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Abstract 

Ground source heat pump system extracts energy from the ground via a borehole heat 

exchanger.  The borehole heat exchanger is created by drilling a very long borehole (can be 

100-300 m long) with a diameter of roughly 6-8 inches.  A tube (doubled over so that it 

forms a “U”) is placed into the ground and surrounded by a grout that provides good heat 

transfer between the tube and the adjacent soil.  A heat transfer fluid (water or water/glycol 

mixture) flows through the tube line and exchanges heat with the ground.  In the winter time, 

energy is extracted from the ground and used for household space heating.  While in the 

summer (when the air conditioner is used), energy is extracted from a house and deposited 

in the ground. 

 

The challenge we face is that in heating-dominated climates, such as Canada, more energy 

is extracted from the ground in the winter than is replenished in the summer.  The outcome 

of this is that the soil will cool down over time, resulting in lower values of the heat pump 

coefficient of performance, and the overall system performance will decline. 

 

We will investigate the idea for solving this problem in this study relying on solar domestic 

hot water systems, which use solar thermal collectors to heat water for domestic use.  These 

systems are relatively simple:  collectors, piping, pump, hot water tank, and controllers.   The 

collector area is sized to provide high solar fractions in the summer; however, the solar 

fraction in the winter is low.  In Toronto, annual solar fractions (defined as energy from solar 

thermal system/total energy needed by the load) are around 50-60%. This work aims to use 

the solar thermal collector to recharge the ground in the summer. This would allow for larger 

collector areas, and thus better performance in the winter, and the excess energy in the 

summertime would be deposited in the ground. The current study has been conducted for a 

single house, so talking about the solar thermal collector area and being large should be 

around 5 m2. This would help with balancing the seasonal heat transfer to the ground, which 

could alleviate the long-term drop in performance that can occur with ground source heat 
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pumps. The study shows that coupling the solar thermal system with the ground source heat 

pump would meet our target. Using this system, the temperature of the ground, whose initial 

temperature is 14 °C, would increase by 24% (from 10.88 °C to 13.49 °C) for a borehole 

heat exchanger length of 150 m in Toronto, ON, Canada. 

 

Keywords 

Ground Source Heat Pump (GSHP), Borehole Heat Exchanger, Heat Transfer, Solar 

Fraction, Solar Thermal Collector, Thermal Imbalance 
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Introduction  

1.1 Background 

 

Fossil fuels have been and continue to be a predominant energy source across the globe since 

the industrial revolution. In 2017, fossil fuels represented 81% and 76% of the total 

worldwide and Canadian prime energy supply, respectively [22]. In the past decades, fossil 

fuel consumption has raised concerns due to its detrimental impacts on the global 

environment. The alarming increase in greenhouse gas emissions levels and the political 

tensions associated with fossil fuels are contrary to sustainable development. They are the 

main driving forces to seek alternative renewable energy to lift dependence on fossil fuels. 

As a member of the G7, Canada pledged to phase out fossil fuels and reformed fiscal support 

for oil and gas production to seek a low carbon economy [23]. Renewable resources like 

solar, wind, tidal, and biomass offer great potentials to meet the requirements of sustainable 

development with a low carbon economy, and solar energy is the most abundant among 

those above. In Canada, 17% of the total energy produced is consumed by households, and 

82% of this amount is utilized for space and water heating [24]. Solar thermal systems are 

promising applications to offset the dependence on fossil fuels for domestic heating 

demands. The solar collector captures and converts solar energy into thermal energy to fulfill 

household needs. A successful precedent near Calgary, Alberta, is the Drake Landing Solar 

Community (DLSC), where more than 90% of the residential space heating demand was 

fulfilled by solar energy spanning over the years 2012- 2016 [25]. During the summer 

season, solar energy was harnessed and converted into thermal energy. The energy that was 

not immediately needed was stored underground using the borehole thermal energy storage, 

where it could be accessed during the wintertime when solar irradiance is not found in 

abundance. It showed a reduction of approximately five tons of annual greenhouse gas 
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emissions per home. This demonstrated the great benefit of solar thermal systems for 

sustainable development and low carbon economy. Although Ontario does not receive as 

much solar irradiance as Alberta, as shown in Figure 1-1 [28], solar water heating systems 

potentially can offer a significant reduction in nonrenewable energy consumption in single 

house applications. For instance, a Solar Domestic Hot Water (SDHW) system can provide 

50% of hot water, which is needed for a four-person household, and reduce up to two tons 

of CO2 emissions annually [26].  

Numerical simulations are cost-effective, time-efficient, and allow for quick adjustment of 

system parameters. In this thesis, the commercial system simulation computer code 

TRNSYS 18 [27] is used to study system performance under a specific operating condition.  

In light of this, we decided to use a green energy source system to provide the demands of a 

single house in Canada to meet the G7 agreement on reducing CO2. This green energy source 

is coming from both the sun and the earth to provide hot water and store the energy. 

 

 

Figure 1-1 Solar irradiance map for Canada [28] 
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1.2 Objective and Strategy 

 

The purpose of this work is to numerically investigate the role of the solar thermal collector 

in providing hot water for domestic usage and the necessary energy to be stored in the ground 

due to the thermal decline of the soil temperature in winter.   

The commercial software, TRNSYS (version18), will be used to simulate the system 

behaviors. TRNSYS uses the Finite Difference Method (FDM) to solve a series of 

differential equations which describe the entire system. The results will be supported by the 

completion of the components and the system components independently. Subsequently, 

thermal behaviors of the system, such as soil temperature, hot water temperature, to name 

but a few, will be investigated at specific mass flow rates in the collector, load side, and in 

the ground source heat pump. 

 

1.3 Thesis Outline 

 

This thesis is divided into four different chapters, including introduction, literature review, 

system identification, and results and discussion.  

Literature review (chapter 2) is a concise review on the most valuable projects and works 

which have been done on the Solar Domestic Hot Water (SDHW), Ground Source Heat 

Pump (GSHP), and Combined Solar Collector-Geothermal Heat Pump (CSCGHP) Systems, 

discussing the system performance, thermal stratification specifically in storage tanks, 

classification of different components and elements, temperature distribution on different 

parts of the model, few to mention. 

System identification (chapter 3) describes the most essential components and their 

performances in our model, including solar collector, storage tanks, borehole heat exchanger, 

and heat pump. 

Results and discussion (chapter 4) explores our targets in this work, with more weight on the 

temperature distribution of the house, soil, hot water, and other parameters. It also shows the 
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results in figures and shapes. Finally, we will discuss other possible works which could be 

done on this subject of engineering as a proposal. 
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Literature Review 

Solar thermal collectors, storage tanks, borehole heat exchangers, and heat pumps play a 

significant role in the Solar Domestic Hot Water System Coupled with Ground Source Heat 

Pump (SDHWSCGSHP) systems. In this chapter, we will summarize some the most 

important studies done on this kind of system and related to our project. 

2.1 Literature Review 

 

A computer simulation was conducted in TRNSYS by Kjellsson et al. [1] aimed to analyze 

different systems in which solar thermal collectors and ground source heat pumps are 

connected. In their study, large differences were found between the system alternatives. 

Also, the optimal design in this simulation was when solar heat produces domestic hot water 

during summertime and recharges the borehole in the winter. They proved that the advantage 

is, among other factors, because of the heat extraction rate from the borehole and the overall 

design parameters of the system. This study demonstrates that the electricity demand may 

increase with solar recharging due to the increased operating time of the circulation pumps. 

Moreover, other port of the results shows that another advantage with solar heat combined 

with heat pumps is when the boreholes or neighboring installations are drilled so close to 

each other so that they influence each other thermally. This may decrease temperatures in 

the ground, which gives a decreased performance of the heat pump and increased electricity 

use. 

Chargui and Sammouda [2] propose a heating a residential house using the abundant and 

universal sources for a residential house in Tunisia.  And they have studied the 
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omnidirectional impact of incidence solar radiation in a heat pump mounted in a residential 

complex during winter. This team presented a mathematical description of the house in 

TRNSYS along with the results of the numerical study of several components. Also, their 

study attempts to measure the temperature distribution, the incidence solar radiation, as well 

as the delivered and consumed energy, and its impact on air-conditioning load in rooms 

using the Tunisian climate. Numerical results of this research have been obtained for 24 

hours in January and 4500 hours operation in the winter. Additionally, results show that the 

system may be satisfactorily used for residential building or greenhouse heating in the 

Mediterranean and region of Tunisia.  

Mehrpooya et al. [3] made an investigation on optimization of performance of Combined 

Solar Collector-Geothermal Heat Pump (CSCGHP) Systems to supply thermal load 

demanded for heating greenhouses. Their main purpose was to analyze the system from 

technical and economical standpoints. To optimize the technical aspect of the system, the 

operation of the controllers, diverters and mixers was changed with several control 

algorithms to preheat the fluid going into the heat pump evaporator. The regulation of this 

temperature up to an ideal value was done successfully, resulting in an increase in ground 

heat recovery during maximum heat extraction intervals, maximal gorund source heat 

exchanger outlet temperature, and the performance coefficient of the heat pump. It also led 

to a decrease in the required minimum auxiliary energy for heating the greenhouse and heat 

recovery during summer season. Furthermore, aiming at balancing between economical and 

technical issues in this study, from economical point of view the optimum condition was 

calculated and the corresponding final optimized design was determined. The selected model 

in this research has an average seasonal coefficient of performance equal to 4.14, a borehole 

length equal to 50 m, and number of boreholes equal to 3. Moreover, total collector area of 

the model in this research is 9.42 m2. Finally, a comparison between the final optimized 

system with an exchanger using the best working fluid for each loop and the same system 

with one single fluid was done in the published paper of this research. 

A GSHP system used for space heating in a cold climate was investigated in Emmi et al. [4] 

study. In this research, the solar-assisted ground source heat pump extracted heat from the 

ground using borehole heat exchangers and then injected excess solar thermal energy into 

the ground. Their model was simulated based on the heating mode in cold climates regarding 

the building load profiles. However, when common ground source heat pump systems are 
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used only for heating, their performance drops due to an unbalanced ground load. Emmi et 

al. implemented their simulation in TRNSYS performed in six cold locations to investigate 

solar-assisted ground source heat pumps. The borehole length effect was analyzed, 

particularly in terms of the energy efficiency of the heat pump. Finally, a suitable control 

strategy was utilized to manage both the solar thermal collectors and the borehole heat 

exchangers. 

In another research Chen and Yang [5] presented the numerical simulation of a solar assisted 

ground coupled heat pump (SAGCHP) system which can supply both domestic hot water 

and space heating. In their study the optimization process was accomplished on TRNSYS 

by simulating the effect of solar collector area on the total borehole length and system 

performance. Their simulations were also done under different meteorological weather 

conditions to explore the applicability of the proposed SAGCHP system in northern China. 

The simulated results of their study demonstrated that a collector area of 40 m2 and a 

borehole length of 264 m are optimized system parameters under the specified load 

conditions. The annual total heat extraction added by 75% of the hot water requirement can 

be provided by solar energy in the optimized design.  Moreover, the optimized design energy 

balance was validated with a minor error margin of 0.75%, and the system proved to have 

more efficiency and economic incentives for its application in Beijing area. 

The main objective of Ozgener’s study [6] was to investigate the performance characteristics 

of a SAGSHPGHS with a vertical 50 m and a nominal diameter of 1 × 1/4 in U-bend ground 

heat exchanger via exergy analysis. This model was implemented in Solar Energy Institute 

of Ege University, Izmir, Turkey. In this research exergetic efficacy of the system 

components were determined in an attempt to assess their performances. 2.64 and 2.38 are 

the results of this work for the coefficient of performances of heating of the ground-source 

heat pump unit and the whole system, respectively, while the exergetic efficiency of the 

overall system obtained to be 67.7%. 

In other study carried out by Rad et al. [7], overall system feasibility of a SAGSHP system 

was evaluated for cold climates using a dynamic system simulation approach. The 

shortcoming of the SAGSHP system for an actual house, and the solutions to tackle these 

deficiencies were successfully addressed through implementing the modelling and 

simulation of the installed SAGSHP system. The results of this work showed that the hybrid 
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ground source heat pump system with solar thermal collectors is a feasible choice for space 

heating of a house in cold climate. This study also demonstrated the value in utilizing a 

system simulation approach to evaluate alternatives in complex systems.   

The performance of a ground source heat pump (GSHP) system with horizontal coupled 

ground loop pipes was monitored, analyzed, extrapolated and numerically simulated in the 

Safa and co-worker’s study [8]. Their research was aimed to develop cooling or heating 

performance curves based on the building loads and the source temperatures. They also 

evaluated the heat pump efficiency at different load/source temperatures, and measured the 

compressor cycling characteristics. Furthermore, the heat pump in this study was modeled 

adopting the performance curves obtained from the experimental investigation. In this 

research, the model was validated using the daily thermal output and determined the range 

of COP from 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). The system was also scrutinized for potential improvements in 

the control strategies. 

Solar assisted ground-source heat pump (SAGSHP) heating apparatus with latent heat 

energy storage tank (LHEST) is investigated by Han et al. [9]. After developing a 

mathematical model for the system, a transient numerical simulation was conducted. The 

operation characteristic of the heating system in this study was analyzed during the heating 

period in Harbin. From the results of the simulation, the average coefficient of performance 

(COP) of the heating system was 3.28 in heating period. The system displayed a higher COP 

in both the initial and latter heating intervals with a maximum value of 5.95.   

An analytical model was implemented to model the steady-state heat transfer in double U-

tube boreholes sporting two independent circuits operating with dissimilar mass flow rates 

and inlet temperatures. The model which was presented by Eslaminejad and Bernier 

predicted the fluid temperature profiles in both circuits along the borehole depth [10]. The 

proposed model in this study was used to investigate a novel double U-tube borehole 

configuration with a single circuit linked to a ground-source heat pump operating in heating 

mode, and the other circuit to the thermal solar collectors. All systems in this study was 

simulated over a twenty-year period for a residential-type single-borehole configuration. 

Results of this research revealed that winter solar recharging, either for the proposed 

configuration or the solar assisted ground-source heat pump system, causes 194 and 168% 
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reduction in the amount of energy the heat pump extracts from the ground. It was also shown 

that, for a ground thermal conductivity of 1.5 W/m/K, the borehole length can be reduced by 

as much as 17.6%, and 33.1% in the case of using the proposed configuration or the solar 

assisted ground-source heat pump system. Also, the influence on the annual heat pump 

energy consumption was less dramatic, corresponding to 3.5% and 6.5% reduction. 

Another research program at Brookhaven National Laboratory (BNL) has studied the use of 

the earth as a heat sink for solar-assisted heat-pump systems [11]. Part of this work is 

dedicated to four tanks that were buried into the ground to evaluate the probability of ground-

coupled tanks for this application in a specific period, from December 1978 to March 1981. 

The energy in the form of heat was either injected into or rejected from the tanks on a weekly 

computer simulation of solar-assisted heat-pump systems in the local climate (in New York). 

Each tank was operated with a different control strategy. This study revealed experimental 

results from these tanks for the mentioned period and compared the experimental results to 

those obtained by a computer model, GROCS, developed at BNL. Its results showed a 

sensitivity to the soil thermal conductivity during periods of large heat addition to the tanks. 

A ground-coupled tank was found to be suitable in series solar-assisted heat-pump systems. 

However, no vital carry-over of summer-collected heat to winter was observed. 

Emmi et al. [12] evaluated the thermal behavior of ground source heat pumps in cold 

climates, where the thermal load profile of buildings was not balanced in terms of heating 

and cooling, especially in the residential sector whose significant characteristic is low 

internal loads. In this context, the heat pump mainly works in heating mode, continuously 

extracting heat from the soil. Consequently, the ground temperature decreases gradually over 

the years affecting the energy performance of the heat pump. In this study a multi floors 

residential building with 12 flats (88 m2 each) was analyzed in three climate zones, making 

use of the simulation tool TRNSYS. Different configurations of the plant system investigated 

thoroughly and the case without the solar thermal collectors has been considered as 

reference. Results of this research show that the ground is subject only to the extraction of 

heat for heating and the mean ground temperature therefore decreases during the years 

jeopardizing the heat pump performance. When solar thermal collectors are integrated, the 

total borehole length can be reduced, making the initial cost of installing the borehole more 

economic. 
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In another research done by Tian You et al. [13], a general overview of the main problems 

caused by soil thermal imbalance and their existing solutions is presented. The caused 

problems were mainly presented in their research in the following aspects: soil temperature 

decrease, heating performance deterioration, heating reliability decline, and even system 

failure. Also, there are couple of solutions presented in this study which are classified into 

thermal and physical properties of the borehole heat exchanger, including borehole spacing, 

borehole. By changing and improving these parameters, we can even out the thermal 

imbalance to some extent, suitable to projects with slight imbalance. The results in this study 

have been compared to the ones obtained in the current work. 

In Cimmino and Eslami-Nejad’s research [14], the required borehole heat exchanger length 

regarding different network arrangements was tested under variation of minimum fluid 

temperature returning to the heat pump, total solar collector area, and borehole spacing. All 

cases were compared against one borehole configuration, with and without injection of solar 

heat. Results of this study showed that as the injection of solar heat into the ground increases, 

the required borehole length decreases by a more significant amount for a field of shallow 

boreholes compared to a deep borehole configuration. Minimum fluid temperatures 

returning to the heat pump plays a significant role in the required borehole length for both a 

one borehole configuration and shallow borehole fields (50% and above, from 0 °C to -5 

°C). For shallow borehole networks, borehole spacing must be determined carefully. The 

total required length of shallow borehole fields can be shorter, as a one borehole 

arrangement. 

Several well-known models for the purpose of estimation of solar radiation components on 

horizontal and inclined surfaces were reviewed in Mousavi Maleki’s research [15]. To find 

the best model for a given location the hourly outputs predicted by available models were 

compared with the field measurements of the given location. The main objective of this study 

was to review on the evaluation of the most accurate models for estimating solar radiation 

components for a given location, by testing various models. In this study, to increase the 

amount of incident solar radiation on photovoltaic (PV) panels, the PV panels were mounted 

on tilted surfaces. This research also provides an up-to-date status of different optimum tilt 

angles that have been determined in various countries. 



 

11 

To assess electrical load shifting in order to reduce peak electricity demand, a detailed 

numerical model for a ground-source heat pump connected to a thermal storage was 

developed by Teamah and Lightstone [16] for residential heating applications. In this 

research, water-based thermal storage and hybrid storage containing water and phase change 

materials (PCMs) were considered. The amount of thermal buffering needed to shift the heat 

pump operation to off peak electricity periods was numerically assessed for a house of 180 

m2 floor area in Toronto, Ontario, Canada. Results of this study indicated that total electrical 

load shift to off-peak hours was achieved by a 2.5 m3 water tank or a 1 m3 hybrid tank 

containing 50% PCM by volume. This implies an approximate 65% decrease in storage 

volume without affecting the space heating capability. Also, the influence of operating 

temperature ranges and the packing ratio was presented. Lower operating ranges and higher 

packing ratios result in better thermal buffering of the hybrid system at smaller storage 

volumes. However, careful choice of the PCM encapsulation geometry was needed to ensure 

total melting/solidification during the charging/discharging period. 

Sommerfeldt and Madani conducted a parametric study of the technical performance and 

economic benefits of the ground source heat pump (GSHP) systems connected with a series 

of solar PV/thermal (PVT) collectors [17]. The focus of attention in this study was on the 

multi-family houses (MFH) in Sweden with a heating-dominant climate, where the heat 

pump market is restricted due to land deficiency for boreholes or noise limitations on air 

heat exchangers. System efficiency and lifecycle cost results were generated using a holistic 

and detailed systems model in TRNSYS over twenty years. The results showed that PVT 

could reduce borehole length by 18% or spacing by 50% while maintaining an identical 

seasonal performance factor. The PVT+GSHP system cost is higher than a traditional 

PV+GSHP system. However, this fact fails to account for the value of the land area saved 

by the PVT system, which can be up to 89%. Another result of this study disclosed that the 

reduction in land area due to using a PVT system could increase the use of GSHP in MFH 

and promote solar energy diffusion in high latitude markets. 

Trillat-Berdal et al. [18] conducted an experimental study on a ground-connected heat pump 

in combination with thermal solar collectors. This configuration satisfies domestic hot water 

and heating–cooling needs. Solar heat was used as a priority for domestic hot water heating 

and when the preset water temperature was reached, excess solar energy was injected into 

the ground via boreholes. This system contributes to the balance of the ground loads, 
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increasing the operating time of the solar collectors and avoiding overheating problems. 

After eleven months of operating, the average amount of power extracted from and injected 

into the ground was equal to 40.3 and 39.5 W/m, respectively. The results of this study 

demonstrated that energy injected into the ground amounts to 34% of the heat extracted, and 

the heat pump coefficient of performance (COP) in heating mode was 3.75. In addition, the 

domestic hot water solar fraction had an average value higher than 60% for the first eleven 

months of operation. 

Research, done by Wuestling et al. [19], presents the results of using the TRNSYS in which 

the thermal performance of solar domestic hot water (SDHW) facilities utilizing alternative 

control strategies operating under realistic conditions in several different climates of the 

United State was compared. Also, The effects on system performance based on the time of 

year, collector area and quality, preheat storage tank volume and energy losses, occurrence 

of mixing the preheat storage tank, controller temperature dead-bands, auxiliary set 

temperature, total daily usage, and load distribution were investigate in this research. Result 

also showed that for the particular reduced constant flow rate systems investigated, the 

annual performance with stratified storage at reduced flow rates showed an absolute 

improvement from 11.5 to 14.7 percentage points greater than that which would be achieved 

with fully mixed storage tanks operating at conventional collector flow rates. 

In another research at the Jiangsu University of Science and Technology, Zhao et al. [20] 

compared conventional ground source heat pump system (GSHPS), and GSHPS with 

different heat recovery ratios, in a typical city, in terms of thermal imbalance ratios, average 

soil temperatures and soil temperature increases. In their study the transient system 

simulation software was used to simulate the operation performance of GSHPS. Result 

indicates that the thermal imbalance ratio and soil temperature decreased with increasing 

heat recovery ratio. Also, after a twenty-year operation, the ratios of soil thermal imbalance 

in the GSHPS were 29.2%, 21.1%, 16%, and 5.2%, and the increase in soil temperature 

equaled 8.78, 5.25, 3.44, and 0.34 °C, respectively. At the same time, the heat recovery ratios 

were 0, 18%, 30% and 53%, correspondingly. It was finally concluded that a GSHPS with 

heat recovery is potentially efficient and affordable for buildings in regions with hot 

summers and cold winters.  
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A ground heat pump system coupled with a solar thermal storage unit was shown to solve 

the performance degradation problem caused by the drop in the soil temperature in a study 

conducted by Nam et al. [21]. In addition, the system performance was analyzed and 

compared under difficult heating conditions using TRNSYS. Results of this study 

demonstrated that the ground heat pump system in tandem with solar thermal can effectively 

maintain the soil temperature balance and during the entire operation time, the heat exchange 

rate and heat pump COP of solar-assisted ground heat pump system (SAGHPS) were 43.3 

and 4.7 W/m. Compared with GSHPS, the above parameters saw an increase of 28.1% and 

9.3%, respectively. Also, the increase in collector area and the upgraded heating 

performance of the system led to a relative rise in investment costs. The results of the LCC 

assessment indicated that when the solar collector area increased from 50 m2 to 90 m2, the 

payback period of SAGHPS would be in the range of ten to twelve years. 

2.2 Conclusion 

 

This chapter summarized some of the important projects and works done on SDHW, GSHP, 

and CSCGHP Systems and described their results. In light of these works, we inspired our 

topic to work on the SDHWSCGSHP system for a single house in a heating-dominant place, 

i.e. in a location with cold climate such as Toronto City in Ontario, Canada, to improve the 

thermal imbalances in the ground while the system simultaneously produces the hot water 

for the domestic demands. In the next chapter, we will discuss different components and 

their performances in our model used in TRNSYS. 
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System Identification 

This chapter describes the main components that have an important role in our model, 

including their performance, governing equations, and how they perform in TRNSYS. As 

it’s described before, TRNSYS is a commercial simulation software which connects a series 

of different components to predict the behaviors of a transient system, such as SDHW, GSHP 

systems, to name but a few. TRNSYS employs an FDM to solve differential equations that 

describe the entire system. This chapter is divided into three sections. Each section will be 

dedicated to one of the essential components, including the solar thermal collector, storage 

tank, and borehole heat exchanger connected with the heat pump. 

 

3.1 Solar Thermal Collector 

 

The flat-plate solar collector, Type 1b, is investigated in this section. This component models 

the thermal performance of a flat-plate solar collector including the outlet temperature of the 

solar collector and useful energy gain by applying the Hottel-Whillier equation [27, 30]. The 

solar collector array may consist of collectors connected in series and parallel. In our model, 

a single flat-plate solar collector whose parameters are reported in Table 3-1 is used. The 

governing equation on this type of solar collector is the one that Hottel-Whillier expressed 

as a relation between the energy collected by the collector, collector properties, and weather 

data, Equation 3-1.  

𝑄𝑢 =  𝐴𝐶  [𝐹𝑅(𝜏𝛼)𝐺𝑇 − 𝐹𝑅𝑈𝐿(𝑇𝑖 − 𝑇𝑎)]      Equation 3-1 

A general equation for solar thermal collector efficiency can be also obtained from the 

Hottel-Whillier equation as follows, Equation 3-2:  
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𝜂 =
𝑄𝑢

𝐴𝐶𝐺𝑇
= 𝐹𝑅(𝜏𝛼) − 𝐹𝑅𝑈𝐿

(𝑇𝑖 − 𝑇𝑎)

𝐺𝑇
      Equation 3-2     

The model for Type 1b is conducted on a summer day (August 31) and a winter day 

(February 1). The fluid which is running through the system (solar collector) is Ethylene 

Glycol, which is a clear, sweet, slightly viscous liquid. A 60 percent solution of ethylene 

glycol and water boils at 111.1 °C (232 °F) and freezes at −52.8 °C (−63 °F), serving as an 

excellent solution for solar collector systems in extremely cold weather. Ethylene glycol is 

highly poisonous; animals or humans that drink the solution become very ill and may die 

[29]. Other physical properties of this substance is reported in Table 3-2. Also, the typical 

meteorological weather data used in the model is extracted from the TRNSYS database for 

Toronto, ON, Canada [27]. 

The simulation results are plotted in Figure 3-1 and Figure 3-2 for 𝑇𝑜 and 𝑄𝑢, respectively. 

It indicates that TRNSYS predicts the results in align with the governing equations described 

above. 

 

Table 3-1 Solar Collector Parameters 

Description Value Units 

Number in series 1 - 

Collector area (𝑨𝑪) 5 m2 

Fluid specific heat (𝑪𝒑) 3.284 kj/kg/K 

Tested flow rate (ṁ𝒇) 40 kg/hr/m2 

Intercept efficiency (𝑭𝑹(𝝉𝜶)) 0.80 - 

Efficiency slope (𝑭𝑹𝑼𝑳) 13 kj/hr/m2/K 

Efficiency curvature 0.05 kj/hr/m2/K2 

Initial temperature  20 °C 
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Table 3-2 Ethylene Glycol Solution (60%) Physical Properties at 20 °C 

 

Description Value Units 

Density 1095 kg/m3 

Specific Heat 3.284 kj/kg/K 

 

 

 

 

Figure 3-1 TRNSYS Results for Solar Collector Outlet Temperature versus Time in Toronto, ON, 

Canada 
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Figure 3-2 TRNSYS Results for Useful Energy Gain versus Time in Toronto, ON, Canada 

 

3.2 Storage Tank 

 

TRNSYS supports a significant number of tank models. These tanks are classified as Nodal 

and Algebraic tanks, depend on the method of specifying the size of a node (grid spacing). 

By solving the one-dimensional transient thermal energy equations, we can get the 

temperature distribution within the tank, which is influenced by heat transfer between 

different parts of the tank, including convection by the fluid, axial heat conduction, and 

losses through the walls [27]. 

An algebraic tank determines the temperature profile of a stratified tank by using the size 

segments of the fluid, which depends on the magnitude of the flow rate, the magnitude of 

the simulation time-step, and the magnitude of the heat losses at both the charging and 

discharging mode. The advantage of these tanks over the nodal ones is that they can model 

the temperature stratification based on a small temperature gradient zone within the grid; 

therefore, it will not be necessary for the user to make the simulation time-step smaller to 
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get a better result since the model is already fixed to determine the temperature stratification 

based on the fluid segment size. It is worthy to mention that these type of tanks are also 

knows as variable node tank, because a new node will be created for the inlet fluid unless 

the temperature difference is a certain value within the node. This type of tank is appropriate 

for the models based on the large degree of stratification. Type 38, is the most frequently 

used algebraic tank in TRNSYS (version 17 and 18).  

A predetermined node tank (nodal tank) considers N isothermal nodes. The user is able to 

change the number of nodes. Every node has an inlet flow and outlet flow after each other, 

resulting in thoroughly mixing each node's current. In other word, each node isothermally 

interacts with nodes above and below. The differential equations, which can be driven based 

on each node's energy balance, are solved simultaneously at the end of each time-step in 

TRNSYS. These types of tanks, Type 156, 158, and 534, are the most frequent nodal tanks 

which are used in TRNSYS (version 18). 

The type 38 for the algebraic tank and type 158 for the nodal one are investigated in this 

section. Our target is to investigate the outlet temperature of the both tanks and understand 

which one is better to produce hot water in a city with cold weather such as Toronto in 

Canada. We will also plot the temperature distribution and discuss about the thermocline 

evolution in both tanks. 

 

3.2.1 Algebraic tank (Type 38) 

 

This part studies the thermocline evolution along the vertical axis of the tank in both the 

charging and discharging mode. The tank parameters is reported in Table 3-3. Analytically 

speaking, the time needed for the tank to be fully charged or discharged can be calculated 

with the Equation 3-3 based on the fluid properties which are reported in the Table 3-4. 

Considering Figure 3-3 the simulation result can be compared to the analytical solution for 

the needed time for tank to be fully charged or discharged. It implies that after 5.4 hours, the 

tank reaches from its initial temperature to the entering fluid temperature for both charging 

and discharging mode. Consequently, Figure 3-4 qualitatively shows the thermocline 

evolution within the tank along the axial direction. 
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𝑡 =
𝑉𝜌

ṁ
=

0.303 × 1000

56
= 5.4 ℎ𝑟      Equation 3-3 

 

 

Table 3-3 Tank Parameters for Type 38 

Description Value Units 

Tank volume (𝑽) 0.303 m3 

Tank height 1.5 m 

Thermal conductivity 1.5 kj/hr/m/K 

Overall Loss Coefficient 5 kj/hr/K 

Initial temperature (at charging mode) 20 °C 

Initial temperature (at discharging mode) 50 °C 

 

 

 

 

Table 3-4 Fluid Physical Properties 

Description Value Units 

Density (𝝆) 1000 kg/m3 

Specific Heat  4.190 kj/kg/K 

Flow-rate (ṁ) 56 kg/hr 

Inlet temperature (at charging mode) 50 °C 

Inlet temperature (at discharging mode) 20 °C 
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Figure 3-3 the Top Temperature of the Tank (type 38) at Charging and Discharging mode 

 

 

 

 

 

 

 

Figure 3-4 Thermocline Evolution in Tank type 38 at a) Charging and b) Discharging mode 
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3.2.2 Nodal tank (Type 158) 

 

This part investigates the thermocline evolution along the axial direction of the tank as well. 

The tank parameters is reported in Table 3-5 which indicates that the parameters for both of 

the tanks are the same. We assumed the same parameters for both types of tank in order to 

make a comparison on them. In light of this, the time needed for the tank to be filled is also 

calculated by the Equation 3-3 based on the fluid properties which are reported in the 

Table 3-4. Therefore, the outlet temperature behavior for this tank would be as same as the 

type 38. For this type tank, due to impacts of the gird spacing on the system, we are interested 

in investigation of temperature distribution along the height of tank at different time of 

simulation which are plotted in Figure 3-5 and Figure 3-7 for charging and discharging 

mode, respectively. Consequently, the thermocline evolution within the tank along the axial 

direction is shown qualitatively in Figure 3-6 and Figure 3-8 at charging and discharging 

mode, respectively. 

 

Table 3-5 Tank Parameters for Type 158 

Description Value Units 

Tank volume (𝑽) 0.303 m3 

Tank height 1.5 m 

Thermal conductivity 1.5 kj/hr/m/K 

Top Loss Coefficient 5 kj/hr/m2/K 

Edge loss coefficient 5 kj/hr/m2/K 

Bottom loss coefficient 5 kj/hr/m2/K 

Number of Tank nodes 6 - 

Initial temperature (at charging mode) 20 °C 

Initial temperature (at discharging mode) 50 °C 
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Figure 3-5 Temperature Distribution along the Height of the Tank Type 158 for a certain number of 

nodes at different time-step at Charging mode 

 

 

 

 

Figure 3-6 Thermocline Evolution in Tank type 158 after a) t=1 hr, b) t=1.5 hr, c) t=2 hr, and d) 

t=2.5 hr at Charging mode 
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Figure 3-7 Temperature Distribution along the Height of the Tank Type 158 for a certain number of 

nodes at different time-step at Discharging mode 

 

 

 

 

Figure 3-8 Thermocline Evolution in Tank type 158 after a) t=1.5 hr, b) t=2.5 hr, and c) t=3.5 hr at 

Discharging mode 
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3.2.3 Type 158 and Type 38 Comparison   

 

According to the thermocline evolution figures, we concluded that tank type 158 would be 

better for our model to couple the solar thermal collector to the tank for providing hot water 

both for domestic usage and energy storing in the ground. Moreover, tank type 158 makes 

us able to use the auxiliary tank model in order to provide extra energy in wintertime when 

the useful energy gain by the solar collector is relatively low (Figure 3-2). Using the auxiliary 

tank model for type 158 will guarantee hot water production even in extremely cold weather 

places such as Toronto, ON, Canada. It is crystal clear in Figure 3-9 that using type 158 with 

auxiliary heat input would provide hot water at all times with a consistent temperature 

(approximately 60 °C) whereas the type 38 is just able to provide sufficient hot water in 

summertime (between Mid-April till September)(between these hours of year 2496-5832).  

 

 

Figure 3-9 Domestic Hot Water Temperature over a year (8760 hr) for both the Tanks, Type 38 and 

Type 158 
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3.3 Borehole Heat Exchanger connected with the Heat Pump 

 

In this subsection, a single borehole heat exchanger connected with a heat pump would 

provide the necessary energy for heating a single house in cold weather. Therefore, the 

temperature behavior of the single house and the ground soil will be investigated. 

There are a few types of borehole heat exchangers in TRNSYS which are classified as 

vertical and horizontal. The one in which we are interested is a vertical ground heat 

exchanger which interacts thermally with the ground. Type 557-a is a standard U-tube 

ground heat exchanger through which a heat carrier fluid circulates and either rejects energy 

to or absorbs energy from the surrounding ground depending on the temperature differences 

between the fluid and the ground. In type 557-a application, after drilling a vertical borehole 

into the ground, an U-tube heat exchanger will be placed into the borehole. Usually, there 

will be a gap for several feet between the top of the ground heat exchanger and the surface 

of the ground. Also, there will be gap between the wall of the borehole heat exchanger and 

surrounding soil which will be filled by either a virgin soil or a grout depending on the 

geophysical properties of soils. To solve the governing equations which can be driven by the 

energy balance on the borehole heat exchanger influenced by different forms of heat transfer, 

including convection within the pipes, conduction to the storage volume, TRNSYS assumes 

that the U-tube borehole heat exchanger is pushed uniformly within the ground storage 

volume. TRNSYS calculates the ground (soil) temperature by using a superposition method 

between three parts. The global and local temperature which can be calculated using an 

explicit FDM, and the steady flux solution which can be found analytically [27]. Type 557-

a parameters and characteristics used in the model is reported in Table 3-6. 

TRNSYS provides a few types of heat pumps too, which are classified as water-source and 

water-water heat pumps. The heat transfer would take place between the moist air and liquid 

stream in the former, and it transfers between two different liquid streams in the latter. Type 

1221 is a two-stage water-water heat pump which rejects heat in heating mode and absorbs 

heat in cooling mode from one liquid stream to another. In this heat pump, TRNSYS 

provides the cooling control and heating control signals, allowing the system to operate at 

different temperature levels. This makes the user able to define and set different temperature 

dead bands, based on the season of the year, to switch the heat pump from cooling mode (in 
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summer) to heating mode (in winter), or vice versa. Therefore, the system or the model 

would operate at its capacity, whether it is on the cooling mode or on the heating mode, until 

the control signal value changes [27]. The temperature set pointes has been defined in a way 

that we get 18 to 22 °C in the winter time and 23 to 27 °C in summer time for a house 

temperature in Toronto, ON, Canada. These temperature set points of the heat pump type 

1221 are reported in Table 3-7 based on the controller type 108 values. This controller is a 

five stage thermostat which sends 0 as off and 1 as on signals to heat pump based on these 

temperature set points that can be defined by the user. The source liquid stream is considered 

as ethylene glycol solution 60 % and the load liquid stream is considered as water whose 

physical properties are also reported in Table 3-7. 

 

Table 3-6 Borehole Heat Exchanger Type 557-a Parameters and Characteristics with the Heat 

Carrier Fluid 

Description Value Units 

Storage Volume 6000 m3 

Borehole Depth 150 m 

Header Depth 1 m 

Number of Boreholes 1 - 

Borehole Radius 0.1016 m 

Number of Boreholes in Series 1 - 

Storage Thermal Conductivity 4.68 kj/hr/m/K 

Storage Heat Capacity 2016.0 kj/m3/K 

Outer Radius of U-Tube Pipe 0.01664 m 

Inner Radius of U-Tube Pipe 0.01372 m 

Center-to-Center Half Distance 0.0254 m 

Fill Thermal Conductivity (grout) 4.68 kj/hr/m/K 

Pipe Thermal Conductivity 1.5122 kj/hr/m/K 
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Fluid Specific Heat 3.284 kj/kg/K 

Fluid Density 1095 kg/m3 

Flow rate of Fluid 30 kg/hr 

Initial Surface Temperature of Storage Volume 14 °C 

 

 

 

Table 3-7 Liquid Streams Physical Properties and Temperature Set Points of the Thermostat type 

108 for Switching the Type 1221 from Cooling to Heating mode, and vice versa 

Description Value Units 

Source Fluid Specific Heat 3.284 kj/kg/K 

Source Fluid Density 1095 kg/m3 

Source Flow rate 30 kg/hr 

Load Fluid Specific Heat 4.190 kj/kg/K 

Load Fluid Density 1000 kg/m3 

Load Flow rate 30 kg/hr 

Heating set point Temperature 20 °C 

Cooling set point Temperature 25 °C 

Temperature dead band 4 delta °C 
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3.3.1 Single House (Type 12-c) 

 

Among the different components for loads and structure in TRNSYS, Type 12c models a 

single house which is used in our model. The corresponding parameters for a single house 

in this component are reported in Table 3-8. In order to analytically investigate the 

temperature profile of the house, we can write the energy balance on the house based on 

Figure 3-10. Driving the energy balance on the house (Equation 3-4), we will understand 

that at different conditions of heat pump, whether it is on or off, the house temperature would 

behave either exponentially or linearly. As described in Equation 3-5, when the heat pump 

is off, we would have just the heating loss term in our energy balance equation, resulting in 

exponential behavior of the house temperature with respect to time. However, considering 

Equation 3-6, when the heat pump is on, both heating loss and energy from/to heat pump 

terms would be in the energy balance, resulting in a linear relation between the house 

temperature and time. 

 

Table 3-8 Single House (type 12-c) Characteristics and Parameters 

Description Value Units 

Overall loss coefficient of house 600 kj/hr/K 

House thermal capacitance 18000 kj/K 

Initial room temperature 20 °C 

Specific heat of source fluid 4.190 kj/kg/K 

Effectiveness-Cmin product 200 kj/hr/K 

Latent heat ratio 0.23 - 
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Figure 3-10 Schematic of a Single House (type 12c) and its Thermal Interact with Surrounding 

 

𝑚𝐶𝑝
𝑑𝑇ℎ𝑜𝑢𝑠𝑒

𝑑𝑡
= 𝑄𝐻𝑃 − 𝑄𝑙𝑜𝑠𝑡 = 𝑄𝐻𝑃 − 𝑈𝐴(𝑇ℎ,𝑖 − 𝑇∞)       Equation 3-4 

                    
𝑑𝑇ℎ𝑜𝑢𝑠𝑒

𝑑𝑡
=

𝑄𝐻𝑃

𝑚𝐶𝑝
−

𝑈𝐴

𝑚𝐶𝑝
(𝑇ℎ,𝑖 − 𝑇∞) 

If  𝑇ℎ𝑜𝑢𝑠𝑒 >𝑇ℎ𝑜𝑡_𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟, then the heat pump is OFF, so: 𝑄𝐻𝑃 = 0. Equation 3-4 is rewritten 

as follows: 

𝑑𝑇ℎ𝑜𝑢𝑠𝑒

𝑑𝑡
= −

𝑈𝐴

𝑚𝐶𝑝
(𝑇ℎ,𝑖 − 𝑇∞)             𝑇ℎ𝑜𝑢𝑠𝑒(𝑡) ≃ exp (𝑡)      Equation 3-5 

If  𝑇ℎ𝑜𝑢𝑠𝑒 <𝑇ℎ𝑜𝑡_𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟, then the heat pump is ON, so: 𝑄𝐻𝑃 ≠ 0. Solving Equation 3-4 

would result in a linear relationship between temperature and time as follows: 

𝑇ℎ𝑜𝑢𝑠𝑒(𝑡) =
𝑄𝐻𝑃

𝑚𝐶𝑝
 𝑡 + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡         Equation 3-6 

3.3.2 Simulated Model Results 

 

We modeled the system for a day in winter (January 1st) and we compared the room 

temperature results with the analytical results which is plotted in Figure 3-11. It can be 

implied that simulation results are pretty aligned with the analytical ones. In the plot, when 

the heat pump is off, the temperature of the room would decrease exponentially until it 

reaches the minimum set point temperature value of the thermostat (type 108), which is 18 

°C. However, while the heat pump is on, the room temperature would increase linearly until  
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Figure 3-11 Simulation and Analytical Results of the Room Temperature for a Single House (type 

12-c) in TRNSYS 

 

 

it reaches the maximum set point temperature value of the thermostat, which is 22 °C in 

winter-time. 

 

Last but not least, a model for the borehole heat exchanger (type 557a) connected to the heat 

pump (type 1221) for a single house (type 12-c) for Toronto city in Canada is simulated in 

TRNSYS. In this model, we investigated the effect of borehole depth on the average soil 

temperature by using three different values (100, 150, and 200 m) for borehole depth, an 

then we plotted our results in Figure 3-12. Lastly, we qualitatively compared our results with 

Tian et al [13], Figure 3-13 is coming from this work. By comparing Figure 3-12 and 

Figure 3-13, we can imply that over ten years of using the ground as the heat source, the soil 

temperature would decrease regardless of the borehole depth. However, it is crystal clear 

that the more the borehole depth, the less the soil temperature decline. 
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Figure 3-12 Average Soil Temperature over Ten years for Different Borehole Depth, current study 

 

 

 

Figure 3-13 Average Soil Temperature over Ten years for Different Borehole Depth, Tian et al 

study [13] 
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3.4 Conclusion 

 

This chapter was dedicated to identifying the most important components which are used in 

our work. Their parameters, characteristics, types, and descriptions have been discussed. 

Based on the literature and typical applications, we came up with these components and 

conducted some models separately for each subsection of this chapter. The results showed 

that these components are the ones we should choose for our study, and the models we 

investigated are running correctly. In the next chapter, we will show the final results of our 

work, and we will see how these models fulfill our target if we couple them with each other.  
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Results and Discussion  

As we identified before in Chapter 3, we chose to use type 1b as the solar thermal collector, 

type 158 as the storage tank, type 557a as the borehole heat exchanger, type 1221 as the heat 

pump, and type 12-c as the single house in our model. The corresponding parameters have 

been reported in Table 3-1, Table 3-5, Table 3-6, Table 3-7, and Table 3-8, respectively. The 

simulation is conducted over ten years.  

In this chapter, we will measure different values and outcomes of our project-work, such as 

the Solar Domestic Hot Water (SDHW) system performance—which is described as solar 

fraction—, solar thermal collector efficiency, inlet and outlet temperatures of flowing 

streams within the storage tank, DHW temperature profile, the total heat transfer rate 

between the fluids in the counter-flow heat exchanger, room temperature profile of the single 

house, and the soil temperature fluctuation. Then, we will discuss the results to see whether 

our goal in this project, which is improving the ground thermal imbalances, is satisfied or 

not. For all of these purpose, we used TRNSYS which is a commercial tool for simulating 

and solving the transient system [27]. A simple schematic of our model is shown in Figure 4-1. 

 

Figure 4-1 Model Schematic of the Current Study, Solar Thermal Collector Coupled with the 

Ground Source Heat Pump 
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4.1 Solar Fraction 

 

Solar fraction is a parameter which shows the performance of the solar collector. Solar 

fraction can be calculated by diving the energy coming from the sun by the load energy, 

Equation 4-2. The load energy is the necessary energy for proving the hot water. In our 

model, because we are considering the model for a cold weather city, Toronto, we used an 

auxiliary model for the storage tank to compensate the lack of energy coming from the sun 

in wintertime. Therefore, the load energy would be equal to summation of both the energy 

coming from the sun and the auxiliary energy. Equation 4-1 is written based on this 

definition. It is noteworthy that the load energy is symbolized as  𝑄𝑙𝑜𝑎𝑑 =  𝑄𝐷𝐻𝑊 . 

 

𝑄𝐷𝐻𝑊 = 𝑄𝑠𝑢𝑛 + 𝑄𝑎𝑢𝑥             𝑄𝑠𝑢𝑛 = 𝑄𝐷𝐻𝑊 − 𝑄𝑎𝑢𝑥      Equation 4-1 

 

𝐹𝑠 =
𝑄𝑠𝑢𝑛

𝑄𝐷𝐻𝑊
= 1 −

𝑄𝑎𝑢𝑥

𝑄𝐷𝐻𝑊
                   Equation 4-2 

 

After 4920 hours of simulation, which would be around end of July, the solar fraction has 

been computed according to the Equation 4-2 and it is equal to 0.58 (58 %). Based on the 

literatures and real applications, solar fraction values should be around 60 % for a good 

performance in a solar thermal system in Toronto, ON, Canada [16]. 

 

4.2 Solar Thermal Collector Efficiency 

 

This parameter indicates whether the solar collector is performing at its best condition. This 

numerical factor highly depends on the inlet and outlet temperature of the circulating fluid, 

which is solution of ethylene glycol and water whose physical parameters are reported in 

Table 3-2. The more the outlet temperature, the higher the efficiency. Also, the less the inlet 

temperature, the higher the efficiency. This implies that, if the fluid enters the solar collector 

with lower temperature, the solar collector could transfer more energy to the fluid which is 

gained from the sun, so the higher the rate of this heat transfer, the higher the efficiency of 
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the solar collector. In other words, as the heat transfer increases between the circulating fluid 

and the solar collector within the solar collector, the useful energy gained by the collector 

increases too. Accordingly, the efficiency, which is a fraction between the useful energy gain 

and the total radiation incident on the solar collector, would increase, based on the 

Equation 3-2. 

After a 4920-hour simulation, which would be around end of July, the solar thermal collector 

efficiency has been computed based on the    Equation 4-3 and it is equal to 0.66 (66 %). 

𝜂 =
𝑄𝑢

𝐴𝐶𝐺𝑇
 

   Equation 4-3   

 

4.3 Storage Tank Streams’ Temperatures Profile 

 

There are two different liquid streams within the storage tank; one is coming from the solar 

thermal collector, which contains the essential energy for rejecting to the second stream for 

proving hot water, and the second stream is water supplied by the mains. There are two inlet 

and two outlet ports on the storage tank. Each stream enters the tank from one of the inlet 

ports and exits from one of the outlet ports. Therefore, there would be four different 

temperatures which are attractive to take a look at their values. Figure 4-2 and Figure 4-3  

shows these temperatures’ behavior for one year as the simulation start and stop time. 

Although the inlet temperature of the fluid coming from the solar collector is below 0 °C in 

wintertime and above 100 °C in summertime, the fluid would not freeze in winter or boil in 

summer as the freezing and boiling point of the ethylene glycol solution are -52.8 °C and 

111.1 °C, respectively. 
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Figure 4-2 Inlet and Outlet Temperature of the Circulating Fluid through the Storage Tank and 

Solar Collect 

 

 

Figure 4-3 DHW Temperature as the Outlet of the Storage Tank and Temperature Fluctuation of 

the Mixture of Water, Coming from the Mains and the Heat Exchanger
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4.4 Domestic Hot Water Temperature Profile 

 

In daily usage of a house, hot water is used to be mixed with cold water to increase the 

temperature of the water aimed at domestic needs such as washing and cleaning. For this 

purpose, we use a mixer in our model which adds cold water supplied by the water mains to 

the outlet stream coming from storage tank. Figure 4-4 shows the temperature differences 

between the hot water before and after mixing with cold water. It can be implied that the 

average hot water temperature over a year is around 61 °C before mixing and 56 °C after 

mixing. It is worthy of mentioning that, to reducing the DHW temperature even lower than 

56 °C, we can easily increase the cold water flow rate. 

 

 

Figure 4-4 Hot Water Temperature Behavior before and after getting mixed with Cold Water 

Supplied by Water Mains 

 

 

 

5.40E+01

5.60E+01

5.80E+01

6.00E+01

6.20E+01

6.40E+01

6.60E+01

6.80E+01

0.00E+001.00E+032.00E+033.00E+034.00E+035.00E+036.00E+037.00E+038.00E+039.00E+03

Te
m

p
er

at
u

re
 (

C
)

Time (hr)

Before Mixing

After Mixing



 

38 

4.5 Heat Exchanger Performance 

 

In order to coupling the solar thermal system with ground source heat pump, we decided to 

use a heat exchanger in our model. TRNSYS provides a number of heat exchangers which 

are modeled in various configurations [27]. Type 5b, whose parameters is reported in 

Table 4-1, is a counter flow heat exchanger in which its effectiveness will be calculated 

based on a certain value of the overall heat transfer coefficient, a design parameter assigned 

by the user (UA), with respect to the inlet temperatures and flow rates of the hot and cold 

side. Equation 4-4 shows how TRNSYS calculates the effectiveness of a counter flow heat 

exchanger. A simple schematic of this type of heat exchanger is shown in Figure 4-5. 

 

𝜀 =
1−exp [−

𝑈𝐴

𝐶𝑚𝑖𝑛
(1−

𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

)]

1−(
𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

)exp [−
𝑈𝐴

𝐶𝑚𝑖𝑛
(1−

𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

)]
                       Equation 4-4 

 

Where, 𝐶𝑚𝑖𝑛 = min (𝐶𝑐, 𝐶ℎ)  and 𝐶𝑚𝑎𝑥 = max (𝐶𝑐 , 𝐶ℎ), in which 𝐶𝑐 = ṁ𝑐𝐶𝑝𝑐
 and 𝐶ℎ =

ṁℎ𝐶𝑝ℎ
 are defined as cold side and hot side capacitance of the heat exchanger, respectively. 

 

Table 4-1 Counter Flow Heat Exchanger (type 5b) Parameters 

Description Value Units 

Specific heat of source side fluid 4.190 kj/kg/K 

Specific heat of load side fluid 3.284 kj/kg/K 

Overall heat transfer coefficient of exchanger 1000 kj/hr/K 

Mass flow rate of source side fluid 30 kg/hr 

Mass flow rate of load side fluid 30 kg/hr 
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Figure 4-5 Schematic of a Counter Flow Heat Exchanger and its Circuits 

 

The simulation results for each stream’s inlet and outlet temperature, and the heat transfer 

rate of the heat exchanger (type 5b) are plotted in Figure 4-6, Figure 4-7, and Figure 4-8, 

respectively. Considering these figures, it can be implied that the heat exchanger 

performance is quite acceptable since the hot stream enters the heat exchanger with a high 

temperature (whose average temperature over a year is 61 °C) and leaves it with a lower one 

(the average of which is equal to 24.5 °C over a year). This happens for the cold fluid on the 

load side of the heat exchanger as well (the average temperatures of cold fluid for inlet and 

outlet are 14.5 and 60 °C over a year, respectively). Additionally, the outlet temperature of 

the hot fluid fluctuation in the summertime differs from that of in the wintertime; this is 

simply because, in the summertime, the storage tank would provide DHW with higher 

temperature such that a portion of which directly enters the hot side of the heat exchanger 

on the one hand, and on the other hand, the inlet temperature of the cold fluid increases too 

due to the heat rejection in the borehole heat exchanger which takes place in the summertime, 

resulting in lower heat transfer rate in the heat exchanger. Simulation results demonstrated 

that the minimum heat transfer rate for the first year of simulation is 3805.4 kj/hr (in summer, 

September), and its maximum value is 5729.6 kj/hr (in winter, February). Also, the average 

value of the heat transfer rate over a year is about 4564.3 kj/hr. Finally, it is worth noting 

that the simulation results for effectiveness have a reasonable value for this kind of heat 

transfer we used in our model, the value of which is around 0.9736. 
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Figure 4-6 the Inlet and Outlet Temperature of the Counter Flow Heat Exchanger (type 5b) in the 

Source Side (Hot Side) 

 

 

Figure 4-7  the Inlet and Outlet Temperature of the Counter Flow Heat Exchanger (type 5b) in the 

Load Side (Cold Side) 
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Figure 4-8 the Heat Transfer Rate of the Counter Flow Heat Exchanger (type 5b) 

 

 

4.6 Room Temperature 

 

As already described in subsection 3.3.1 and Equation 3-4 the room temperature would 

fluctuate either linearly or exponentially with respect to the time. We should be aware that 

the room temperature profile would have the same behavior for each simulation year. Thus, 

we just presented the simulation result for this parameter for the first year of simulation in 

Figure 4-9. It should be noted that the room temperature is changing between the set point 

values of the thermostat, which are assigned according to the comfort temperature range. 

The comfort temperature for a house is considered to be between 18 °C to 22 °C in winter 

and 23 °C to 27 °C in summer for a heating-dominant city like Toronto, ON, Canada. 

Figure 4-9 also shows the results for the heating control signal. It can be implied that 

whenever the heat pump is on heating mode, the heating control signal is 1, the room 

temperature is in the range of 18 °C and 22 °C representing the wintertime, and vice versa. 
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Figure 4-9 Simulation results for Room Temperature Profile and Heating Control Signal with 

respect to the Time 

 

4.7 Soil Temperature 

 

The critical parameter of our interest in this study is the soil temperature fluctuations over 

ten years of simulation time. Using the ground as a heat source for space heating would 

decrease the soil temperature by the passage of time, such that the ground would not be able 

to reject heat for this purpose. As discussed before in subsection 3.3.2, for a Ground Source 

Heat Pump (GSHP) system, whose parameters are reported in Table 3-6, the soil temperature 

reduces by 22.2 % from its initial after ten years of operation (this result can also be implied 

from Figure 3-12). By coupling the solar domestic hot water to the ground source heat pump, 

we conclude that the soil temperature reduction is just for 3.6 % of its initial value over a 

ten-year operation. The differences between the final values of the soil temperature for a 

GSHP and a Solar Domestic Hot Water System Coupled with Ground Source Heat Pump 

(SDHWSCGSHP) over ten years are plotted in Figure 4-10. The soil temperature increases 

from 10.88 °C to 13.49 °C which is equivalent to 24 % of increment. 
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Figure 4-10 Soil Temperature Fluctuation for two Different Systems, Simulated in TRNSYS for 

Ten Years in Toronto, ON, Canada 

 

 

 

4.8 Conclusion 

 

Using ground source heat pumps for space heating in heating-dominated climates, such as 

Canada, would result in soil thermal capacity decline, and this is simply because more energy 

is extracted from the ground in the winter than is stored in the summer. This study aimed to 

investigate one of the possible ways to improve the soil temperature by using a green source 

of energy, which is the sun. Solar thermal collectors are widely used in the production of 

domestic hot water in Canada. Thus, the coupling of an existing solar domestic hot water 

system with an existing ground source heat pump in this study proved that this idea could be 

a reliable solution to mitigate the soil thermal capacity by the passage of time. Results 
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demonstrated that using this system would increase the soil’s temperature by 24 % after a 

ten-year operation. Therefore, after a long-term operation period, there will be no need for a 

solar domestic hot water system coupled with a ground source heat pump (SDHWSCGSHP) 

system to drill another borehole heat exchanger into the ground due to the system 

performance decline, which is a result of soil thermal decline itself. Drilling a borehole into 

the ground is a costly operation, especially in cold weather countries where the borehole 

should be pushed deeply into the ground to reach higher values of soil temperature. 

Consequently, the SDHWSCGSHP system is also economically advantageous. 

This study has been conducted for a single house in Canada with a U-tube borehole heat 

exchanger whose length is 150 m. This work could also be done on Multi-Family House 

(MFH). The effect of borehole length on the soil temperature in different locations over 

different operation time could also be investigated in future works. 
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Nomenclature and Acronyms  

Nomenclature 

Symbols Definitions Units 

𝑄𝑢  Rate of Useful Energy Gain  kj/hr 

𝐴𝐶  Collector Area m2 

𝐹𝑅(𝜏𝛼)  Intercept Efficiency - 

𝐺𝑇  Total radiation incident on the solar collector (Tilted 

surface) 

kj/hr/m2 

𝐹𝑅𝑈𝐿  Efficiency Slope kj/hr/m2/K 

𝑇𝑖  Collector inlet temperature °C 

𝑇𝑎  Ambient temperature °C 

η Solar thermal collector efficiency - 

𝑇𝑜  Outlet Temperature °C 

𝑡  Time hr 

𝑉  Volume m3 
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𝜌  Density kg/m3 

ṁ  Flow rate kg/hr 

𝐶𝑝  Specific Heat kj/kg/K 

𝑄𝐻𝑃  Energy absorbed from or rejected to Heat Pump  kj/hr 

𝑄𝑙𝑜𝑠𝑡   Energy loss from the system kj/hr 

𝑈𝐴  Overall Heat Transfer Coefficient  kj/hr/K 

𝑈  Heat Loss Coefficient kj/hr/m2/K 

𝑇ℎ,𝑖   Initial Temperature of House °C 

𝑇∞  Ambient Temperature °C 

𝑄𝐷𝐻𝑊   Necessary Energy for Producing Domestic Hot 

Water 

kj/hr 

𝑄𝑠𝑢𝑛  Energy Coming from the Sun kj/hr 

𝑄𝑎𝑢𝑥  Auxiliary Energy Input  kj/hr 

𝐹𝑠  Solar Fraction - 

𝐶  Heat Exchanger Capacitance  kj/hr/K 

𝐶𝑚𝑖𝑛  Minimum Capacitance kj/hr/K 
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𝐶𝑚𝑎𝑥  Maximum Capacitance kj/hr/K 

𝜀  Heat Exchanger effectiveness  - 

Acronyms 

Symbols Definitions 

TRNSYS Transient System Simulation 

SDHW Solar Domestic Hot Water 

GSHP Ground Source Heat Pump 

CSCGHP Combined Solar Collector-Geothermal Heat Pump 

FDM Finite Difference Method 

DLSC Drake Landing Solar Community 

SAGSHPGHS Solar Assisted Ground-Source Heat Pump Greenhouse 

Heating System 

SAGSHP Solar Assisted Ground-Source Heat Pump 

LHEST latent heat energy storage tank 

COP Coefficient of Performance 

MFH Multi-Family Houses 
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SDHWSCGSHP Solar Domestic Hot Water System Coupled with Ground 

Source Heat Pump 
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