily average COP of the GSHP system and daily average outdoor temperature 

Figure 5.5 : Cumulative heating and consumption of the GSHP system 
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The relationship between the daily heating output and the electricity consumption with 

respect to the average daily outdoor temperature is shown in Figure 5.6. As the outdoor 

temperature increases, the demand for heating decreases resulting in less operating hours and 

electricity consumption. Although the daily heating output and the electricity consumption of the 

GSHP varies with the change of the outdoor temperature, the COP remains almost constant. 

Figure 5.6 : Daily electricity consumption and heating output vs. daily average outdoor 

temperature 

5.1.3 Entering Source Temperature (EST) and Entering Load Temperature (ELT)  

The fluid return temperature from the ground loop plays a major role on the performance 

of the GSHP system as seen in Figures 5.7-5.9. In heating mode, the total power draw of the 

GSHP system increases as the fluid return temperature from the ground decreases. As evident 

from the data collected, it is mostly because of the compressor power draw as the power draw by 

the ground-loop and buffer-tank pumps remain almost constant. The lower the fluid return 

temperature from the ground, the more work is required by the compressor resulting in more 

power draw as seen in Figure 5.7. On the other hand, the heat output from the GSHP system 

increases as the return temperature from the ground loop increase as seen in Figure 5.8. As a 

result, the COP increases by almost 10% for each one degree Celsius increase in the return fluid 

temperature. This increase is noticed when the load supply temperature (the water from the 

buffer tank) range is between 33C and 43C as shown in Figures 5.9 and 5.10. 



42 

 

Figure 5.7 : Power draw vs. fluid return temperature from the ground loop 

Figure 5.8 : Heat output vs. fluid return temperature from the ground loop 

Figure 5.9 : COP vs. fluid return temperature from the ground loop 
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Figure 5.10 : COP, heat output & power draw vs. fluid return temperature from the ground loop to 

GSHP 

Also, the system COP is affected greatly by the supply load temperature (from the buffer 

tank to the GSHP). Figure 5.11 shows the system total heating COP changes with the supply load 

temperature. In theory, the heating COP of the GSHP decreases as the supply load temperature 

increases. Figure 5.11 shows that the system COP decreases as the temperature increases until 

around 42C. Although the COP continue to decrease after that, the change is smaller. The lower 

COP at the end of the cycle is due to the higher temperature difference between the GSHP water 

supply from the buffer tank and GSHP fluid supply from the ground loop. The GSHP starts 

operating when the buffer tank temperature is around 35C. At this point the GSHP COP is at its 

highest value because the temperature difference between the load and the source temperatures is 

at its lowest. The low temperature differential for the first transient period of operation decreases 

the power drawn by the heat pump compressor. With time, the temperature difference between 

the load and the source increases resulting in lower COP. The details of a regular heating cycle 

of the GSHP is shown in Appendix C.1.  
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Figure 5.11 : COP vs. supply temperature from the buffer tank to GSHP 

A better representation of the relation between the GSHP COP, Entering Load 

Temperature (ELT) and Entering Source Temperature (EST) is presented in Figure 5.12. As 

defined earlier, the ELT is the water temperature entering the GSHP from the buffer tank and the 

EST is the antifreeze mixture temperature entering the GSHP from the ground loop. High EST 

increases the heating COP whereas the high ELT decreases the heating COP. It is clearly noticed 

that the smaller the difference between the EST and the ELT improves the overall COP of the 

system. The smallest difference in the graph is 37C when the EST and the ELT are 3.5C and 

40.5C, respectively. In this case, the highest COP (3.15) is reached. The lowest COP on the 

graph is around 2.7 where the highest temperature difference, 44.5C, between the EST, 0.5C, 

and the ELT, 45C, is recorded. 

Figure 5.12 : GSHP COP vs. EST and ELT 
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5.1.4 Heat extraction from the ground 

The daily heat extraction from the vertical ground loops are shown in Figure 5.13. From 

the data collected from the vertical ground loops, the average daily heat extraction when 

operating in is 7.9 kWh from both loops. Figure 5.13 shows that the heat extraction from the 

vertical ground loops is high when the daily average outdoor temperature is low and there is no 

heat extraction on May 31
st
 and June 2

nd
 when the daily average outdoor temperature is around 

26C.  

Figure 5.13 : Heat extraction from the vertical ground loops and daily average outdoor 

temperature 
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5.2.1 Cooling mode using the vertical loops (June 21 – July 8, 2013) 

In this period, the cooling mode of the GSHP and the vertical loops was investigated. The 

highest outdoor temperature recorded was 35C and the lowest was 15C with an average 

outdoor temperature of 24C over the period. In this part, the two vertical loops were used with 

equal flow in both of them. When operating, the flow rate in both loops was constant with 24 

LPM (6.3 US GPM) in each loop. The GSHP compressor, the ground-loop circulating pumps, 

and the GSHP to buffer-tank pump started at the same time when the temperature of the load (the 

water in the buffer tank) reached 15C and stop when the temperature dropped to 5C. The flow 

rate of the water in the GSHP/buffer-tank loop was almost constant at around 50.4 LPM (13.3 

US GPM) at all times. Those temperatures were based on the designed temperature of the Air 

Handling Unit (AHU) that is connected to the buffer tank. The buffer tank provides cold water to 

the house AHU that provides cooling to different zones of the house. As in the earlier case, an 

average daily representation will be used in this thesis and one operating cycle will be shown in 

Appendix C.2. As in the previous case, it is important to show the power draw of the different 

components with time, as the change in power draw has great influence on the performance of 

the system. The power draw of the different components of the system can be seen in a sample of 

operation taken on July 1
st
, 2013 in Figure 5.14. 

Figure 5.14 : Buffer-tank pump, ground-loop pumps, compressor and total power draw with time 
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5.2.2 Daily operation  

Figure 5.15 illustrates the GSHP system operation hours and the average daily outdoor 

temperature from June 21
st
 through July 8

th
. The COP of the GSHP was investigated considering 

the compressor, the circulating pumps and the buffer-tank pump operating hours and 

consumptions. In this part, the GSHP compressor accounted for 64% to 68% of the total power 

consumption which is almost 15% lower than the heating period. The reason for that is due to the 

lower temperature difference between the load and the sink. The total daily consumption and the 

daily cooling provided by the GSHP is illustrated in Figure 5.16. Figure 5.16 also illustrates a 

peak daily cooling and electricity consumption of 117 kWh and 18 kWh respectively at the 

highest daily average outdoor temperature of 28C. 

Figure 5.15 : Daily operating hours & number of cycles of the GSHP system vs. daily average 

outdoor temperature 

Figure 5.16 : Daily cooling and consumption of the GSHP system vs. daily average outdoor 

temperature 
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Figure 5.17 shows the average daily coefficient of performance (COP). The coefficient of 

performance of the GSHP ranged from 4.2 to 4.8. As evident from the COP, the GSHP system is 

more efficient in cooling mode compared with to the heating mode in the first case. The higher 

efficiency is due to the lower temperature difference between the ELT and EST as will be 

explained in detail later. In the cooling mode, the GSHP system provides more than 4 cooling 

units for each unit of electricity consumed. The GSHP COP is expected to remain almost 

constant regardless of the outside temperature as it depends on the ground-loop and the load 

temperatures. However, it is noticed that there is small drop in performance of the GSHP around 

June 24
th

. It is clear that the higher the outside temperature is, the higher the daily operating 

hours and number of cycles of the GSHP system. The drop in the COP on that day and the small 

changes in the COP during the test period is because of the average operating hours of the GSHP 

during that period. On June 24
th

, the operating hours and the number of cycles of the GSHP 

system were 9.4 hours and 20 cycles giving an average of 28 minutes per cycle during that day. 

The longer cycle times in this test meant an increasing temperature difference across the GSHP 

which affected the COP. This longer period, compared to 16 minutes per cycle on July 2
nd

, lead 

to a lower COP of the system on June 24
th

. The increase of the temperature difference between 

the supply temperature to the GSHP from the vertical loops and the buffer tank can be seen in 

Figures C.5 and C.6 in Appendix C.  

Figure 5.17 : Daily average COP of the GSHP system and daily average outdoor temperature 
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Figure 5.18 shows the cumulative cooling and electricity consumption of the GSHP 

within this period. The total electricity consumption of the GSHP system during this test period 

turned out to be 182 kWh and the total cooling was 823 kWh which gives a test period COP of 

4.5 which is higher than the GSHP specification (3.6-3.7). The higher COP is because the 

temperature supplied by the vertical ground loops is much lower than the manual uses which 

resulted in a better cooling performance. Also, comparing the cooling COP of this period (4.5) to 

the heating period COP (2.9) is an evidence of the role of the ELT and the EST on the COP, 

which will be explained at the end of this section.  

Figure 5.18 : Cumulative cooling and consumption of the GSHP system 

The relationship between the daily cooling output and the electricity consumption with 

respect to the daily average outdoor temperature is shown in Figure 5.19. As the outdoor 

temperature increases, the demands for cooling increases resulting in longer operating hours and 

greater electricity consumption. Although the daily cooling output of the GSHP varies with the 

outdoor temperature, the daily electricity consumption has lower increasing rate with higher 

daily average outdoor temperature. 
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Figure 5.19 : Daily electricity consumption and cooling output vs. daily average outdoor 

temperature 

5.2.3 Entering Sink Temperature (EST) and Entering Load Temperature (ELT)  

As is always the case with GSHPs, the fluid return temperatures from the ground loop or 

EST have great influence on the performance of the GSHP system as seen in Figures 5.20-5.22. 

When in the cooling mode, the power draw by the GSHP system decreases as the EST decreases 

as seen in Figures 5.20. The higher the EST, more work is required by the compressor resulting 

in higher power draw. However, the cooling output from the GSHP system decreases as the EST 

increases as seen in Figures 5.21. Considering only the effect of the EST while the ELT is 

constant, the COP increases by almost 2% for each one degree Celsius decrease in the return 

fluid temperature. Figure 5.23 shows a good representation of the rate of change of cooling 

output, power draw and COP with respect to the change of the EST. 
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Figure 5.20 : Power draw vs. fluid return temperature from the ground loop 

Figure 5.21 : Cooling output vs. fluid return temperature from the ground loop 

Figure 5.22 : COP vs. fluid return temperature from the ground loop 
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Figure 5.23 : COP, cooling output & power draw vs. supply temperature from the ground to GSHP 

Another important factor on the performance of the GSHP is the load temperature from 

the buffer tank. Figure 5.24 shows the cooling COP changes with the load temperature. The 

graph temperature axis is in reverse to give a better representation of the operation time line. The 

load temperature from the buffer tank starts at a high temperature and the GSHP keeps operating 

until the buffer tank temperature drops to around 5C. Assuming a constant EST, which averages 

around 17C, the decrease of the ELT results in a higher temperature difference between the EST 

and ELT. This increase in the temperature difference between the condenser side and the 

evaporator side force the compressor to draw more power for achieving the required 

compression effect. As a result, the performance of the GSHP system decreases with the 

decrease of the ELT.  
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Figure 5.24 : COP vs. Supply temperature from the buffer tank to GSHP 

The detailed heat pump COP is shown in Figure 5.25 at various entering sink and load 

temperatures. The increase of the sink temperature decreases the cooling performance of the 

GSHP. The increase of the load temperature, on the other hand, increases the cooling 

performance. Similar to the heating test, the smaller the difference between sink and load 

temperature, the higher the COP.  

Figure 5.25 : GSHP COP vs. EST and ELT 
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5.2.4 Heat ejection to the ground 

The daily heat injection to the vertical ground loops are shown in Figure 5.26. From the 

data collected from the vertical ground loops, the average heat injection when operating is 14.4 

kWh from both loops. Figure 5.26 shows that the heat ejection to the ground through the vertical 

loops increases with the increase of the average outdoor temperature. The peak heat injection 

occurred on the hottest day of the test period, June 24
th

.    

Figure 5.26 : Heat injection to the vertical ground loops and daily average outdoor temperature 

5.3 Vertical loops test summary 

In the first two tests, the GSHP operated using the vertical ground loops. The GSHP 

performed very well in the heating test period with a COP range of 2.7 (at an ELT of 45°C and 

EST of 0.5°C) to 3.15 (at an ELT of 40.5°C and EST of 3.5°C). In the cooling mode, the GSHP 

performed much better than in the heating mode with a COP range of 3.75 (at an ELT of 3°C and 

an EST of 19.5°C) to 5.4 (at an ELT of 10.5°C and an EST of 16.5°C). During both tests, the 

GSHP showed a constant performance which can be explained by a relatively constant ground 

temperature. Table 5.2 shows the summary of vertical loop test periods. 
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Table 5.2 : Summary of the vertical loop test periods 

 

TEST 

 

Loop used 

 

Test period 

 

Heating/cooling Output 

(kWh) 

 

Electricity Consumption 

(kWh) 

 

COP 

 

Heating 

 

Vertical loop 

 

May 14 – June 4, 2013 

 

986.5  

 

334.5  

 

2.95 

 

Cooling 

 

Vertical loop 

 

June 21 – July 8, 2013 

 

823.0  

 

182.0  

 

4.5 

The overall performance of the GSHP is affected by the temperature difference between 

the EST and the ELT. The higher difference across the GSHP resulted in a lower COP. In the 

heating mode, the average difference between the EST and the ELT was around 41°C whereas in 

the cooling mode, the average difference was around 15°C. The total power consumption of the 

GSHP is related to the EST and the ELT. The higher difference between the EST and the ELT 

resulted in a higher power draw. This change in the power draw is mainly due to the GSHP 

compressor since the power draw from the pumps is almost constant in all cases. The power 

draw of the ground-loop pumps is 670 W, whereas from the GSHP/buffer-tank pump it is 190 W. 

Due to the larger difference between the EST and the ELT in the heating mode, the GSHP 

compressor power draw usually starts around 2500 W and keeps increasing to over 4000 W at 

the end of most cycles. However, in the cooling mode, in which the difference between the EST 

and the ELT is smaller, the compressor power draw starts at around 1500 W and keeps 

increasing with time to approximately 2000 W at the end of most cycles. In both the heating and 

the cooling cases, the temperature difference between the EST and the ELT always increases 

with time as could be seen in Appendix C.1 and C.2. It is worth noting that the GSHP averaged 

of 32 minutes per cycle in the heating mode, whereas the cooling mode average was 20 minutes. 

Short and more frequent cycles in both tests were a result of the GSHP operating at part-load 

conditions.  
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-Both The Vertical and The Horizontal Loops 

5.4.1 Cooling mode using the vertical and the horizontal loops with equal flow (July 19 – 

August 7, 2013) 

From the beginning of the setup of the experiment, the horizontal loop was thought to 

have the same pipe size and length as the new vertical loop. However, after charging the 

horizontal loop with the water/PG solution, it turned out that the amount used was two times that 

of the water/PG solution used in the vertical loop to reach the desired concentration. Also, due to 

the lack of documentation on the size of the horizontal loop, the size was determined by 

measuring the total volume of the horizontal loop.  

To do that, two samples from the horizontal loop were collected and sent for analysis. 

The first sample was taken with only the water/PG mixture in the loop. Then, a lithium sample 

was added to the loop with known concentration and volume and circulated in the loop. After a 

few days of circulation, the second sample was collected and sent for analysis. From the 

concentration of lithium in the second sample, the volume of the horizontal loop was calculated 

to be 732 L. Knowing the horizontal loop pipe size, it turned out that the horizontal loop is two 

times the length of the vertical loop. Appendix D shows the detailed test and the calculations of 

the horizontal loop lengths. 

In this part of the experiment, the vertical and horizontal loops were connected to the 

GSHP and the flow was divided equally between them. The data collection started on July 10, 

2013. However, due to missing data and errors in the readings, the data in this section is 

presented from July 19 to August 7, 2013. The missing data and errors in the readings were a 

result of the huge amount of data collected in the house at that time and the limited 

computational and storage capabilities of the Central Processing Unit (CPU) and database used 

in the house. More frequent backup of the database and limiting the use of the data acquisition 

system (DAQ) for the remaining test period resulted in negligible missing data points and errors. 
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During this part of the experiment, the ambient temperature range was between 10C and 

36C with an average period temperature of 22C, which provided a good temperature range to 

analyze the cooling performance of the GSHP using both vertical and the horizontal ground 

loops. When operating, the flow rate in both the vertical and the horizontal loops were constant 

with 32 LPM (8.45 US GPM) in each loop. In this part, the GSHP starts when the temperature of 

the load (the water in the buffer tank) reaches 15C and stops when the temperature drop to 5C. 

The flow rate of the water in the GSHP/buffer-tank loop was almost constant at around 47.3 

LPM (12.5 US GPM) at all times. In Figure 5.27, the power draw of the different components of 

the GSHP is shown for one cycle. 

Figure 5.27 : Buffer-tank pump, ground-loop pumps, compressor and total power draw with time 

5.4.2 Daily operation 

The GSHP operation hours and the daily average outdoor temperature starting from July 

19 to August 7, 2013 is presented in Figure 5.28. In this part, the GSHP compressor accounted 

for around 64% to 66% of the total power consumption. This percentage is much lower than the 

previous cases. As will be shown later, it is due to the lower difference between the EST and the 

ELT when using both the horizontal and the vertical loops together. Figure 5.29 shows the total 

daily consumption and the daily cooling provided by the GSHP and illustrates a peak daily 
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cooling and electricity consumption of 97 kWh and 18.2 kWh respectively at the highest daily 

average outdoor temperature of 29C. 

Figure 5.28 : Daily operating hours & number of cycles of the GSHP system vs. daily average 

outdoor temperature 

Figure 5.29 : Daily cooling and consumption of the GSHP system vs. daily average outdoor 

temperature 

Figure 5.30 shows the daily COP. The daily COP is higher than in the previous cases 

with a range between 5.36 and 5.48. As in the previous cases, the GSHP COP remains almost 
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constant regardless of the outside temperature. Although the change in the daily COP is small 

throughout the test period, the lowest daily COP value was recorded on July 19
th

. During the test 

period, it was noticed from the data that the daily average cycles time is 11   1 minutes while on 

July 19
th

 the average daily cycle time was 16 minutes. This longer period lead to higher power 

draw by the GSHP compressor resulting in the lower COP. Also, the number of cycles on July 

19
th

 has magnified this effect of cycling time. 

Figure 5.30 : Daily average COP of the GSHP system and daily average outdoor temperature 

Figure 5.31 shows the cumulative cooling and electricity consumption of the GSHP 

within this period. The total electricity consumption of the GSHP system during this test period 

turned out to be 112 kWh and the total cooling was 607 kWh, which resulted a test period COP 

of 5.42. This high COP is much higher when compared to the cooling mode COP (4.5) in Section 

5.1.2. Figure 5.32 shows the relationship between the daily cooling output and the electricity 

consumption with respect to the average daily outdoor temperature. As the outdoor temperature 

increases, the demands for cooling increase resulting in higher operating hours and electricity 

consumption. 
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Figure 5.31 : Cumulative cooling and consumption of the GSHP system 

Figure 5.32 : Daily electricity consumption and cooling output vs. average daily outdoor 

temperature 

5.4.3 Entering Sink Temperature (EST) and Entering Load Temperature (ELT) 

The EST influence on the performance of the GSHP system can be seen in Figures 5.33-

5.35. In cooling mode, the power draw by the GSHP system increases as the EST increases as 

shown in Figures 5.33. However, as in the previous cooling test, the cooling output from the 

GSHP system decreases as the EST increases which can be seen in Figures 5.34. Also, the COP 

of the GSHP is effected by the EST. As seen in Figure 5.35, the COP decreases as the EST 

increases. The COP drops by almost 3% for reach one degree Celsius increase in the EST. Figure 

5.36 shows complete representation of the change of cooling output, power draw and COP with 

respect to the change of the EST. 
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Figure 5.33 : Power draw vs. fluid return temperature from the ground loop 

Figure 5.34 : Cooling output vs. fluid return temperature from the ground loop 

 
Figure 5.35 : COP vs. fluid return temperature from the ground loop 
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Figure 5.36 : COP, cooling output & power draw vs. supply temperature from the ground to GSHP 

The change of the performance of the GSHP with different ELT is seen in Figure 5.37. 

The temperature axis in Figure 5.37 is in reverse to give a better representation of the operation 

time line in which the ELT is high at the beginning of the GSHP operation. Assuming a constant 

EST, which averages around 14.5C, the decrease of the ELT results in a higher temperature 

difference between the EST and ELT. Figure 5.37 shows the same pattern that the previous 

cooling test case showed in Figure 5.24. The smaller average difference between the sink and 

load temperatures in this case resulted in a much higher COP. 

Figure 5.37 : COP vs. load temperature from the buffer tank to GSHP 
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Unlike the two previous cases, the combined effect of the ELT and the EST on the COP 

was not clearly noticed in this test. It is mainly due to the oversized ground loop system when 

using the vertical and the horizontal loops together compared to the low cooling load of the 

house. This resulted in a much smaller temperature range that is supplied to the GSHP from the 

combined loops. Figure 5.38 shows the GSHP average supply and return temperatures from the 

loops and from the buffer tank for all cycles in the period. The average cycle range is 11 ± 1 

minutes in which the temperature range entering the GSHP from the loops is 13C to 15.5C. 

Figure 5.39 shows the horizontal and vertical loops average supply and return temperatures for 

all cycles. 

Figure 5.38 : The GSHP average supply and return temperatures from the loops and from the 

buffer tank 

Figure 5.39 : The horizontal and vertical loops average supply and return temperatures for all 

cycles 
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Due to the small cooling load of the buffer tank, the test period average cycle time was 11 

minutes. The longest cycle in the test period was recorded at noon of the warmest day in the test 

period, July 19th. The cycle time was 19 minutes. This was not enough time to reach steady 

operating conditions of the loops. The thermal mass of the fluid in the vertical and the horizontal 

loops before starting the GSHP cycles played a more significant part in such short cycles. This 

resulted in a better performance of the GSHP compared to the first cooling test using the vertical 

loop alone as seen in Figure 5.40. The Figure shows the average cooling output and the COP of 

all cycles in the test period versus time. 

Figure 5.40 : The cooling output and the average COP in the test period 

In the first few minutes of each cycle using the vertical loop, the temperature supplied 

was the temperature of the fluid that was stationary in the loops before the cycle. The fluid needs 

around 5 minutes to travel from the loop supply to the return with the flow rate used (16 LPM). 

This period showed a good estimate of the vertical loop temperature profile with depth before the 

cycles started. Although the beginning of full circulation of the ground loop fluid was noticed 

after that, the steady conditions were not reached due to the short cycles. 

The horizontal loop, on the other hand, supplied a more steady fluid temperature to the 

GSHP throughout the cycles. The steady fluid temperature is due to the length, diameter and 

flow rate used in the horizontal loop. The time needed for the fluid to travel from the loop supply 
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to the return is around 23 minutes which is more than the longest cycle. The change of the fluid 

temperature from the horizontal loop is due to the change of the ground level and surface water 

in the field where it was installed. 

5.4.4 Heat rejection to the ground 

The daily heat rejected to the ground loops from the GSHP is shown in Figure 5.41. From 

the data collected, the average heat rejected by the GSHP to the vertical and the horizontal loops 

when operating was 15.47 kWh. The average heat rejected by the GSHP to the vertical loop was 

7.89 kWh while 7.58 kWh was rejected to the horizontal loop (51% heat rejected to the vertical 

loop). Due to equal flow rate, the amount of heat rejected by the GSHP to the vertical and 

horizontal loops was about the same. However, the vertical loop has much higher heat transfer 

per unit inside surface area of pipe than the horizontal loop by as much as 203% (0.2712 vs. 

0.0895 kWh/m
2
). This is mainly due to higher ground temperature (about 2C higher) at the 

horizontal loop than at the vertical loop (see Figure 5.39), causing smaller temperature difference 

between the horizontal loop and its surrounding ground than between the vertical loop and its 

surrounding ground. Secondary reason is the bigger horizontal pipe than the vertical pipe (1.34” 

vs. 1.06”) which resulted in lower convection heat transfer due to lower Reynolds number of the 

horizontal loop (4400 vs. 5540). 

Figure 5.41 : Heat rejection to the ground loops and daily average outdoor temperature 
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5.5.1 Cooling mode using the vertical and the horizontal loops with equal Reynolds number 

(August 9th to September 4th, 2013) 

In this part of the test, the vertical and the horizontal loops were connected to the GSHP 

and the flow was divided between them. The idea in this part is to control the flow in both loops 

to have the same flow characteristics. Reynolds number was set to an equal value of 4840 in both 

loops which was achieved by pumping around 28 LPM in the vertical loops and around 35 LPM 

in the horizontal loops. The choice of using equal Reynolds number in both loops was due to the 

small adjustments needed in the flow control system and the small pressure drop when 

controlling the flow in each loop. The data collection started on August 9, 2013. However, as in 

the last test, missing data and errors in the readings occurred over the weekend of August 17
th

 

and 18
th

 due to a power outage in the house. The data from those days were ignored in the 

analysis and the figures in this section. The data is presented from August 9
th

 to September 4
th

, 

2013. 

During this part of the test, the maximum and the minimum ambient temperature 

recorded were 34C and 12C, respectively with an average period temperature of 22C. As in 

the last test, the GSHP started when the temperature of the load reached 15C and stopped when 

the temperature dropped to 5C. The flow rate of the water in the GSHP/buffer-tank loop was 

almost constant at around 47.3 LPM (12.5 US GPM) at all times. In Figure 5.42, the power draw 

of the different components of the GSHP is shown for one cycle. 

Figure 5.42 : Buffer-tank pump, ground-loop pumps, compressor and total power draw with time 
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5.5.2 Daily operation 

The GSHP operation hours and the daily average outdoor temperature are presented in 

Figure 5.43. Similar to the last test in 5.4.2, the GSHP compressor accounted for around 65% of 

the total power consumption. Figure 5.44 shows the total daily consumption and the daily 

cooling provided by the GSHP and illustrates a peak daily cooling and electricity consumption of 

63 kWh and 11.7 kWh respectively on August 21. The daily peak cooling output and electricity 

consumption took place on August 21
st
 shortly after the hottest day in the test period. This is due 

to the thermal mass and the insulation in the house which caused the delay of peak load. 

Figure 5.43 : Daily operating hours & number of cycles of the GSHP system vs. daily average 

outdoor temperature 

Figure 5.44 : Daily cooling and consumption of the GSHP system vs. daily average outdoor 

temperature 
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Figure 5.45 shows the GSHP daily COP. The daily COP was still higher than the first two 

cases when the vertical loop was used alone. The daily COP for this period ranged between 5.31 

and 5.46 and remained almost constant. During the test period, the average cycle time was 

around 12 minutes per cycle. Figure 5.46 shows the cumulative cooling output and electricity 

consumption of the GSHP within this period. The total electricity consumption of the GSHP 

system during this test period turned out to be 139 kWh and the total cooling output was 745 

kWh, which gave a test period COP of 5.36. As in the last case, this high performance of the 

GSHP was due to the fluid temperature being supplied to the GSHP from the ground loops. The 

relationship between the daily cooling output and the electricity consumption with respect to the 

average daily outdoor temperature is shown in Figure 5.47. As the outdoor temperature 

increases, the cooling load and the power consumption increases. 

Figure 5.45 : Daily average COP of the GSHP system and daily average outdoor temperature 

Figure 5.46 : Cumulative cooling and consumption of the GSHP system 
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Figure 5.47 : Daily electricity consumption and cooling output vs. average daily outdoor 

temperature 

5.5.3 Entering Sink Temperature (EST) and Entering Load Temperature (ELT)  

In addition to the last tests, the effect of supplied fluid temperature from the ground loop 

or the EST is shown in this part. As seen in Figures 5.48-5.50, the power draw by the GSHP 

system decreases as the EST decreases. In contrast, the cooling output from the GSHP system 

decreases as the EST increases. Despite fewer data points, due to the smaller range of the EST, 

the COP relation with the EST is consistent with the other cooling tests. Figure 5.51 is a 

representation of the rate of change of cooling output, power draw and COP with respect to the 

change of the EST. 

Figure 5.48 : Power draw vs. fluid return temperature from the ground loop 
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Figure 5.49 : Cooling output vs. fluid return temperature from the ground loop 

Figure 5.50 : COP vs. fluid return temperature from the ground loop 

Figure 5.51 : COP, cooling output & power draw vs. supply temperature from the ground to GSHP 
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The change of the performance of the GSHP with different ELT is seen in Figure 5.52. 

The temperature axis in Figure 5.52 is in reverse to give a better representation of the operation 

time line where the ELT is high at the beginning of the GSHP operation. Figure 5.52 shows the 

same behavior that the previous cooling test case showed (Figure 5.37). In the first few points, 

the change in the COP is smaller than the change when the ELT gets lower due to the 

temperature difference between the EST and ELT. At the beginning of the operation, when ELT 

is high, the temperature difference between the ELT and the EST is small as can be seen in the 

first minute in Figure 5.53. 

Figure 5.52 : COP vs. Supply temperature from the buffer tank to GSHP 

Similar to the last test, the combined effect of the ELT and the EST on the COP is not 

presented in this section due to the small temperature range that is supplied to the GSHP from 

the combined loops as seen in Figure 5.53. This figure shows the average of all cycles in the test 

period. Although the longest cycle in the period is 19 minutes on August 21, the average cycle 

last for about 12 minutes. In Figure 5.53, the data points after the 12-minute mark represent only 

a few cycles in the test period which was not enough time to reach steady operating conditions of 

the loops. In the first five minutes of the cycles, the loops supplied the GSHP with almost a 

constant fluid temperature at around 13C. As in the last case, constant low fluid temperature 

resulted in higher performance of the GSHP compared to using the vertical loop alone. 
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Figure 5.54 shows the average supply and return temperatures for all cycles for the 

horizontal and vertical loops. Due to the smaller size of the vertical loop, the fluid took around 7 

minutes to travel from the supply to the return of the loop with a 14 LPM flow rate which was 

used to reach the equal Reynolds number. Despite full circulation the 7-minute mark, steady 

conditions were not reached. The time the horizontal loop fluid needed to travel from the loop 

supply to the return was around 21 minutes which is more than the longest cycle recorded. 

Throughout all of the cycles in this period, the horizontal loop acted almost like a constant fluid 

temperature bank which helped in increasing the performance of the GSHP. Figure 5.55 shows 

the average cooling output and the COP of all cycles in the test period versus time. In the first 

few minutes, the COP is at the highest range when both the vertical and the horizontal loops 

supplied the GSHP with a relatively constant fluid temperature. After that, the vertical loop 

circulation is noticed resulting in warmer fluid entering the GSHP, which lowers the GSHP COP.     

Figure 5.53 : The GSHP average supply and return temperatures from the loops and from the 

buffer tank for all cycles 
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Figure 5.54 : The horizontal and vertical loops average supply and return temperatures for all 

cycles 

Figure 5.55 : The cooling output and the COP average of all cycles in the test period 

5.5.4 Heat rejection to the ground 

The daily heat rejected to the ground loops from the GSHP is shown in Figure 5.56. From 

the data collected, the average heat rejected by the GSHP to the ground loops when operating 

was 15.77 kWh. The average heat rejected by the GSHP to the vertical loop was 8.21 kWh while 

7.56 kWh was rejected to the horizontal loop (52% heat rejected to the vertical loop). Again, the 
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vertical loop has much higher heat transfer per unit inside surface area of pipe than the horizontal 

loop by as much as 216% (0. 2823 vs. 0.0893 kWh/m
2
). In terms of unit length of pipe, the 

convection heat transfer is the same between the horizontal and vertical loops, due to similar 

hydrodynamic condition. In theory, the horizontal loop should have an overall higher heat 

transfer than the vertical loop, because of its longer length, but it was not the case for this test. 

This is due to higher ground temperature (about 2.4C higher) at the horizontal loop than at the 

vertical loop (see Figure 5.54), causing smaller temperature difference between the horizontal 

loop and its surrounding ground than between the vertical loop and its surrounding ground. This 

shows that a change in ground temperature surrounding the ground loop can have big effect on 

the heat transfer performance of the ground loop.  

Figure 5.56 : Heat rejection to the ground loops and daily average outdoor temperature 

5.6 Vertical and horizontal loops tests summary 

In the last two tests, the horizontal and the vertical loops have been used as a heat sink for 

the GSHP. In the first test, equal flow was used in both loops, whereas the second test used equal 

Reynolds numbers by using a higher flow rate in the horizontal loop. The GSHP performance 

was much higher than the GSHP specifications in both tests as the loops supplied a low and 

constant fluid temperature to the GSHP for most of the operation time. Regardless of the fluid 

temperature that has been pumped to the ground loops, the return temperature from the loops was 
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not greatly affected. The oversized loops and the small house cooling load resulted in short 

cycling time. Table 5.3 shows the summary of the vertical and the horizontal loops tests period. 

Table 5.3 : Summary of vertical and the horizontal loops test periods 

Cooling test period Ground loop Heat rejected 

to loops (kWh) 

GSHP cooling 

output (kWh) 

GSHP electricity 

consumption (kWh) 

COP 

Equal flow 

Jul 19 – Aug 7, 

2013 

Vertical loop: 

Reynolds number 5540 

Flow rate: 32 (LPM) 

 

Horizontal loop: 

Reynolds number 4400 

Flow rate: 32 (LPM) 

Total: 15.47  

 

Vertical: 7.89 

 

Horizontal: 7.58 

607 112 5.42 

Equal Reynolds 

number 

Aug 9 – Sep 4, 2013 

Vertical loop: 

Reynolds number 4840 

Flow rate: 28 (LPM) 

 

Horizontal loop: 

Reynolds number 4840 

Flow rate: 35 (LPM) 

Total: 15.77 

 

Vertical: 8.21 

 

Horizontal: 7.56 

  

745 139 5.36 

In both tests, the vertical loop supplied a lower fluid temperature. Looking to the 

temperature that has been supplied to the GSHP before the circulation was noticed, the fluid 

from the vertical loop had a lower temperature at around 12°C. Although the temperature was 

stable during the test periods, the horizontal loop fluid supply to the GSHP was at 14°C. The 

horizontal loop was affected by the high ambient temperature due to the shallow depth. 

Looking to the COPs in both tests, the first test with equal flow had a slightly better COP 

than the second test where equal Reynolds numbers were used. The second test used more flow 

in the slightly warmer horizontal loop resulting in a lower COP compared to the first test. The 

COP in the first case was in the range between 5.36 and 5.48 whereas the second test COP 

ranged between 5.31 and 5.46. 
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-Data Analysis Summary and Results 

The GSHP system used the vertical loop in the first two tests in this study. Using the 

vertical loop, the GSHP performed very well in the heating test period with a COP range of 2.7 

(at an ELT of 45°C and EST of 0.5°C) to 3.15 (at an ELT of 40.5°C and EST of 3.5°C). The 

second test used the vertical loop but in the cooling mode. In the cooling mode test, the GSHP 

performed much better than the heating mode with a COP range of 3.75 (at an ELT of 3°C and 

an EST of 19.5°C) to 5.4 (at an ELT of 10.5°C and an EST of 16.5°C). During both tests, the 

GSHP showed a relatively constant performance, which can be explained by a relatively constant 

ground temperature. In both tests, the GSHP power draw was greatly affected by the temperature 

difference between the ELT and the EST. 

Table 5.4 shows a summary of the cooling and heating seasonal performance of the 

GSHP when using the vertical loop in this test and the results that were obtained in 2009 by Mr. 

Amir Safa with the same system, but with the horizontal ground loop (Safa, 2012). Both tests 

had the same load and source flow rates. The only major difference was that the horizontal 

ground loop had a 30% propylene glycol concentration and the vertical loop had 20% propylene 

glycol concentration. The overall COP is the COP presented in chapter 4 and used in this study. 

However, the GSHP COP was obtained considering the GSHP compressor and the ground loop 

circulating pumps consumption. Although the horizontal ground loop is more than twice the 

length and has 3.8 the fluid volume of the vertical loop, the GSHP had much better performance 

using the vertical loop. The horizontal loop is affected by the weather conditions due to its 

shallow depth. However, the vertical loop showed a constant performance throughout the test 

periods, which can be explained by a relatively constant ground temperature at the deeper depths. 

Table 5.4 : Comparison of the cooling and heating seasonal performance of the GSHP with 

different ground loops 

 

Test 

GSHP using the vertical loop. GSHP using the horizontal loop (Safa, 2012). 

Heating season  Cooling season  Heating season  Cooling season  

Overall COP 2.95 4.5 - - 

GSHP COP 3.10 4.73 2.86 3.98 
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The last two tests of this study, the GSHP used both ground loops in parallel. Although 

the intended steady operating conditions of both loops were not achieved due to the small house 

cooling load, the short cycle performance was noted. The first test used equal flow rates in each 

loop, whereas the last test used more flow in the horizontal loop to reach the same Reynolds 

number as the vertical loop. A summary of the performance of the GSHP is shown in Table 5.5. 

The first cooling test using equal flow had a slightly better COP than the last test. When more 

flow was directed to the horizontal loop to reach an equal Reynolds number, the GSHP received 

more flow from the warmer horizontal loop which resulted in lower COP.   

Table 5.5 : Comparison of cooling seasonal performance of the GSHP using both ground loops 

 

Test 

Cooling (Jul 19 – Aug 7, 2013) Cooling (Aug 9 – Sep 4, 2013) 

Horizontal Loop Vertical Loop Horizontal Loop Vertical Loop 

Flow rate (LPM) 32 32 36 28 

Lowest fluid supply temperature 

recorded from the loops (°C) 

13.7 11.9 14.1 11.7 

Overall COP 5.42 5.36 
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CHAPTER 6 SUMMARY & CONCLUSIONS  

Author’s Contribution 

This thesis is focused on the performance analysis of a vertical and a horizontal coupled 

ground source heat pump system. The Archetype Sustainable House project presented the 

opportunity to study and compare one of the most efficient residential heating and cooling 

devices: a ground source heat pump system. In this regard, the author has performed the 

following activities: 

 Design and execution of the ground loops flow control system. 

 Replacement of the ground loop fluid with the optimum concentration of water/PG 

solution for the loops.  

 Installation of all the sensors. 

 Calibration of all the sensors. 

 Implementation of the Data Acquisition (DAQ) system.  

 Validating the collected data from all related sensors, through cross-checking and 

performing calibration, when required. 

 Thermal performance analysis of the components of the GSHP system, and comparing 

the results with the manufacturer’s data. 

 Further analysis was done during the experiment to investigate the issues with the as-built 

system when discovered. 

 Regular monitoring and backup of the database to insure the quality of the data collected 

during the test.  

 Determination of the errors of all measured and derived data through uncertainty analysis 
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6.1 Conclusions 

The present study on the performance of a vertical and a horizontal ground loops coupled 

to a ground source heat pump system was conducted at the Archetype Sustainable twin houses 

located in Vaughan, Canada. These results demonstrate that GSHP is viable and energy efficient 

alternative to conventional systems for heating and cooling applications. From the results of the 

experimental study, the following conclusions were obtained:-  

 The experiment was designed and constructed and operate successfully without any serious 

defects during the test periods. 

 The performance of the GSHP was not affected by the weather conditions during the tests. 

 The cooling performance of the GSHP was higher than the heating performance due to the 

lower temperature deference between the ground loop supplied temperature to the GSHP 

and the load supplied temperature to the GSHP. In the vertical ground loop tests for 

example, the test periods' COP of the GSHP system were 2.95 in the heating mode and 4.5 

in the cooling mode. 

 When using both ground loops, the cooling COP of the GSHP system was 5.42 when both 

loops had equal flow and 5.36 when both loops had equal Reynolds number. 

 The GSHP compressor accounted for the majority of the GSHP's total power consumption 

and is effected by both the EST and the ELT. 

 The effects of the EST and the ELT on the COP of the GSHP were shown in the 

experimental results. 

 The GSHP showed high COP at the beginning of operation cycles. 

 Operation cycles time affected the COP of the GSHP.  
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 Experimental results showed that the GSHP have a higher COP when using the vertical 

ground loop compared to the horizontal loop.   

 The study showed that a vertical U-tube GHE configuration is preferred because it requires 

less ground area and offers better performance due to smaller seasonal swing in the ground 

mean temperature compared horizontal loop configuration. The fluid supply temperature 

from the vertical ground loop was not affected by the weather conditions during the tests. 

However, solar radiation near the ground surface, and warm weather conditions in the 

summer affected the horizontal ground loop. The fluid supply temperature from the 

horizontal loop increased at the end of the cooling season by almost 2°C.  

 The GSHP showed higher frequency and shorter operating times than expected. This is an 

indication of an oversized GSHP when the required load is a fraction of the GSHP capacity 

which often causes lower reliability of equipment. 

 There are challenges associated with the evaluation of ground loop heat exchangers due to 

the fact that they present a unique type of heat transfer problem. First, heat transfer within 

the ground can be highly transient. Also, it is difficult to make reliable measurements and 

conclusive interpretations of the underground environment. 

 The vertical loop has much higher heat transfer per unit area of pipe than the horizontal 

loop due to higher ground temperature at the horizontal loop than at the vertical loop, 

causing smaller temperature difference between the horizontal loop and its surrounding 

ground than between the vertical loop and its surrounding ground. 

Despite the issues and the drawbacks, this experimental study has contributed a fair 

amount of insights that is considered new in the literature. The GSHP system at the Archetype 

Sustainable houses has allowed for a direct and side-by-side comparison of loops performance in 

a real residential setting. The advanced monitoring system was capable of generating a clean and 

accurate data. 
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6.2 Recommendations 

The following recommendations are made based on the results of this study: 

 It is highly recommended that a seasonal optimization of the buffer tank set-point 

temperature is carried out. The current set-point temperature is only based on the multi-

zone AHU and in-floor radiant heating. The optimized set-point temperature is needed to 

account for the GSHP performance and the compressor consumption with the supplied 

load. 

  Conduct an in-situ thermal conductivity test by injecting a constant source of heat into 

the horizontal and the vertical loops to study the long term performance of the loops. 

 Installation of temperature sensors along the length of the horizontal loop to monitor the 

temperature profile.  

 A more powerful Data Acquisition Systems with more computational power and storage 

capabilities should be installed for future work to reduce the risk of data loses and errors. 

the  

 It is recommended that a variable speed circulation pump be used to study the effects of 

different flow characterises and heat transfer in ground loops.   

6.3 Future Work  

 Locate the horizontal loops exact location and install new flow control valves that would 

allow the use of half the loop length to allow for more operational options. 

 Long term monitoring of the loops using a constant heat input to determine the loops 

temperature profile.  

 Test, analyze and optimize the GSHP along with the AHU and the in-floor system. 

 A long term comparison of horizontal vs. vertical ground loop configuration in both 

heating and cooling seasons. 
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APPENDIX 

Appendix A 

A.1: Water Properties (GSHP/buffer tank loop) 

A graph was created as shown in Figure A.1 to illustrate the relationship between the 

density of water and temperature. Also, the relation between the density, the specific heat and 

temperature are shown in Table A.1. These relationship are used to calculate the heating and 

cooling of water systems for the GSHP. 

 

Figure A.1 : Density of water(ASHRAE Handbook, 2009). 
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 Table A.1 : Density and specific heat of water (ASHRAE Handbook, 2009) 

Temperature 

(C) 

Density 

(kg/m
3
) 

Specific Heat 

(kJ/kgK) 

0.01 999.8 4.21 

5 1000 4.204 

10 999.8 4.193 

15 999.2 4.186 

20 998.3 4.183 

25 997.1 4.181 

30 995.7 4.179 

35 994.1 4.178 

40 992.3 4.179 

45 990.2 4.181 

50 988 4.182 

55 986 4.183 

60 983 4.185 

65 980 4.188 

70 978 4.191 

75 975 4.194 

 

A.2: PG/Water Mixture (Ground Loops) 

The ground loops use a mixture of water and antifreeze called Propylene Glycol (PG). 

The volume ratio is 20% Propylene Glycol & 80% water. A graph was created as shown in 

Figure A.2 to illustrate the relationship between the density of the mixture and temperature. 

Also, the relation between the density, the specific heat and temperature are shown in Table A.2. 

These relationship are used to calculate the heat extraction/rejection from/to ground loops. 
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Figure A.2 : Density of 20% PG and 80% water (ASHRAE Handbook, 2009) 

Table A.2 : Density and specific heat of 20% PG and 80% water (ASHRAE Handbook, 2009) 

Temperature Density 

Specific 

Heat Viscosity 

(°C) (kg/m
3
) (kJ/kgK) (kg/ms) 

-6.7 1028.9 3.92 0.0054 

-1.1 1027.4 3.93 0.0042 

4.4 1025.7 3.94 0.0034 

10 1023.9 3.95 0.0028 

15.6 1021.8 3.97 0.0023 

21.1 1019.7 3.98 0.0020 

26.7 1017.5 3.99 0.0017 

32.2 1015.1 4.00 0.0014 

37.8 1012.4 4.02 0.0012 

43.3 1009.6 4.03 0.0011 

48.9 1006.8 4.04 0.0010 

54.4 1003.7 4.05 0.0009 

60 1000.5 4.06 0.0008 
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Appendix B: Experimental Uncertainty Analysis 

B1: Uncertainty of Sensors and Calibrators 

The uncertainty analysis was performed on the mechanical system equipment that are 

analyzed in the Chapter 4. Two error sources were considered in the uncertainty analysis in this 

experiment. The first is the accuracy of sensors reading. The second source of error is the 

accuracy value of calibrators which is listed in Table B1. The use of high accuracy calibrators in 

the settings of this experiment lead to a negligible error. However, the calibrator accuracy is 

included in the analysis. The random errors have been neglected in this analysis since the data 

were inspected for all errors (ASHRAE Guideline 2, 2010). A list of the sensors and the accuracy 

is shown in Table B2.  

Table B.1 : Manufacturer supplied calibrators and accuracy. 

Calibrator name Calibrator type Manufacturer Model number Calibrator accuracy 

Elster Amco Water Meter Flow meters Elster Amco N/A ±1.5% 

Micro Calibration Bath Calibrate RTD Sika 

 

TP M 165 S ±0.05 °C 
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Table B.2 : Manufacturer, sensors and accuracy 

Sensor name Sensor type Manufactur

er 

Location Model 

number 

Sensor 

accuracy 

Air temperature 

& Relative 

humidity 

AT and RH Dwyer 

Instruments 

Inc. 

AHU 

Supply/Return 

Duct 

Series RHT-D ±1.5% 

±3.0% 

Metering flow 

switch 

Mixture flow 

rate 

Proteus 

Industries Inc. GSHP supply 

Proteus 

08016BN40QC 

±3.0% 

Metering flow 

switch 

Mixture flow 

rate 

Proteus 

Industries Inc. 

Vertical loop-

A supply 

Proteus 

08012BN16QC 

±3.0% 

Metering flow 

switch 

Mixture flow 

rate 

Proteus 

Industries Inc. 

Vertical loop-

B supply 

Proteus 

08012BN16QC 

±3.0% 

Metering flow 

switch 

Mixture flow 

rate 

Proteus 

Industries Inc. 

Horizontal 

loop supply 

Proteus 

08012BN16QC 

±3.0% 

Metering flow 

switch 

Mixture flow 

rate 

Proteus 

Industries Inc. 

GSHP to 

buffer tank 

Proteus 

0812BN19 

±3.0% 

Wattnode Electrical 

energy 

Continental 

Control 

Systems 

Devices 

Consuming 

Electricity 

WNB-3Y-208-P ±1.0% 

RTD sensor 

(Pt.500, directly 

immersed) 

Temperature AAlTO Inc. Most of the 

pipes 

Pt.500 ±3.0% 

 

 

 



87 

 

For this purpose, the Square Root Sum of Squares (SRSS) method was followed which 

combines all errors or accuracy by squaring them, adding the squares together and taking the 

square root of the sum of those squares (ASHRAE Guideline 2, 2005). 

Overall accuracy of sensors =    
    

                                                                                         

where Ac = Calibrator accuracy, and As = Sensor accuracy. 

The overall accuracy of sensors from Equation (B-1) was used in the propagation of 

errors calculation to determine the accuracy of mechanical system equipment. The propagation 

of errors is the method of computing the uncertainty in a result which depends on several 

variables each with its own uncertainty. Generally, the uncertainty of a result is expressed in 

terms of a standard deviation or absolute uncertainty, σ, which has the same units as the quantity 

or in terms of a fractional or relative uncertainty, shown as ɛ. For the uncertainty of x, the 

relationship between σ and ɛ can be defined as: 

  
  
 
                                                                                                                                                         

The relative uncertainty can also be expressed as a percentage. Thus the number 100 ±1 

mm can be also expressed as 100 mm ± 1%. Table B.3 shows the common formulas used for 

propagating uncertainty. The calculated uncertainties errors are shown below in Table B 4. 

Table B.3 : Mathematical operation of propagating uncertainty 

Calculation Formula Uncertainty Formula 

Sum / Difference                   
      

    
  

Multiplication / 

Division 

            
 

 
       

    
  

 

 



88 

 

 

Table B.4 : Uncertainty in the calculations 

Variable Maximum uncertainty (%) 

Mass flow rate ±3.3 

Electrical power ±1.0 

Air temperature ±3.0 

Fluid temperature ±3.0 

Temperature difference ±4.2 

Cooling/heating output ±4.6 

GSHP COP ±8.6 
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Appendix C: One Cycle Sample Of Operation 

C.1: Heating mode using the vertical loops. 

One cycle sample of the test period is shown in this section. The sample was taken on 

May 25, 2013 at 2:30 pm. During the test period, the average outside air temperature was 13C. 

 

Figure C.1 : One cycle sample of the supply and return temperatures to the GSHP from the buffer 

tank 

 

Figure C.2 : One cycle sample of the supply and return temperatures to the GSHP from the vertical 

loop 



90 

 

 

 

Figure C.3 : One cycle sample of the power draw of the GSHP system components 

Figure C.4 : One cycle sample of the heating output, power draw and the COP. 
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C.2: Cooling mode using the vertical loops. 

One cycle sample of the second test period is shown in this section. The sample was 

taken on July 1, 2013 at 11:00 am. During the test period, the average outside air temperature 

was 22C.  

Figure C.5 : One cycle sample of the supply and return temperatures to the GSHP from the vertical 

loop 

Figure C.6 : One cycle sample of the supply and return temperatures to the GSHP from the buffer 

tank 
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Figure C.7 : One cycle sample of the GSHP system components power draw  

Figure C.8 : One cycle sample of the cooling output, power draw and the COP 
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C.3: Cooling mode using the vertical and the horizontal loops with equal flow. 

One cycle sample of the third test period is shown in this section. The sample was taken 

on July 19, 2013 at 5:00 am. During the test period, the average outside air temperature was 

26C.  

Figure C.9 : One cycle sample of the supply and return temperatures from the vertical and 

horizontal ground loops 

Figure C.10 : One cycle sample of the supply and return temperatures to the GSHP from the 

ground loops 
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Figure C.11 : One cycle sample of the supply and return temperatures to the GSHP from the buffer 

tank 

Figure C.12 : One cycle sample of the GSHP components power draw 
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Figure C.13 : One cycle sample of the GSHP cooling output, power draw and the COP 

 

C.4: Cooling mode using the vertical and the horizontal loops with equal Reynolds number. 

One cycle sample of the fourth test period is shown in this section. The sample was taken 

on August 8, 2013 at noon. During the test period, the average outside air temperature was 26C.  

Figure C.14 : One cycle sample of the supply and return temperatures from the vertical and 

horizontal ground loops 
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Figure C.15 : One cycle sample of the supply and return temperatures to the GSHP from the 

ground loops 

Figure C.16 : One cycle sample of the supply and return temperatures to the GSHP from ground 

loops and the buffer tank 
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Figure C.17 : One cycle sample of the GSHP system components power draw 

Figure C.18 : One cycle sample of the GSHP cooling output, power draw and the COP 
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Appendix D: Horizontal Loops Length Calculations.  

D.1 Lithium test results: 

Two samples from the horizontal loops were collected and sent for analysis to determine 

the size of the horizontal loops. The first sample was taken with only the water/PG mixture in the 

loop. Then, a lithium sample was added to the loop with known concentration and volume and 

circulated in the loop. After few days of circulation, the second sample was collected and sent for 

analysis. From the concentration of lithium in the second sample, the volume of the horizontal 

loop was calculated to be 732 L. Figure D.1 shows the lithium test results. 

 
Figure D.1 : Lithium test results 
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D.2 Horizontal loop length calculations: 

From the lithium test, the total volume of the two horizontal loops and the connection 

from the house GSHP to the beginning of the two horizontal loops turned out to be 732 Liters 

(161 Imp gal). The supply and the return pipes from the house GSHP to the beginning of the two 

horizontal loops have a measured length of 25 m (82.021 ft) and an inner diameter of 4.0894 cm 

(1.61″). The volume of the supply and the return pipes from the GSHP in the basement to the 

beginning of the two horizontal loops,   , was calculated as follow: 

     
  

 
 
 

                                                                                                                                     

     
        

 
 
 
                              

 
Where: 

    The volume of the supply and the return pipes from the GSHP to the beginning of the two 

horizontal loops 

    Inner diameter of the supply and the return pipes from the GSHP to the beginning of the two 

horizontal loops (0.040894 m) 

    Length of the supply and the return pipes from the GSHP to the beginning of the two 

horizontal loops (25 m) 

           

The remaining of the volume,   , was used to calculate the length of the horizontal loops 

as follow:.                                                                                                               

                                                      
                                                                                                                     

   
  

   
  
 
 
  

       

   
        

 
 
                                                                                                                                      

Where: 

    The volume of the two horizontal loops  

    Inner diameter of the two horizontal loops (0.034036 m) 

    Length of one horizontal loop 
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