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 10 

Abstract 11 

Many subarctic communities rely entirely on fossil fuels for their energy needs. Solar-12 

assisted ground-coupled heat pumps (SAGCHP) can be a solution to integrate renewable 13 

energy sources into their energy portfolios. However, it is currently unknown how such 14 

systems could operate in the context of the high North (cold ground, extreme mismatch 15 

between insolation and heating need, electricity from diesel). The objective of the paper is to 16 

develop a detailed model of a SAGCHP heating a house in Nunavik (Quebec, Canada) in 17 

order to gain a better understanding of its potential and limitations. The solar assistance is 18 

provided by PVs. Simulations with and without electric storage (batteries) were run. A 19 

complex tradeoff between four different modes of operation was obtained depending on the 20 

conditions of the system at each time step. For the test case, results show that the ground 21 

experiences a weak long-term thermal depletion partly compensated solar energy, but that a 22 

significant portion of the PV power production is preferably used by the compressor or stored 23 

in batteries rather than stored in the ground as heat. Over ten years, the SAGCHP system 24 

reduced fuel consumption respectively by 38.2% (without a battery) and 59.1% (with a 25 

battery). 26 

                                                            
 

* Corresponding Author: Louis.Gosselin@gmc.ulaval.ca  
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Keywords: geothermal; ground heat exchanger; subarctic building; photovoltaic; renewable 27 

energy; energy storage. 28 

Nomenclature 29 

COP Heat pump coefficient of performance [-] 

Cp,f

 
Specific heat capacity of heat transfer fluid [J/(kg.K)] 

Echange,battery Battery energy change at the end of a ten-year operation [MJ] 

Echange,borefield Borefield energy change at the end of a ten-year operation [MJ] 

Echange,tank Storage tank energy change at the end of a ten-year operation [MJ] 

Eelec,HP

 
Electrical energy consumed by the heat pump during a ten-year operation [MJ] 

Eelec,pump

 
Electrical energy required for the circulation pump to move the fluid in the 

GHE during a ten-year operation [MJ] 

Eloss,borefield

 
Heat transferred from the borefield to the environment through its top, lateral 

and bottom sides during a ten-year operation [MJ] 

Eloss,tank
 

Heat transferred from the storage tank to the environment during a ten-year 

operation [MJ] 

Ex→y Energy (heat or electrical) transferred from component x to component y (or 

group of components y) during a ten-year operation [MJ] 

FS Total diesel savings performed with the use of a SAGCHP [-] 

Hheader
 

Ground heat exchanger header depth [m] 

kg

 
Ground thermal conductivity [W/(m.K)] 

LHV
 

Diesel lower heating value [MJ/L] 

ṁf Mass flow rate of heat transfer fluid [kg/s] 

Pbattery→HP Electrical power supplied to the heat pump by the battery [W] 

Pelec,HP

 
Electrical power consumed by the heat pump [W] 

Pelec,pump Electrical power consumed by the pump [W] 

Pfluid→HP
 

Heat transfer rate from the fluid to the heat pump [W] 

PGHE
 Potential heat transfer rate from the storage tank to the ground during operation 

mode 2 [W] 

Pground→fluid Heat transfer rate from the ground to the fluid [W] 

PPV
 

Electrical power produced by the PV [W] 

PPV→battery

 
Electrical power supplied to the battery [W] 

PPV→HP
 

Electrical power supplied to the heat pump by the PV [W] 

PPV→pump Electrical power supplied to the circulation pump by the PV [W] 
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PPV→tank
 Electrical power supplied to the storage tank by the PV [W] 

Ptank→GHE+HP
 

Heat transfer rate from the storage tank to the ground or the heat pump [W] 

SOC
 

Battery fractional state of charge [-] 

t Current simulation time step [h] 

Ta Atmospheric temperature [°C] 

Tborefield
 

Average temperature of the ground volume around the boreholes [°C] 

Tg
 

Undisturbed ground temperature [°C] 

Tin,GHE

 
Fluid temperature entering the GHE [°C] 

Tin,HP

 
Fluid temperature entering the HP [°C] 

Tout,GHE
 

Fluid temperature exiting the GHE [°C] 

Tout,HP

 
Fluid temperature exiting the HP [°C] 

Tout,tank

 
Fluid temperature exiting the storage tank [°C] 

Ttank
 

Average fluid temperature in the storage tank [°C] 

Ts1
 

Temperature of the surface of the ground in the borefield [°C] 

Ts2

 
Temperature of the surface of the ground around the borefield [°C] 

U Global heat transfer coefficient between the ground surface and the atmosphere 

[W/(m².K)] 

Greek Symbols  

ηfurnace Oil-furnace global efficiency [-] 

ηpower plant Diesel power plant global efficiency [-] 

Acronyms  

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

COP Coefficient of performance 

DHW Domestic hot water 

GCHP Ground-coupled heat pump 

GHE Ground heat exchanger 

HDPE High-density polyethylene 

HP Heat pump 

MPP Maximum power point 

MPPT Maximum power point tracker 

n/B Scenario without battery 
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PV Photovoltaic (photovoltaic panels) 

SAGCHP Solar-assisted ground-coupled heat pump 

TMY Typical meteorological year 

TRNSYS TRaNsient SYstems Simulation Program 

w/B Scenario with battery 

1. Introduction 30 

There are many isolated and remote communities all over the world. For example, there are 292 such 31 

communities in Canada, many of which are located in the Northern part of the country [1]. Due to 32 

their remoteness, most villages are not connected to the main power grid and rely on local diesel 33 

power plants for electricity. Furthermore, fuel oil is used for space heating. The complete dependency 34 

on fossil fuels can be seen as problematic due to the high and volatile cost of energy, the greenhouse 35 

gas emissions of fuels, the noise, and the risks of spills. In Nunavik, the northern portion of the 36 

province of Quebec (Canada), the cost of electricity generation lied between 0.65 CAD/kWh and 37 

1.324 CAD/kWh (before subsidy) in 2013 [2], and the price of fuel oil reached 2.03 CAD/L in 2018 38 

(before subsidy) [3], [4]. Communities and governments are now looking for options to integrate 39 

renewable energy sources into the local energy mix of northern off-grid villages, taking into account 40 

their climatic, social and environmental specificities [1], [2]. Solar energy can be a promising option. 41 

However, the mismatch between the energy demand and the production is a major issue and calls for 42 

the use of energy storage. At such latitudes, days are extremely short in the winter and long in the 43 

summer. One of the options currently under investigation in Nunavik is the integration of photovoltaic 44 

panels with ground heat exchangers and heat pumps, relying on the ground for short and long-term 45 

heat storage. 46 

Recent studies have investigated the ability of ground-coupled heat pump systems (GCHP) to provide 47 

space heating in Nunavik. Among the main challenges encountered are the low temperature of the 48 

ground, the absence of cooling load in the summer (i.e., there is no thermal recharge of the ground), 49 

and the cost and environmental footprint of the electricity required to operate the compressor since it 50 

comes from diesel generators. Evaluations of the geothermal potential of Nunavik (Quebec, Canada) 51 

were carried out: Comeau et al. extrapolated the ground temperature profile and mapped the 52 

distribution of the ground thermal conductivity in the province of Québec. Their work was based on 53 

the ground thermal properties of 28 geothermal sites and on the geological data of the province [5]. 54 

Giordano et al. conducted surveys in the community of Kuujjuaq (Nunavik). Their study provides 55 

thermal conductivities and capacities of the ground subsurface [6]. Belzile et al. simulated a GCHP 56 

with horizontal exchangers in Kangiqsualujjuaq and demonstrated that it was possible to reduce fuel 57 
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oil consumption by 40% with a ground-coupled absorption heat pump [7]. However, their study also 58 

concluded that ground-coupled heat pumps consume more energy and fuel to heat the building than 59 

a furnace when the heat pump is supplied with electricity produced from diesel or directly driven by 60 

a diesel engine. It should be noted that their study considers the use of customized heat pumps able 61 

to handle fluid temperatures as low as -14 °C. Giordano and Raymond simulated a five-year operation 62 

of a borehole storage system for a drinking water facility in Kuujjuaq [8]. Giordano et al. simulated 63 

vertical ground heat exchangers (GHE) for ten years. They showed that it was possible to extract 64 

35 W/m from the ground for nine months of each year with 30 m-deep boreholes, when considering 65 

a minimum ground heat exchanger temperature of -10 °C [9]. Gunawan et al. assessed the geothermal 66 

potential in the community of Kuujjuaq and performed an economic analysis of several energy 67 

scenarios [3]. Despite the unfavorable Nunavik’s conditions described earlier, their study reveals that 68 

all GCHP options can be economically attractive compared to fuel oil furnaces over a 50-year horizon. 69 

It also highlighted the economic benefits of consuming electricity from solar photovoltaic panels to 70 

run the system, rather than electricity from the community grid. 71 

A few examples of successful GCHP projects in cold climates can be found in the literature. The 72 

report from Meyer et al. provides a literature review of systems operating in Alaska (USA) that meet 73 

the heating demand and allow to save costs over other heating systems [10]. Cost analyses proved 74 

that GCHP could be economically viable in Alaska, and that this viability depends on the price of the 75 

electricity consumed to run the GCHP and the price of fuel that is being replaced. Garber-Slaght et 76 

al. noted that GCHP are cost effective when cheap electricity meets expensive fuel oil, for the case 77 

studied in Fairbanks [11]. However, Meyer et al. point out that GCHP could be inadequate in some 78 

areas of Alaska because of their high operational and installation costs [10].  79 

One of the major issues with GCHP in heating dominated areas is the unbalanced load imposed to 80 

the ground. This could result in excessive ground thermal depletion and the degradation of the heat 81 

pump performance over the years [11], [12]. For this reason, Garber-Slaght et al. pointed out the lack 82 

of long-term studies of GCHP in heating dominated climates, and the need to study the evolution of 83 

their performance over their entire lifetime. Studies investigated several ways to deal with this long-84 

term thermal depletion. It appears that improving the borefield layout, increasing the spacing between 85 

the boreholes and increasing the exchanger length (greater number of boreholes and deeper boreholes) 86 

can help the ground to recover faster and could be sufficient to handle slight thermal imbalances [12], 87 

[13]. High ground thermal properties (thermal conductivity, thermal diffusivity), high moisture 88 

content and the possibility of freezing the ground water content are also favorable [14], [15]. In other 89 

cases, thermal depletion is not expected when significant groundwater flow is present as it contributes 90 
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to the thermal recharge of the borefield. However, when the thermal imbalance is severe, the use of 91 

a secondary source of heat and the use of seasonal thermal storage become appropriate solutions, 92 

according to You et al. [16].  93 

Several studies investigated the integration of auxiliary sources of energy to reduce the ground 94 

thermal imbalance [12]. Among solutions, the technology known as solar-assisted ground-coupled 95 

heat pump (SAGCHP) integrates solar energy by using solar thermal collectors or photovoltaic panels 96 

with the geothermal system. Solar energy can serve different purposes. For instance, it can reduce 97 

ground heat extraction when serving as a source of heat for direct production of domestic hot water 98 

(DHW) or for direct space heating [12]. When connected with the GHE and the heat pump, the solar 99 

assistance can serve as a heat source to raise the temperature of the fluid entering the heat pump and 100 

then increase its coefficient of performance (COP). When connected with the GHE, the solar 101 

assistance can recharge the ground through heat storage [17]. This last purpose can be declined in 102 

several applications. Seasonal heat storage can occur at relatively low temperatures with the aim to 103 

compensate for the yearly thermal imbalance and eventually slightly increase the temperature of the 104 

fluid entering the heat pump and, thus, its COP. Heat storage can also be done at high temperatures, 105 

but this requires an underground storage volume with insulated boundaries [18].  106 

The studies from Kjellsson et al. question the benefits of underground seasonal storage [19], [20]. 107 

They performed TRNSYS simulations of a SAGCHP located in Stockholm, Sweden, using solar 108 

collectors and a short-term storage tank. The configuration of the system allowed three main operation 109 

scenarios. The collectors can provide only DHW, or they can provide heat to the boreholes and then, 110 

recharge the ground and increase the fluid temperature in the evaporator, or they can perform both 111 

functions. In this last scenario, DHW production with solar heat and injection of solar heat in the 112 

borefield occur respectively during summer and winter. The authors compared these three scenarios, 113 

considering the electricity consumption (consumed to run the circulating pumps, heat pump and 114 

auxiliary heating unit) and the space heating provided. According to their study, the recharge of the 115 

borefield must coincide with or be as close as possible from the ground heat extraction periods. 116 

Ground recharging is the most efficient in winter, when the weather conditions require most of the 117 

heat pump heating capacity and when its electricity consumption is likely to increase, because of the 118 

low borehole temperatures. During summer, if the system is sufficiently large, the solar heat must be 119 

used for DHW rather than for the recharge of the borefield, due to the heat losses that would occur in 120 

the ground over time. The recharge of the borefield in summer allows limited annual electricity 121 

savings through the improvement of the heat pump COP, unlike the production of solar DHW. On 122 

the contrary, the study from Zhu et al. reveals that solar energy can help prevent the long-term 123 
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degradation of the heat pump COP while reducing the system operation cost and allowing a 124 

sustainable payback period, despite the additional cost of solar assistance [21]. In addition, Nordgård-125 

Hansen et al. studied the optimization of systems including PVs, batteries and GCHPs. The energy 126 

needs of the GCHPs and dwellings did not always match the PV production. Thus, a part of it was 127 

used to perform ground heat injection, enabling the ground to reach near long-term thermal balance 128 

[22]. Such studies provide interesting insights but may not strictly apply to the subarctic climate where 129 

the undisturbed ground temperature is near the freezing point.  130 

As can been seen from the literature review, there is evidence suggesting that GCHP could offer an 131 

opportunity to address some of the energy issues of communities such as those from the Canadian 132 

north and that solar assistance could alleviate problems such as the long-term thermal depletion due 133 

to the absence of a cooling load, the low ground temperature, and the environmental footprint of the 134 

electricity. However, at this point, it is unclear how such a system could actually work, and in 135 

particular, the performance that it could reach, as no assessment is available. A knowledge gap on the 136 

best technologies to be adopted for the Nunavik and other off-grid communities must be addressed. 137 

The objective of the present work is thus to develop a better understanding of how a SAGCHP system 138 

would work in the subarctic context. In order to do so, we developed a model of the SAGCHP system 139 

and a real house that it could service (Section 2) with TRNSYS. The house is located in the 140 

community of Whapmagoostui (Quebec, Canada) and energy bills were available to calibrate the 141 

building model. Only PV was considered for solar assistance due to local constraints preventing the 142 

use of thermal solar technologies. The model was then used to study the evolution of the fluid and 143 

ground temperatures, the energy flows in the system and the control of the system. Different scenarios 144 

were investigated, including the use of batteries for storing electricity and the way in which the 145 

electricity produced by the PV arrays is used.  146 

2. Methodology 147 

2.1 Space-heating load profile 148 

In order to simulate the operation of a SAGCHP system, a heating demand profile is needed at a high 149 

temporal resolution. We generated this load profile from an energy model of a house located in the 150 

village of Whapmagoostui (Quebec, Canada) at a latitude of 55° 16’ North and a longitude of 77° 44’ 151 

West. This house is part of a research station of the Centre d’études nordiques (CEN). The roof of the 152 

building is composed of two sides oriented toward North and South with a tilt angle of 18°. The one-153 

story building has a floor surface area of 94 m² with a crawl space. Overall, the window-to-floor ratio 154 

is 10%. The heating need of the building is currently satisfied by a forced-air fuel oil furnace, with 155 

an estimated efficiency of 80%. Typically, one person occupies this dwelling. 156 
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An energy model of the building was developed in TRNSYS. Type 56, type 121a and type 75b were 157 

used to respectively model the building, fuel oil furnace, and infiltrations. The required 158 

meteorological information was assembled from different sources: atmospheric pressure, wind speed, 159 

dry bulb temperature, relative humidity from [23], solar radiation from [24] and ground temperature 160 

at 2 cm from the surface [25].  161 

 162 

Fig. 1. House of the CEN research station in Whapmagoostui (Quebec, Canada) serving as a test case for this 163 

project. 164 

The model was calibrated with the fuel oil and electricity bills of 2017 and 2018. The fuel oil bills 165 

were used to calibrate the model parameters and generate a heating demand that matched the house 166 

consumption. First, the monthly electricity bills were used to adjust the heat gains associated with 167 

electrical devices in the model. Then, several model parameters were adjusted to match the average 168 

simulated fuel oil consumption with the bills, including the thermal resistance of the walls, doors, 169 

floor and roof, the equivalent air leakage area, the fraction of the consumed electricity transferred into 170 

internal gains, and the indoor setpoint temperature. It should be noted though that the fuel oil invoices 171 

were not issued every month, but rather every time the tank was refueled (periods ranging from 172 

12 days to 153 days). Furthermore, according to the managing team of the station, the actual 173 

occupancy of the house over the two-year period varied, but no data was available on whether the 174 

house was occupied or not during specific days and if so, by how many people. Therefore, it was not 175 

possible to calibrate the model by following the requirements from ASHRAE Guideline 14-2002 176 

[26]. However, it should be reminded that the objective of the present work is not to obtain an exact 177 

energy consumption profile of a given building, but rather to generate a realistic heating load profile 178 

for the purpose of analyzing the SAGCHP.  179 

The calibrated model was then used to generate a typical yearly heating load profile (which will be 180 

used below to simulate the SAGCHP). Due to the absence of a Typical Meteorological Year (TMY) 181 

weather data file for Whapmagoostui, we analyzed weather data from different years to select a 182 
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typical year for the purpose of the present work. As a first approximation, it is assumed that colder or 183 

cloudier years would balance out warmer or sunnier years which would not impact significantly the 184 

long-term ground thermal imbalance and SAGCHP performance. Therefore, we used a single typical 185 

year to model the conditions under which the system operates in the long-term (ten years). The yearly 186 

average solar irradiance and outdoor temperature were calculated from 2006 to 2019. The weather 187 

conditions of 2012 were found to be the closest to these averages and were thus retained for this 188 

paper. The space heating load profile was thus generated with the model described above for that 189 

specific year, as shown in Fig. 2. Even though only the daily average is reported in that figure for the 190 

sake of clarity, the heating need is available every ten-minute period from the simulation. Shorter 191 

time steps were tested and did not significantly change the results. In the rest of the present work, that 192 

load is used to represent the heating demand profile. The overall energy consumption for space 193 

heating is around 107 GJ/y, which corresponds to an annual heating intensity of 316 kWh/m2y. Such 194 

an intensity is typical in Nunavik.  195 

  196 

  197 
Fig. 2. Evolution of the daily and monthly average heating load of the residential building under study. 198 

2.2 Description of the SAGCHP configuration 199 

Fig. 3 shows the proposed SAGCHP configuration. It includes a water source heat pump operating 200 

parallel with the building fuel oil furnace. The borefield contains vertical ground heat exchangers 201 

(GHE) with U-pipes. Solar assistance is provided by photovoltaic panels (PV) which can feed the 202 

compressor of the heat pump (HP) or an electric resistance to warm up the fluid in a short-term storage 203 

tank. We assumed that the photovoltaic panels operated with a maximum power point tracking 204 

(MPPT) system. Four valves control the circulation of the fluid in the components. It is important to 205 
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explain that solar thermal collectors are typically considered as an unsuitable solution to the Nunavik 206 

context due to costs (transportation, installation, maintenance), absence of qualified local personnel 207 

to maintain and repair them, harsh climatic conditions and low social acceptance. That is why it was 208 

decided to orient the present study on the use of photovoltaic panels. 209 

 210 

Fig. 3. Components of the SAGCHP and schematic configuration of the heating system under study. 211 

The configuration of the SAGCHP allows four operation modes: 212 

• Mode 0: In mode 0, the fluid does not circulate and no heat transfer between the components of 213 

the SAGCHP occurs (v2 and v3 opened, v1 and v4 closed). Nevertheless, heat exchanges 214 

between the ground volume around the borefield and its environment (the atmosphere and the 215 

surrounding ground) are possible. Mode 0 is used when the HP does not work and when the 216 

storage tank is unable to raise the exiting fluid temperature above a certain limit. Indeed, the 217 

circulation of the fluid is deemed undesirable when the pumping power exceeds the heat that 218 

could potentially be transferred from the storage tank to the ground. This usually happens when 219 

no heat from the HP is required, and when solar energy from the PV is unavailable or low. 220 

• Mode 1: Mode 1 is required when the HP must provide heat to the house, and when the PV 221 

power production is sufficient to raise the temperature of the fluid coming from the HP. In that 222 

case, the fluid circulates in the storage tank before entering the GHE and the HP (v4 and v1 223 

opened, v2 and v3 closed). Then, heat is transferred from the ground and from the storage tank 224 

to the HP.  225 

Jo
urn

al 
Pre-

pro
of



11 

• Mode 2: Mode 2 occurs when the HP does not work and when the PV production is sufficient to 226 

raise the temperature of the fluid exiting the storage tank. Indeed, the circulation of the fluid is 227 

deemed suitable if the heat transfer towards the ground exceeds the required pumping power. In 228 

that case, the fluid circulates in the storage tank and discharges heat into the GHE, helping to 229 

prevent its temperature depletion (v1 and v3 opened, v2 and v4 closed).  230 

• Mode 3: Mode 3 replaces mode 1 when the storage tank is unable to raise the temperature of the 231 

fluid coming from the HP (v2 and v4 opened, v1 and v3 closed). Then, heat is only transferred 232 

from the ground to the HP. 233 

A preliminary assessment of the expected fuel savings showed that using the local community grid 234 

to meet the entire electrical demand of the HP and the circulation pump is inappropriate for economic 235 

and environmental reasons. For example, let us assume a COP of 3 for the HP and a power plant 236 

efficiency of 34.1% [27]. Then, replacing one energy unit of fuel from the furnace requires 0.33 units 237 

of electricity at the HP compressor, i.e., 0.33/0.341 ≃ 0.967 units of fuel at the power plant (i.e., 238 

virtually no reduction of the overall fuel consumption). It follows that the HP electricity consumption 239 

must at least rely partially on non-fossil fuel energy sources to limit the consumption of diesel 240 

associated with the electricity production. On the other hand, the small size of the community grid 241 

constitutes a limit to the amount of PV production that the grid can purchase when it exceeds the 242 

SAGCHP demand. In such context, the penetration of renewable energy sources is limited unless 243 

local means of storage are implemented. Thus, we compared two distinct scenarios of electrical 244 

supply to operate both HP and circulation pump: (i) directly from the PV/MPPT/inverter when the 245 

electricity production is coincident with the operation of the HP and the pump; (ii) from a battery in 246 

which the PV production can be stored. They are respectively called scenarios n/B and w/B. In the 247 

without battery (n/B), the match between the PV production and the HP and pump electrical demand 248 

constrained the electrical supply from the PV. The allocation of the electricity produced by the PV at 249 

a time t (i.e, PPV(t)) between the HP compressor, the pump and the storage tank was determined by: 250 

 PV HP PV elec,HP( ) ( ) ; ( )P t MIN P t P t→ =
    

(1) 251 

  PV pump PV elec,HP elec,pump PV HP( ) ( ) ; ( ) ( ) ( )P t MIN P t P t P t P t→ →= + −
  

(2) 252 

 PV tank PV PV HP PV pump( ) ( ) ( ) ( )P t P t P t P t→ → →= − −
   

(3) 253 

The scenario with battery (w/B) involves a battery to better match the PV production, the HP demand 254 

and the pump demand. The battery receives the electrical power from the PV until it is fully charged, 255 
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and it provides electrical power to the HP and the pump until it is fully discharged. The storage tank 256 

receives the remaining PV production in the same manner as in n/B (see Eq. (3)). The pumping 257 

power was estimated based on the friction losses in the U-pipes of the GHE. In both scenarios, the 258 

community grid supplies the remaining electrical needs of the HP and the pump when the PV 259 

production cannot meet them entirely.  260 

2.3 TRNSYS model description 261 

The SAGCHP model was developed in TNRSYS and coupled with the building energy model 262 

described in Section 2.1. Table 1 summarizes the main parameters of the model. The heating 263 

thermostat provides the HP with a control signal (0 or 1) commanding its stopping and starting, 264 

depending on the instantaneous heating demand in the building. The model also includes PV panels 265 

(with an idealized MPPT) located on the roof of the building with the same inclination and orientation 266 

as in the house under study. Thus, the PV field is divided into two arrays with the same area and 267 

facing respectively the South and the North with a tilt angle of 18°. A part of the power produced by 268 

the PV is directly supplied to the storage tank model type 4c through its heating element, and the other 269 

part of the PV production directly supplies to the HP and the pump (scenario n/B) or the battery 270 

(scenario w/B). The HP was modeled with type 919 (vapour-compression heat pump) and the PV, 271 

with type 94 (crystalline modules). The borefield was modeled with type 557a. All simulations were 272 

run with a time step of ten minutes and for a duration of ten years. Shorter time steps of up to 2 minutes 273 

were tested and did not change the results significantly. 274 

The sizing and modeling of the main components (i.e., HP, PV, boreholes and battery) is described 275 

below, along with the modeling of the control system. Again, specific values of the model parameters 276 

are shown in Table 1. 277 

Heat pump: A water source HP with a rated heating capacity of 9.38 kW was chosen based on the 278 

heating demand of the building and available HP models. In this case, the HP can supply the whole 279 

building heating demand. Consequently, the furnace operating time reduces to nearly zero. The 280 

performance data from a manufacturer were used in type 919, accounting for variations of the COP 281 

and heating capacity as functions of entering temperature [28]. Fig. 4 provides the HP heating 282 

capacity and compressor power. The minimal inlet temperature of the HP is -6.5 °C.   283 

PV array: A photovoltaic array with a rated power of 9 kW was selected based on the available roof 284 

surface area. The type 94 models PV arrays with an idealized MPPT. The PV power output depends 285 

on the incident solar radiation and the ambient temperature according to the performance data from 286 

the manufacturer [29]. Table 1 provides the main data used in the PV model. Its nominal efficiency 287 
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is 15.54%. We applied for all simulation years the solar radiation data of the year 2012 from [24] and 288 

assumed that snow did not accumulate on the arrays (in fact, the roof is designed in such a way that 289 

snow is constantly removed by wind).  290 

Battery: In scenarios involving a battery, the latter was sized to ensure that electricity production of 291 

around two days could be stored. A capacity of 50 kWh was then chosen. Owing to the mismatch 292 

between the PV production and the HP consumption, this constitutes the maximum energy that could 293 

be produced and consumed when considering a two-day horizon for the storage strategy. It was found 294 

that increasing further the size of the battery did not improve significantly the performance of the 295 

system (diminishing return). A two-day horizon was deemed sufficient to smooth the supply and 296 

demand fluctuations. If the PV production exceeds the battery capacity, the electricity is converted in 297 

heat in the storage tank. We assumed an idealized battery with a charge and discharge efficiency of 298 

100% and a depth of discharge of 100%. We also assumed an idealized DC-AC inverter (see Fig. 3).  299 

Borefield: The borefield TRNSYS model assumes the ground properties to be uniform. As shown in 300 

Table 1, an average ground thermal conductivity of 2.35 W/(m.K) and an average ground thermal 301 

capacity of 2.25 MJ/(m3.K) were chosen based on a report from Comeau et al. on the geothermal 302 

potential in Whapmagootui-Kuujjuarapik [30]. The average ground thermal properties considered in 303 

the present study are close to the pessimistic scenario 1A presented in their report for sand deposits 304 

over a granitic bedrock. The undisturbed temperature of the ground is 2.5 °C [30]. Assuming that the 305 

boreholes would be mostly located in the bedrock, which has a very low water content, the freezing 306 

and thawing of water in the borefield was not modeled. Owning to the geothermal potential in 307 

Whapmagoostui and to the building heat load, a total GHE length of approximately 260 m was found 308 

to be sufficient to ensure that the temperature of the fluid at the HP inlet is always above −6.5 °C 309 

[30]. Underground thermal storage systems usually involve several shallow boreholes, closely placed 310 

and in strong thermal interaction with each other. However, in the present case and as will be detailed 311 

below, the PV production is insufficient to totally balance the yearly ground heat extraction and 312 

perform underground thermal storage. Thus, the borefield includes two 130 m-deep boreholes to 313 

insure sufficient heat transfer between the surrounding ground and the ground volume in the borefield. 314 

They are connected in series and are spaced by 6 m. The fluid mixture (35% water-propylene-glycol 315 

mixture) prevents the freezing of the heat transfer fluid in the pipes (freezing temperature of -16 °C) 316 

[31]. The GHE model (type 557a) requires two temperature boundary conditions at the surface: one 317 

at the surface above the borefield and another one at the ground surface around the borefield. The 318 

snow cover creates an insulation layer between the ground and the atmosphere for several months, 319 

preventing the ground surface temperature from following the atmosphere temperature [32]. In order 320 
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to estimate the appropriate surface boundary conditions via heat balances, the following assumptions 321 

were made: the thermal inertia of the snow cover is neglected; the variation of the mean borefield 322 

temperature from a time step to another is small enough to consider its value at the previous time step 323 

to perform the surface heat balance; the temperature in the higher part of the borefield is close to the 324 

mean borefield temperature; and the temperature of the ground in the surroundings of the borefield is 325 

close to the undisturbed ground temperature. Performing an energy balance and isolating the surface 326 

temperature yields, at each time step: 327 
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where Tg is the undisturbed ground temperature (constant over time), Tborefield, the average temperature 330 

of the ground volume included in the borefield, Ta, the air temperature, Hheader, the depth of the top of 331 

the heat exchangers, and kg, the ground conductivity (see Fig. 5). The volume of ground included in 332 

the borefield is 8,105 m3. U is the overall heat transfer coefficient of the layers located between the 333 

ground surface and the atmosphere. Two values were used: one in the presence of a snow cover, and 334 

one without it. These two values were calibrated to meet the following conditions: 335 

• The yearly average surface temperature must be equal to the undisturbed ground temperature 336 

(2.5 °C) when no perturbation of the ground occurs (no heat extraction nor injection).  337 

• When a snow cover is present (i.e., from day 1 to 135, and from day 307 to 365), the surface 338 

temperature stabilizes to −1 °C, according to ground temperature data collected at Whapmagoostui 339 

[25], and the heat transfer is dominated by conduction in the snow. 340 

• According to this same dataset, the undisturbed ground surface temperature closely follows 341 

the air temperature once the snow cover has disappeared (heat transfer dominated by convection and 342 

radiation).  343 

In the end, U was set to 0.56 W/(m2.K) during the snow cover period or whenever the air temperature 344 

was below −0.5 C. Otherwise, U was set to 20 W/(m2.K). These empirical values allowed matching 345 

the ground temperature data. 346 
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Table 1. Values of the main parameters in the model. 348 

TRNSYS 

component 

Parameter Units Value 

GHE – type 557a Borehole depth 

Boreholes spacing 

Undisturbed ground temperature [30] 

Borehole radius [33] 

Backfill thermal conductivity [30] 

Pipe outer radius [34] 

Pipe inner radius [33], [34] 

Pipe thermal conductivity (HDPE pipe) 

Half shank spacing 

Header depth 

Ground thermal conductivity [30] 

Ground heat capacity [30] 

m 

m 

°C 

m 

W/(m.K) 

m 

m 

W/(m.K) 

m 

m 

W/(m.K) 

MJ/(m3.K) 

130 

6 

2.5 

0.0762 

1.5 

0.024 

0.019 

0.4 

0.025 

2 

2.35 

2.25 

HP – type 919 Rated air flowrate 

Rated liquid flowrate 

Rated heating capacity 

Rated COP 

L/s 

m3/h 

W 

- 

542 

2.6 

9,380 

3.5 

Storage tank – 

type 4c 

Volume [34] 

Loss coefficient [34] 

Number of temperature nodes 

m3 

W/(m².K) 

- 

0.8 

0.33 

50 

PV array – type 

94 (all parameters 

from [29]) 

Number of modules in series 

Number of modules in parallel 

Module area 

Module maximum power 

Nominal module efficiency 

Array slope 

Short-circuit current at reference conditions (Isc) 

Open-circuit voltage at reference conditions 

(Voc) 

Current at MPP and reference conditions 

Voltage at MPP and reference conditions 

Temperature coefficient of Isc 

Temperature coefficient of Voc 

Number of cells wired in series 

Optimum operating current (Imp) 

Optimum operating voltage (Vmp) 

- 

- 

m² 

W 

% 

degrees 

A                                    

V 

A 

V 

A/K 

V/K 

- 

A 

V 

6 

3 

1.48 

250 

15.54 

18 

8.87 

37.2 

8.3 

30.1 

0.0058 

-0.1265 

60 

6.60 

27.5 
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 349 

Fig. 4. Heat pump heating capacity and compressor power depending on the entering fluid temperature. 350 

 351 

Fig. 5. Schematic representation of the ground volume including the boreholes, and its surroundings.  352 

Control: The algorithm to change the operation mode during the simulation is schematized in Fig. 6. 353 

It constitutes the application of the principles described in Section 2.2. Signal values govern the 354 

opening and closing of the flow diverters in the TRNSYS model. At each simulation time step, the 355 

calculation of governing signals is based on the fluid temperature at the previous time step. For 356 

selecting Mode 2, a condition has been added to limit the electricity consumption associated with the 357 

fluid circulation in the SAGCHP. First, we calculate the pumping power required to move the fluid 358 

in the ground heat exchangers. Only friction losses in the U-pipes were considered. The amount of 359 

heat that can be injected into the ground is also calculated from: 360 
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   (6) 361 

When Mode 2 is used in the previous time step, it is kept for the next time step if the heat transfer 362 

rate defined by Eq. (6) is larger than the pumping power. Otherwise, the circulation is stopped 363 

(Mode 0). When Mode 0 was used at the previous time step, Mode 2 was only triggered when the 364 

storage tank temperature was 0.5 C warmer than the minimal value ensuring a PGHE value higher 365 

than the pumping power. This was implemented to limit excessive changes of states between Modes 2 366 

and 0.  367 

   368 

Fig. 6. Algorithm ruling changes of operation modes during the simulation. 369 

3. Simulation results for scenarios with and without battery 370 

This section describes the behavior of the SAGCHP system. Fig. 7 reports the long-term evolution of 371 

the fluid temperature in the SAGCHP and the mean temperature of the ground volume around the 372 

boreholes (mean borefield temperature), during a ten-year operation, for both scenarios n/B and w/B. 373 
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Even though simulations were carried out with a ten-minute time step, only daily averages are 374 

reported in the figure for the sake of clarity. When calculating the daily average of Tin,GHE and Tout,GHE, 375 

only time steps in which the system operated in modes 1, 2 or 3 were accounted for. Similarly, only 376 

modes 1 and 3 (i.e. when the fluid circulated in the HP) were considered for the calculation of the 377 

daily average of Tin,HP and Tout,HP. It should be noted that the fluid temperature exiting the GHE 378 

corresponds to the fluid temperature entering the HP only during operation modes 1 and 3. The daily 379 

average of Tout,GHE also includes the heat injection periods during operation mode 2. Thus, its value is 380 

higher than Tin,HP. The evolution of the fluid and ground temperatures is influenced mainly by the PV 381 

production, the space-heating demand from the building and the outdoor temperature conditions, 382 

which explains the shape of the curves in Fig. 6. The fluid temperature entering the HP (Tin,HP) is 383 

always above the limit imposed by the HP (i.e., above -6.5 °C), preventing the HP from stopping. 384 

Finally, a long-term thermal depletion of the ground occurs over the ten-year operation. The borefield 385 

temperature (see definition below Eq. (5)) falls from 2.5 °C at the beginning of the simulation, to 386 

respectively 0.87 °C and 0.54 °C at the end of the simulation for both scenarios without (n/B) and 387 

with battery (w/B). The evolution of the HP COP depends on the entering HP fluid temperature and 388 

thus, follows the same trend: in the scenario without battery (n/B), its annual average falls from 3.25 389 

for the first simulation year to 3.18 for the last simulation year, while it falls from 3.22 to 3.14 in the 390 

scenario with battery (w/B). 391 

 392 
(a)  393 
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 394 
(b) 395 

Fig. 7. (a) Daily average of fluid temperature entering and exiting the GHE, and of mean borefield 396 

temperature over ten years of operation for scenarios n/B and w/B, (b) Daily average of fluid temperature 397 

entering and exiting the HP, and of mean borefield temperature over ten years of operation for scenarios n/B 398 

and w/B. 399 

 400 
 (a) (b) 401 

Fig. 8. Daily average fluid temperature entering and exiting the GHE during the second year of operation, for 402 

scenario n/B (a) and for scenario w/B (b). 403 
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 404 
 (a) (b) 405 

Fig. 9. Daily average fluid temperature exiting the tank, the GHE and the HP during operation mode 1, during 406 

the second operation year, for scenarios n/B (a) and w/B (b). 407 

Fig. 8 offers a zoom of the daily average fluid temperature entering and leaving the GHE during 408 

operation modes 1, 2, 3, and the borefield temperature during the second year of operation, for both 409 

scenarios n/B and w/B. That year was chosen to limit the impact of the initial conditions, but as was 410 

seen before, results are similar from one year to another. Fig. 8 highlights the change of direction of 411 

the heat transfer rate between the ground and the fluid over the year. Tout,GHE exceeds Tin,GHE when the 412 

heat transfer rate extracted by the HP overcomes the heat transfer rate injected in the ground by the 413 

solar assistance system (extraction mode). The contrary occurs in the middle of the year when a large 414 

quantity of solar energy is available (recharging mode). By comparing Figs. 8a and 8b, it is also 415 

visible that the fluid temperature oscillations are more pronounced in n/B during the extraction mode. 416 

Although the solar assistance allows slightly increasing the mean fluid temperature in the GHE and 417 

the HP during the extraction mode, it produces little change in the general temperature profiles for 418 

the second operation year. The discrepancies between n/B and w/B for the borefield temperature are 419 

more pronounced after ten years, as shown on Figs. 7a and 7b. Fig. 9 reports the fluid temperature 420 

exiting the storage tank, the GHE and the HP during operation mode 1. The differences between these 421 

three temperatures are directly related to the direction of the heat flows in the SAGCHP components. 422 

The differences (Tout,HP – Tout,GHE), (Tout,tank – Tout,HP) and (Tout,GHE – Tout,tank) are proportional 423 

respectively to the heat transfer rate from the fluid to the HP, the amount of heat transferred to the 424 

fluid by the storage tank, and the amount of heat transferred from the ground to the fluid. It must be 425 

noted that the difference (Tout,tank – Tout,HP) is positive or null most of the time, highlighting the fact 426 

that the storage tank preheats the fluid exiting the HP before entering the GHE when solar energy is 427 

available. Fig. 10 explicitly shows the direction of these heat flows in the SAGCHP, but takes into 428 

account all operation modes (i.e., 0, 1, 2, and 3), whereas Fig. 9 only shows mode 1. It can be seen 429 
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that the average heat transferred to the HP follows the same trend as the daily average building heat 430 

demand. In agreement with previous results, Fig. 10 highlights the injection of heat in the ground 431 

when the power available from the solar assistance overcomes the heat extracted by the HP. On the 432 

contrary, when solar energy is less available in winter, the power extracted by the HP comes from the 433 

ground essentially. Figs. 9 and 10 also show the discrepancies in the heat provided by the tank 434 

between scenarios n/B and w/B. They are mostly visible before the 120th day and after the 240th day 435 

of the year, when the HP and pump electricity needs exceed the PV production. In fact, the use of a 436 

battery in scenario w/B does not change the amount of heat injected in the ground in the middle of 437 

the year but prevents the contribution of the storage tank during the coldest days.  438 

 439 
 (a) (b) 440 

Fig. 10. Daily average of the heat transfer from the storage tank to the fluid, from the ground to the fluid, and 441 

from the fluid to the HP, during operations modes 0, 1, 2, 3, during the second operation year, for scenario 442 

n/B (a) and for scenario w/B (b). 443 

 444 
(a) 445 
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 446 
(b) 447 

Fig. 11. (a) Temperature of the fluid exiting the tank, the GHE and the HP, and HP control signal, (b) Heat 448 

transfer rate from the PV to the tank and from the tank to the fluid, during the 182nd day of the second 449 

operation year in scenario n/B. 450 

Fig. 11 helps to understand the alternance of the operation modes, by looking at results with a smaller 451 

time granularity. Only scenario n/B was considered as no significant differences were observed in 452 

scenario w/B regarding how the operation modes are used. One specific day was chosen to illustrate 453 

how the system is controlled (day 182, i.e., in summer). All ten-minute time steps are represented in 454 

the figures. Operation modes 1 and 3 occur when the HP operates (signal HP ON ≠ 0 in Fig. 11). 455 

More specifically, operation mode 1 occurs when the temperature of the fluid exiting the storage tank 456 

exceeds the temperature of the fluid exiting the HP, and operation mode 3, when it does not. Operation 457 

mode 2 occurs when no heating from the HP is required (signal HP ON = 0 in Fig. 11), and when the 458 

temperature of the fluid exiting the storage tank sufficiently exceeds the temperature of the fluid 459 

exiting the GHE. Mode 0 occurs when it does not. Fig. 11b reports the power supplied by the PV to 460 

the storage tank and the heat transfer rates from the storage tank to the other SAGCHP components. 461 

The figure shows that the heat transfer from the storage tank to the components occurs during 462 

operation modes 1 and 2, and that this heat is transferred to the ground, or to the HP, or to both 463 

components, depending on the relative position of the three curves in Fig. 11a. For instance, for 464 

operation mode 1, when Tout,tank > Tout,GHE > Tout,HP, it means that heat is transferred from the storage 465 

tank towards the ground and the HP, and when Tout,GHE > Tout,tank > Tout,HP, it means that that heat is 466 

transferred from the ground and from the storage tank to the HP. More generally, Fig. 11 confirms 467 

that the ability of the storage tank to provide heat to the system (the ground or the HP) depends 468 

strongly on the solar energy availability, which fluctuates during the day.   469 

  470 
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4. Impact of battery on the operation and performance 471 

In this section, we analyze in more detail the impact of the battery on the performance of the system. 472 

Fig. 12 reports the distribution of the electric power produced by the PV delivered to the short-term 473 

storage tank, the HP and the pump in scenarios n/B and w/B, throughout the second operation year. 474 

In both cases, the photovoltaic power production is the same (PPV). However, the way in which the 475 

electricity is used is different. In scenario n/B (Fig. 12a), the share of electricity used as heat is higher 476 

than in scenario w/B (Fig. 12b), because the use of a battery allows better matching the HP demand 477 

to the PV production. The battery allows the HP compressor to operate with the electricity from the 478 

PV (which is highly beneficial to reduce the recourse to fossil fuel), even when no instantaneous solar 479 

radiation might be available. Thus, the share allocated to the battery and ultimately to the HP and the 480 

pump in scenario w/B is greater than the share directly allocated to the HP and the pump in scenario 481 

n/B.  482 

 483 
        (a) 484 

 485 
         (b) 486 

Fig. 12. End-use breakdown of how the average daily electricity produced by the PV is used (a) without 487 

battery, and (b) with battery. 488 

Fig. 13 illustrates the match between the HP demand and the power supplied by the battery over the 489 

course of the year, in scenario w/B. For the sake of clarity, the electrical pump demand was not 490 
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represented, as its impact battery state of charge is insignificant. The figure reports the daily average 491 

value of the electrical power required at the HP compressor, as well as the electric power supplied by 492 

the PV to the battery and by the battery to the HP. The community power grid is assumed to supply 493 

the remaining required electricity to the HP compressor (i.e., the difference between Pelec, HP and 494 

Pbattery→HP). A mismatch between the PV production and the HP electrical consumption occurs in 495 

winter months, from day 1 to 75 and from day 300 to 365. Unfortunately, this induces an additional 496 

electrical load to the community grid at the same time. It can be seen in Figs. 13a, b, and c that, most 497 

of the time, the curves PPV→battery and Pbattery→HP remain very close, indicating that the battery acts 498 

mainly as a short-term energy storage facilitating the match between the electricity production (when 499 

daylight is available) and its use (the rest of the day or in the next few days). That being said, there is 500 

also a slow charging of the battery during the summer and a slow discharging during winter, and the 501 

battery state of charge exceeds 85% for nearly 152 days of the year.  502 

 503 
(a) 504 

 505 
(b)       (c) 506 

 507 
Fig. 13. Daily average value of the power needed by the HP compressor, the power supplied by the PV to the 508 

battery, the power transferred from the battery to the HP, and the battery fractional state of charge during the 509 

second operation year from day 1 to 365 (a), from day 1 to 105 (b) and from day 270 to 365 (c), for scenario 510 

w/B.  511 
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 512 
(a) 513 

 514 
(b) 515 

Fig. 14. Sankey diagram of the energy balance of the SAGCHP for a ten-year operation, in GJ, (a) for 516 

scenario n/B and (b) for scenario w/B. 517 
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Fig. 14 summarizes the total energy balance of the SAGCHP with and without a battery, over ten 518 

years of operation. As shown previously, the PV production allocated to the HP and the pump 519 

ultimately increases with a battery. Adding a battery to the system increases by 147.6% the electricity 520 

provided by the PV to the HP and the pump, and consequently, decreases by 37.1% the energy 521 

transferred from the short-term storage tank to the fluid. A part of this heat is directly supplied to the 522 

HP without being stored in the ground (Etank→fluid), while the other part contributes to the ground 523 

energy balance (Etank→ground). In scenario n/B, 41.5% of this heat is directly supplied to the HP while 524 

the remaining 58.5% is injected in the ground (Fig. 14a). In scenario w/B both percentages reach 525 

25.5% and 74.5% (Fig. 14b). With the battery, the amount of heat extracted from the ground (the 526 

borefield and the surrounding ground) increases by 23.6%, the amount of heat transferred from the 527 

environment (the surrounding ground and the atmosphere) to the borefield increases by 23.8%, and 528 

the resulting borefield thermal depletion increases by 20.2%. The total HP electricity needs increase 529 

by 0.8% with the battery due to a small reduction of the COP caused by the ground thermal depletion. 530 

When taking into account all the effects of the battery on the HP efficiency and on the HP electricity 531 

supply, the total amount of required energy from the community grid decreases by 33.7%, dropping 532 

from 281.3 GJ in scenario n/B to 186.5 GJ in scenario w/B. 533 

5. Fuel saving assessment 534 

The fuel saving (with respect to the reference scenario, i.e. with only a fuel oil furnace) resulting from 535 

the use of the SAGCHP for ten years can be easily estimated with: 536 

 
HP zone grid HP+pump

furnace power plant

1E E
FS

LHV 

→ →
 

= − 
  

    (7) 537 

where EHP → zone is the amount of heat provided by the heat pump system to the building, Egrid → HP+pump 538 

is the electricity provided by the community grid. Around 4% of this energy is allocated to the pump 539 

in both scenarios n/B and w/B. The calculation of the saving also involves the efficiency of the fuel 540 

oil furnace and that of the power plant (respectively 80% and 34.1%), as well as the heating value of 541 

the fuel, which was assumed to be 36.0 MJ/L [35]. The scenario without a battery (n/B) allows a total 542 

fuel saving of 14,195 L and that with the battery (w/B), of 21,924 L, over ten years. Scenarios n/B 543 

and w/B respectively induce an increase of 22,917 L and 15,190 L of the diesel community power 544 

plant consumption, while they both allow saving around 37,112 L at the house furnace. These values 545 

can be compared to the current consumption, i.e., when only a fuel oil furnace is used, which is 546 

37,120 L. This latter value is obtained by dividing the space heating need by the furnace efficiency 547 
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and the diesel lower heating value. This means that the systems without a battery and with a battery 548 

allow reducing the fuel consumption by 38.2% and 59.1%, respectively. Decreasing the electricity 549 

consumption allows substantial fuel savings owning to the low diesel plant efficiency (34.1%), in 550 

comparison with the fuel savings performed with the substitution of more efficient fuel oil furnaces 551 

(80% efficiency). 552 

6. Discussion on limitations and future work 553 

As shown in this work, SAGCHP systems present a potential energy solution for isolated and remote 554 

communities, but adapted economic, design procedures and demonstration projects are still needed 555 

to be able to deploy them in the future. Future work could also investigate the performance of larger 556 

SAGCHP that could service a group of houses (e.g., district heating) in remote communities. This 557 

could help to limit initial costs and facilitate the maintenance of the system as local workforce is 558 

limited [36], [37]. It would also be relevant to simulate the SAGCHP in other villages. 559 

Whapmagoostui is located in the South of the Nunavik region, and it would be interesting to verify 560 

how the conclusions of the present work are influenced by even more extreme weather conditions at 561 

higher latitudes where the undisturbed ground temperature is below 0°C. The influence of year-to-562 

year weather variabilities on the system performance also needs to be investigated, in particular to 563 

establish whether it amplifies the ground thermal imbalance. The influence of global warming on the 564 

ground undisturbed temperature and system performance could also be investigated. It would be of 565 

great interest to assess the risk of snow accumulation on the PV as it could reduce their production 566 

and the system performance. The issue of winter electricity demand also needs to be addressed. In 567 

this regard, wind energy could play a greater role as wind turbines are expected to be implemented in 568 

the coming years in the communities of Whapmagoostui-Kuujjuarapik [38], [39]. The SAGCHP 569 

system could be simulated in other geological environments (e.g., unconsolidated sediments or 570 

environments with underground water flow and groundwater phase change) as this could influence 571 

the thermal behavior of the borefield and shift the HP performance [8], [40], [41]. Finally, several 572 

simplifying assumptions were made in this work and could be further relaxed in future work. Studying 573 

in more details the interactions between the PV arrays, the Maximum Power Point Tracker, the 574 

battery, the DC/AC inverter, and the community grid could be relevant, as this could add constraints 575 

to the electricity supply model. The features of the system (e.g. array size, battery size, number of 576 

boreholes, etc.) could also be further optimized [42].  577 

7. Conclusions 578 
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The goal of the present work was to model a photovoltaic SAGCHP supplying space heating to a 579 

Nunavik house and to assess its long-term performance over ten years. An energy model of a house 580 

located in the isolated community of Whapmagoostui (Nunavik, Quebec, Canada) was developed and 581 

validated from energy bills. Then, a SAGCHP model was elaborated accounting for its different 582 

operation modes. The system is connected to the community electricity grid and includes a 9.38-kW 583 

heat pump, 9-kW PV arrays, an 800 liters water tank and two 130 m-deep borehole heat exchangers. 584 

Simulations were carried out with and without a battery. In all cases, a part of the PV production was 585 

used by the heat pump compressor and the circulation pump, either instantly (case without battery) 586 

or via the battery. The rest of the PV production was used as heat (stored in the ground or used directly 587 

at the heat pump).  588 

Without a battery, we found a ground temperature depletion of 1.6 °C during the ten-year operation, 589 

and with a battery, the depletion was 2.0 °C. Using an electrical battery allows decreasing the part of 590 

the heat pump electricity demand supplied by the community grid. Using photovoltaic production for 591 

the SAGCHP electricity supply has more impact on the global fuel consumption than its use for heat 592 

supply and seasonal storage purposes, as the latter improves negligibly the HP efficiency. SAGCHP 593 

allows reducing fuel consumption by 38.2% (system without battery) and 59.1% (system with 594 

battery). However, the solar assistance failed to avoid additional electrical load on the community 595 

grid induced by the system operation in winter. 596 

To date, several studies have assessed the geothermal potential and the economic viability of GCHP 597 

in Nunavik mostly focusing on the ground heat transfer aspects (see, for example, Refs. [5] to [9] 598 

introduced in the introduction). However, the present paper provides a new perspective by exploring 599 

more thoroughly the interactions between heat exchanges in the ground, electrical energy production 600 

and storage, and the behavior of the different components of the system during each simulation time 601 

step of a ten-year operation. This constitutes a necessary step before future work can address the 602 

economic aspects, the optimization of the system or investigate other configurations and technologies.  603 
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