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Abstract

Many subarctic communities rely entirely on fossil fuels for their energy needs. Solar-
assisted ground-coupled heat pumps (SAGCHP) can be a solution to integrate renewable
energy sources into their energy portfolios. However, it is currently unknown how such
systems could operate in the context of the high North (cold ground, extreme mismatch
between insolation and heating need, electricity from diesel). The objective of the paper is to
develop a detailed model of a SAGCHP heating a house in Nunavik (Quebec, Canada) in
order to gain a better understanding of its potential and limitations. The solar assistance is
provided by PVs. Simulations with and without electric storage (batteries) were run. A
complex tradeoff between four different modes of operation was obtained depending on the
conditions of the system at each time step. For the test case, results show that the ground
experiences a weak long-term thermal depletion partly compensated solar energy, but that a
significant portion of the PV power production is preferably used by the compressor or stored
in batteries rather than stored in the ground as heat. Over ten years, the SAGCHP system
reduced fuel consumption respectively by 38.2% (without a battery) and 59.1% (with a
battery).

* Corresponding Author: Louis.Gosselin@gmc.ulaval.ca
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Heat pump coefficient of performance [-]

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

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

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

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

Electrical energy consumed by the heat pump during a ten-year operation [MJ]
Electrical energy required for the circulation pump to move the fluid in the
GHE during a ten-year operation [MJ]

Heat transferred from the borefield to the environment through its top, lateral
and bottom sides during a ten-year operation [MJ]

Heat transferred from the storage tank to the environment during a ten-year
operation [MJ]

Energy (heat or electrical) transferred from component x to component y (or
group of components y) during a ten-year operation [MJ]

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

Ground heat exchanger header depth [m]

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

Diesel lower heating value [MJ/L]

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

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

Electrical power consumed by the heat pump [W]

Electrical power consumed by the pump [W]

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

Potential heat transfer rate from the storage tank to the ground during operation
mode 2 [W]

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

Electrical power produced by the PV [W]

Electrical power supplied to the battery [W]

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

Electrical power supplied to the circulation pump by the PV [W]
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Greek Symbols

Hfurnace
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Acronyms

ASHRAE
COP
DHW
GCHP
GHE
HDPE
HP

MPP
MPPT
n/B

Electrical power supplied to the storage tank by the PV [W]

Heat transfer rate from the storage tank to the ground or the heat pump [W]
Battery fractional state of charge [-]

Current simulation time step [h]

Atmospheric temperature [°C]

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

Fluid temperature entering the GHE [°C]

Fluid temperature entering the HP [°C]

Fluid temperature exiting the GHE [°C]

Fluid temperature exiting the HP [°C]

Fluid temperature exiting the storage tank [°C]

Average fluid temperature in the storage tank [°C]

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

Global heat transfer coefficient between the ground surface and the atmosphere

[W/(m2.K)]

Oil-furnace global efficiency [-]

Diesel power plant global efficiency [-]
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Ground heat exchanger
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PV Photovoltaic (photovoltaic panels)

SAGCHP Solar-assisted ground-coupled heat pump
™Y Typical meteorological year

TRNSYS TRaNsient SYstems Simulation Program
w/B Scenario with battery

1. Introduction

There are many isolated and remote communities all over the world. For example, there are 292 such
communities in Canada, many of which are located in the Northern part of the country [1]. Due to
their remoteness, most villages are not connected to the main power grid and rely on local diesel
power plants for electricity. Furthermore, fuel oil is used for space heating. The complete dependency
on fossil fuels can be seen as problematic due to the high and volatile cost of energy, the greenhouse
gas emissions of fuels, the noise, and the risks of spills. In Nunavik, the northern portion of the
province of Quebec (Canada), the cost of electricity generation lied between 0.65 CAD/kWh and
1.324 CAD/KWh (before subsidy) in 2013 [2], and the price of fuel oil reached 2.03 CAD/L in 2018
(before subsidy) [3], [4]. Communities and governments are now looking for options to integrate
renewable energy sources into the local energy mix of northern off-grid villages, taking into account
their climatic, social and environmental specificities [1], [2]. Solar energy can be a promising option.
However, the mismatch between the energy demand and the production is a major issue and calls for
the use of energy storage. At such latitudes, days are extremely short in the winter and long in the
summer. One of the options currently under investigation in Nunavik is the integration of photovoltaic
panels with ground heat exchangers and heat pumps, relying on the ground for short and long-term

heat storage.

Recent studies have investigated the ability of ground-coupled heat pump systems (GCHP) to provide
space heating in Nunavik. Among the main challenges encountered are the low temperature of the
ground, the absence of cooling load in the summer (i.e., there is no thermal recharge of the ground),
and the cost and environmental footprint of the electricity required to operate the compressor since it
comes from diesel generators. Evaluations of the geothermal potential of Nunavik (Quebec, Canada)
were carried out: Comeau et al. extrapolated the ground temperature profile and mapped the
distribution of the ground thermal conductivity in the province of Québec. Their work was based on
the ground thermal properties of 28 geothermal sites and on the geological data of the province [5].
Giordano et al. conducted surveys in the community of Kuujjuag (Nunavik). Their study provides
thermal conductivities and capacities of the ground subsurface [6]. Belzile et al. simulated a GCHP

with horizontal exchangers in Kangigsualujjuaq and demonstrated that it was possible to reduce fuel
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oil consumption by 40% with a ground-coupled absorption heat pump [7]. However, their study also
concluded that ground-coupled heat pumps consume more energy and fuel to heat the building than
a furnace when the heat pump is supplied with electricity produced from diesel or directly driven by
a diesel engine. It should be noted that their study considers the use of customized heat pumps able
to handle fluid temperatures as low as -14 °C. Giordano and Raymond simulated a five-year operation
of a borehole storage system for a drinking water facility in Kuujjuaq [8]. Giordano et al. simulated
vertical ground heat exchangers (GHE) for ten years. They showed that it was possible to extract
35 W/m from the ground for nine months of each year with 30 m-deep boreholes, when considering
a minimum ground heat exchanger temperature of -10 °C [9]. Gunawan et al. assessed the geothermal
potential in the community of Kuujjuag and performed an economic analysis of several energy
scenarios [3]. Despite the unfavorable Nunavik’s conditions described earlier, their study reveals that
all GCHP options can be economically attractive compared to fuel oil furnaces over a 50-year horizon.
It also highlighted the economic benefits of consuming electricity from solar photovoltaic panels to

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

A few examples of successful GCHP projects in cold climates can be found in the literature. The
report from Meyer et al. provides a literature review of systems operating in Alaska (USA) that meet
the heating demand and allow to save costs over other heating systems [10]. Cost analyses proved
that GCHP could be economically viable in Alaska, and that this viability depends on the price of the
electricity consumed to run the GCHP and the price of fuel that is being replaced. Garber-Slaght et
al. noted that GCHP are cost effective when cheap electricity meets expensive fuel oil, for the case
studied in Fairbanks [11]. However, Meyer et al. point out that GCHP could be inadequate in some

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

One of the major issues with GCHP in heating dominated areas is the unbalanced load imposed to
the ground. This could result in excessive ground thermal depletion and the degradation of the heat
pump performance over the years [11], [12]. For this reason, Garber-Slaght et al. pointed out the lack
of long-term studies of GCHP in heating dominated climates, and the need to study the evolution of
their performance over their entire lifetime. Studies investigated several ways to deal with this long-
term thermal depletion. It appears that improving the borefield layout, increasing the spacing between
the boreholes and increasing the exchanger length (greater number of boreholes and deeper boreholes)
can help the ground to recover faster and could be sufficient to handle slight thermal imbalances [12],
[13]. High ground thermal properties (thermal conductivity, thermal diffusivity), high moisture
content and the possibility of freezing the ground water content are also favorable [14], [15]. In other

cases, thermal depletion is not expected when significant groundwater flow is present as it contributes
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to the thermal recharge of the borefield. However, when the thermal imbalance is severe, the use of
a secondary source of heat and the use of seasonal thermal storage become appropriate solutions,

according to You et al. [16].

Several studies investigated the integration of auxiliary sources of energy to reduce the ground
thermal imbalance [12]. Among solutions, the technology known as solar-assisted ground-coupled
heat pump (SAGCHP) integrates solar energy by using solar thermal collectors or photovoltaic panels
with the geothermal system. Solar energy can serve different purposes. For instance, it can reduce
ground heat extraction when serving as a source of heat for direct production of domestic hot water
(DHW) or for direct space heating [12]. When connected with the GHE and the heat pump, the solar
assistance can serve as a heat source to raise the temperature of the fluid entering the heat pump and
then increase its coefficient of performance (COP). When connected with the GHE, the solar
assistance can recharge the ground through heat storage [17]. This last purpose can be declined in
several applications. Seasonal heat storage can occur at relatively low temperatures with the aim to
compensate for the yearly thermal imbalance and eventually slightly increase the temperature of the
fluid entering the heat pump and, thus, its COP. Heat storage can also be done at high temperatures,

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

The studies from Kjellsson et al. question the benefits of underground seasonal storage [19], [20].
They performed TRNSYS simulations of a SAGCHP located in Stockholm, Sweden, using solar
collectors and a short-term storage tank. The configuration of the system allowed three main operation
scenarios. The collectors can provide only DHW, or they can provide heat to the boreholes and then,
recharge the ground and increase the fluid temperature in the evaporator, or they can perform both
functions. In this last scenario, DHW production with solar heat and injection of solar heat in the
borefield occur respectively during summer and winter. The authors compared these three scenarios,
considering the electricity consumption (consumed to run the circulating pumps, heat pump and
auxiliary heating unit) and the space heating provided. According to their study, the recharge of the
borefield must coincide with or be as close as possible from the ground heat extraction periods.
Ground recharging is the most efficient in winter, when the weather conditions require most of the
heat pump heating capacity and when its electricity consumption is likely to increase, because of the
low borehole temperatures. During summer, if the system is sufficiently large, the solar heat must be
used for DHW rather than for the recharge of the borefield, due to the heat losses that would occur in
the ground over time. The recharge of the borefield in summer allows limited annual electricity
savings through the improvement of the heat pump COP, unlike the production of solar DHW. On

the contrary, the study from Zhu et al. reveals that solar energy can help prevent the long-term
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degradation of the heat pump COP while reducing the system operation cost and allowing a
sustainable payback period, despite the additional cost of solar assistance [21]. In addition, Nordgard-
Hansen et al. studied the optimization of systems including PVs, batteries and GCHPs. The energy
needs of the GCHPs and dwellings did not always match the PV production. Thus, a part of it was
used to perform ground heat injection, enabling the ground to reach near long-term thermal balance
[22]. Such studies provide interesting insights but may not strictly apply to the subarctic climate where

the undisturbed ground temperature is near the freezing point.

As can been seen from the literature review, there is evidence suggesting that GCHP could offer an
opportunity to address some of the energy issues of communities such as those from the Canadian
north and that solar assistance could alleviate problems such as the long-term thermal depletion due
to the absence of a cooling load, the low ground temperature, and the environmental footprint of the
electricity. However, at this point, it is unclear how such a system could actually work, and in
particular, the performance that it could reach, as no assessment is available. A knowledge gap on the
best technologies to be adopted for the Nunavik and other off-grid communities must be addressed.
The objective of the present work is thus to develop a better understanding of how a SAGCHP system
would work in the subarctic context. In order to do so, we developed a model of the SAGCHP system
and a real house that it could service (Section 2) with TRNSYS. The house is located in the
community of Whapmagoostui (Quebec, Canada) and energy bills were available to calibrate the
building model. Only PV was considered for solar assistance due to local constraints preventing the
use of thermal solar technologies. The model was then used to study the evolution of the fluid and
ground temperatures, the energy flows in the system and the control of the system. Different scenarios
were investigated, including the use of batteries for storing electricity and the way in which the

electricity produced by the PV arrays is used.

2. Methodology

2.1 Space-heating load profile

In order to simulate the operation of a SAGCHP system, a heating demand profile is needed at a high
temporal resolution. We generated this load profile from an energy model of a house located in the
village of Whapmagoostui (Quebec, Canada) at a latitude of 55° 16’ North and a longitude of 77° 44°
West. This house is part of a research station of the Centre d’études nordiques (CEN). The roof of the
building is composed of two sides oriented toward North and South with a tilt angle of 18°. The one-
story building has a floor surface area of 94 m2 with a crawl space. Overall, the window-to-floor ratio
is 10%. The heating need of the building is currently satisfied by a forced-air fuel oil furnace, with

an estimated efficiency of 80%. Typically, one person occupies this dwelling.
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An energy model of the building was developed in TRNSYS. Type 56, type 121a and type 75b were
used to respectively model the building, fuel oil furnace, and infiltrations. The required
meteorological information was assembled from different sources: atmospheric pressure, wind speed,
dry bulb temperature, relative humidity from [23], solar radiation from [24] and ground temperature

at 2 cm from the surface [25].

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

project.

The model was calibrated with the fuel oil and electricity bills of 2017 and 2018. The fuel oil bills
were used to calibrate the model parameters and generate a heating demand that matched the house
consumption. First, the monthly electricity bills were used to adjust the heat gains associated with
electrical devices in the model. Then, several model parameters were adjusted to match the average
simulated fuel oil consumption with the bills, including the thermal resistance of the walls, doors,
floor and roof, the equivalent air leakage area, the fraction of the consumed electricity transferred into
internal gains, and the indoor setpoint temperature. It should be noted though that the fuel oil invoices
were not issued every month, but rather every time the tank was refueled (periods ranging from
12 days to 153 days). Furthermore, according to the managing team of the station, the actual
occupancy of the house over the two-year period varied, but no data was available on whether the
house was occupied or not during specific days and if so, by how many people. Therefore, it was not
possible to calibrate the model by following the requirements from ASHRAE Guideline 14-2002
[26]. However, it should be reminded that the objective of the present work is not to obtain an exact
energy consumption profile of a given building, but rather to generate a realistic heating load profile

for the purpose of analyzing the SAGCHP.

The calibrated model was then used to generate a typical yearly heating load profile (which will be
used below to simulate the SAGCHP). Due to the absence of a Typical Meteorological Year (TMY)

weather data file for Whapmagoostui, we analyzed weather data from different years to select a
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typical year for the purpose of the present work. As a first approximation, it is assumed that colder or
cloudier years would balance out warmer or sunnier years which would not impact significantly the
long-term ground thermal imbalance and SAGCHP performance. Therefore, we used a single typical
year to model the conditions under which the system operates in the long-term (ten years). The yearly
average solar irradiance and outdoor temperature were calculated from 2006 to 2019. The weather
conditions of 2012 were found to be the closest to these averages and were thus retained for this
paper. The space heating load profile was thus generated with the model described above for that
specific year, as shown in Fig. 2. Even though only the daily average is reported in that figure for the
sake of clarity, the heating need is available every ten-minute period from the simulation. Shorter
time steps were tested and did not significantly change the results. In the rest of the present work, that
load is used to represent the heating demand profile. The overall energy consumption for space
heating is around 107 GJ/y, which corresponds to an annual heating intensity of 316 kWh/m?y. Such

an intensity is typical in Nunavik.
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Fig. 2. Evolution of the daily and monthly average heating load of the residential building under study.

2.2 Description of the SAGCHP configuration

Fig. 3 shows the proposed SAGCHP configuration. It includes a water source heat pump operating
parallel with the building fuel oil furnace. The borefield contains vertical ground heat exchangers
(GHE) with U-pipes. Solar assistance is provided by photovoltaic panels (PV) which can feed the
compressor of the heat pump (HP) or an electric resistance to warm up the fluid in a short-term storage
tank. We assumed that the photovoltaic panels operated with a maximum power point tracking

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

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

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

decided to orient the present study on the use of photovoltaic panels.
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Fig. 3. Components of the SAGCHP and schematic configuration of the heating system under study.

The configuration of the SAGCHP allows four operation modes:

Mode 0: In mode 0, the fluid does not circulate and no heat transfer between the components of
the SAGCHP occurs (v2 and v3 opened, vl and v4 closed). Nevertheless, heat exchanges
between the ground volume around the borefield and its environment (the atmosphere and the
surrounding ground) are possible. Mode 0 is used when the HP does not work and when the
storage tank is unable to raise the exiting fluid temperature above a certain limit. Indeed, the
circulation of the fluid is deemed undesirable when the pumping power exceeds the heat that
could potentially be transferred from the storage tank to the ground. This usually happens when
no heat from the HP is required, and when solar energy from the PV is unavailable or low.
Mode 1: Mode 1 is required when the HP must provide heat to the house, and when the PV
power production is sufficient to raise the temperature of the fluid coming from the HP. In that
case, the fluid circulates in the storage tank before entering the GHE and the HP (v4 and v1
opened, v2 and v3 closed). Then, heat is transferred from the ground and from the storage tank
to the HP.

10
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¢ Mode 2: Mode 2 occurs when the HP does not work and when the PV production is sufficient to
raise the temperature of the fluid exiting the storage tank. Indeed, the circulation of the fluid is
deemed suitable if the heat transfer towards the ground exceeds the required pumping power. In
that case, the fluid circulates in the storage tank and discharges heat into the GHE, helping to
prevent its temperature depletion (v1 and v3 opened, v2 and v4 closed).

e Mode 3: Mode 3 replaces mode 1 when the storage tank is unable to raise the temperature of the
fluid coming from the HP (v2 and v4 opened, v1 and v3 closed). Then, heat is only transferred
from the ground to the HP.

A preliminary assessment of the expected fuel savings showed that using the local community grid
to meet the entire electrical demand of the HP and the circulation pump is inappropriate for economic
and environmental reasons. For example, let us assume a COP of 3 for the HP and a power plant
efficiency of 34.1% [27]. Then, replacing one energy unit of fuel from the furnace requires 0.33 units
of electricity at the HP compressor, i.e., 0.33/0.341 =~ 0.967 units of fuel at the power plant (i.e.,
virtually no reduction of the overall fuel consumption). It follows that the HP electricity consumption
must at least rely partially on non-fossil fuel energy sources to limit the consumption of diesel
associated with the electricity production. On the other hand, the small size of the community grid
constitutes a limit to the amount of PV production that the grid can purchase when it exceeds the
SAGCHP demand. In such context, the penetration of renewable energy sources is limited unless
local means of storage are implemented. Thus, we compared two distinct scenarios of electrical
supply to operate both HP and circulation pump: (i) directly from the PV/MPPT/inverter when the
electricity production is coincident with the operation of the HP and the pump; (ii) from a battery in
which the PV production can be stored. They are respectively called scenarios n/B and w/B. In the
without battery (n/B), the match between the PV production and the HP and pump electrical demand
constrained the electrical supply from the PV. The allocation of the electricity produced by the PV at

atimet (i.e, Ppy(t)) between the HP compressor, the pump and the storage tank was determined by:

Py e (1) =MIN (R (1) ; e ()} (1)
I:)PV — pump (t) =MIN { I:)PV (t) ; IDelec,HP (t) + I:)elec,pump (t)} - IDPV — HP (t) (2)
Pov o ek =By (1) =Py 1o () =Ry pump ®) 3

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

and the pump demand. The battery receives the electrical power from the PV until it is fully charged,

11
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and it provides electrical power to the HP and the pump until it is fully discharged. The storage tank
receives the remaining PV production in the same manner as in n/B (see Eq. (3)). The pumping
power was estimated based on the friction losses in the U-pipes of the GHE. In both scenarios, the
community grid supplies the remaining electrical needs of the HP and the pump when the PV

production cannot meet them entirely.

2.3 TRNSYS model description

The SAGCHP model was developed in TNRSYS and coupled with the building energy model
described in Section 2.1. Table 1 summarizes the main parameters of the model. The heating
thermostat provides the HP with a control signal (0 or 1) commanding its stopping and starting,
depending on the instantaneous heating demand in the building. The model also includes PV panels
(with an idealized MPPT) located on the roof of the building with the same inclination and orientation
as in the house under study. Thus, the PV field is divided into two arrays with the same area and
facing respectively the South and the North with a tilt angle of 18°. A part of the power produced by
the PV is directly supplied to the storage tank model type 4c through its heating element, and the other
part of the PV production directly supplies to the HP and the pump (scenario n/B) or the battery
(scenario w/B). The HP was modeled with type 919 (vapour-compression heat pump) and the PV,
with type 94 (crystalline modules). The borefield was modeled with type 557a. All simulations were
run with a time step of ten minutes and for a duration of ten years. Shorter time steps of up to 2 minutes

were tested and did not change the results significantly.

The sizing and modeling of the main components (i.e., HP, PV, boreholes and battery) is described
below, along with the modeling of the control system. Again, specific values of the model parameters

are shown in Table 1.

Heat pump: A water source HP with a rated heating capacity of 9.38 kW was chosen based on the
heating demand of the building and available HP models. In this case, the HP can supply the whole
building heating demand. Consequently, the furnace operating time reduces to nearly zero. The
performance data from a manufacturer were used in type 919, accounting for variations of the COP
and heating capacity as functions of entering temperature [28]. Fig. 4 provides the HP heating

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

PV array: A photovoltaic array with a rated power of 9 kW was selected based on the available roof
surface area. The type 94 models PV arrays with an idealized MPPT. The PV power output depends
on the incident solar radiation and the ambient temperature according to the performance data from

the manufacturer [29]. Table 1 provides the main data used in the PV model. Its nominal efficiency
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is 15.54%. We applied for all simulation years the solar radiation data of the year 2012 from [24] and
assumed that snow did not accumulate on the arrays (in fact, the roof is designed in such a way that

snow is constantly removed by wind).

Battery: In scenarios involving a battery, the latter was sized to ensure that electricity production of
around two days could be stored. A capacity of 50 kwWh was then chosen. Owing to the mismatch
between the PV production and the HP consumption, this constitutes the maximum energy that could
be produced and consumed when considering a two-day horizon for the storage strategy. It was found
that increasing further the size of the battery did not improve significantly the performance of the
system (diminishing return). A two-day horizon was deemed sufficient to smooth the supply and
demand fluctuations. If the PV production exceeds the battery capacity, the electricity is converted in
heat in the storage tank. We assumed an idealized battery with a charge and discharge efficiency of
100% and a depth of discharge of 100%. We also assumed an idealized DC-AC inverter (see Fig. 3).

Borefield: The borefield TRNSYS model assumes the ground properties to be uniform. As shown in
Table 1, an average ground thermal conductivity of 2.35 W/(m.K) and an average ground thermal
capacity of 2.25 MJ/(m* K) were chosen based on a report from Comeau et al. on the geothermal
potential in Whapmagootui-Kuujjuarapik [30]. The average ground thermal properties considered in
the present study are close to the pessimistic scenario 1A presented in their report for sand deposits
over a granitic bedrock. The undisturbed temperature of the ground is 2.5 °C [30]. Assuming that the
boreholes would be mostly located in the bedrock, which has a very low water content, the freezing
and thawing of water in the borefield was not modeled. Owning to the geothermal potential in
Whapmagoostui and to the building heat load, a total GHE length of approximately 260 m was found
to be sufficient to ensure that the temperature of the fluid at the HP inlet is always above —6.5 °C
[30]. Underground thermal storage systems usually involve several shallow boreholes, closely placed
and in strong thermal interaction with each other. However, in the present case and as will be detailed
below, the PV production is insufficient to totally balance the yearly ground heat extraction and
perform underground thermal storage. Thus, the borefield includes two 130 m-deep boreholes to
insure sufficient heat transfer between the surrounding ground and the ground volume in the borefield.
They are connected in series and are spaced by 6 m. The fluid mixture (35% water-propylene-glycol
mixture) prevents the freezing of the heat transfer fluid in the pipes (freezing temperature of -16 °C)
[31]. The GHE model (type 557a) requires two temperature boundary conditions at the surface: one
at the surface above the borefield and another one at the ground surface around the borefield. The
snow cover creates an insulation layer between the ground and the atmosphere for several months,

preventing the ground surface temperature from following the atmosphere temperature [32]. In order
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to estimate the appropriate surface boundary conditions via heat balances, the following assumptions
were made: the thermal inertia of the snow cover is neglected; the variation of the mean borefield
temperature from a time step to another is small enough to consider its value at the previous time step
to perform the surface heat balance; the temperature in the higher part of the borefield is close to the
mean borefield temperature; and the temperature of the ground in the surroundings of the borefield is
close to the undisturbed ground temperature. Performing an energy balance and isolating the surface

temperature yields, at each time step:

kg 1
Tborefield t—— |+ UTa (t)
H 6
Ta(t) = neader K (top borefield) 4)
° +U

header

l<(g
T, +UT, (1)

T, (1) = headek (top surroundings) (5)

94U
H

header

where Ty is the undisturbed ground temperature (constant over time), Tworefield, the average temperature
of the ground volume included in the borefield, T, the air temperature, Hneader, the depth of the top of
the heat exchangers, and kg, the ground conductivity (see Fig. 5). The volume of ground included in
the borefield is 8,105 m®. U is the overall heat transfer coefficient of the layers located between the
ground surface and the atmosphere. Two values were used: one in the presence of a snow cover, and
one without it. These two values were calibrated to meet the following conditions:

o The yearly average surface temperature must be equal to the undisturbed ground temperature
(2.5 °C) when no perturbation of the ground occurs (no heat extraction nor injection).

o When a snow cover is present (i.e., from day 1 to 135, and from day 307 to 365), the surface
temperature stabilizes to —1 °C, according to ground temperature data collected at WWhapmagoostui
[25], and the heat transfer is dominated by conduction in the snow.

o According to this same dataset, the undisturbed ground surface temperature closely follows
the air temperature once the snow cover has disappeared (heat transfer dominated by convection and
radiation).

In the end, U was set to 0.56 W/(m?2.K) during the snow cover period or whenever the air temperature
was below —0.5 °C. Otherwise, U was set to 20 W/(m?.K). These empirical values allowed matching

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

TRNSYS Parameter Units Value

component

GHE —type 557a  Borehole depth m 130
Boreholes spacing m 6
Undisturbed ground temperature [30] °C 2.5
Borehole radius [33] m 0.0762
Backfill thermal conductivity [30] W/(m.K) 15
Pipe outer radius [34] m 0.024
Pipe inner radius [33], [34] m 0.019
Pipe thermal conductivity (HDPE pipe) W/(m.K) 0.4
Half shank spacing m 0.025
Header depth m 2
Ground thermal conductivity [30] W/(m.K) 2.35
Ground heat capacity [30] MJI(mEK) 225

HP — type 919 Rated air flowrate L/s 542
Rated liquid flowrate m/h 2.6
Rated heating capacity w 9,380
Rated COP - 3.5

Storage tank — Volume [34] m? 0.8

type 4c Loss coefficient [34] W/(m2K)  0.33
Number of temperature nodes - 50

PV array — type Number of modules in series - 6

94 (all parameters  Nymber of modules in parallel - 3

from [29])
Module area m? 1.48
Module maximum power W 250
Nominal module efficiency % 15.54
Array slope degrees 18
Short-circuit current at reference conditions (Is) A 8.87
Open-circuit voltage at reference conditions \Y 37.2
(Vec) A 8.3
Current at MPP and reference conditions vV 30.1
Voltage at MPP and reference conditions A/K 0.0058
Temperature coefficient of I V/K -0.1265
Temperature coefficient of V. _ 60
Number of cells wired in series A 6.60
Optimum operating current (Imp) Vv 275

Optimum operating voltage (Vmp)
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Fig. 4. Heat pump heating capacity and compressor power depending on the entering fluid temperature.
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Fig. 5. Schematic representation of the ground volume including the boreholes, and its surroundings.

Control: The algorithm to change the operation mode during the simulation is schematized in Fig. 6.
It constitutes the application of the principles described in Section 2.2. Signal values govern the
opening and closing of the flow diverters in the TRNSYS model. At each simulation time step, the
calculation of governing signals is based on the fluid temperature at the previous time step. For
selecting Mode 2, a condition has been added to limit the electricity consumption associated with the
fluid circulation in the SAGCHP. First, we calculate the pumping power required to move the fluid
in the ground heat exchangers. Only friction losses in the U-pipes were considered. The amount of

heat that can be injected into the ground is also calculated from:
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. 1 1
PGHE (t) = (m Cp )f [Tout,tank (t - 6) _Tout,GHE (t - gjj (6)

When Mode 2 is used in the previous time step, it is kept for the next time step if the heat transfer
rate defined by Eq. (6) is larger than the pumping power. Otherwise, the circulation is stopped
(Mode 0). When Mode 0 was used at the previous time step, Mode 2 was only triggered when the
storage tank temperature was 0.5 °C warmer than the minimal value ensuring a Pgne value higher
than the pumping power. This was implemented to limit excessive changes of states between Modes 2
and 0.

( Heating demand >0 )

Yes

(Tin.lll’ (previously) > -6.5 °C

Yes No

o
CTmnk (previously) > Touup (previoustD Gmnk (previously) > Ty GHE (previouslyD—

Yes No Yes No

) () ()

Ye/\\lo
( Pk > Peee, pump ) CP(;HE + 0'5(";Cp)f > Pelec.pumD

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

3. Simulation results for scenarios with and without battery

This section describes the behavior of the SAGCHP system. Fig. 7 reports the long-term evolution of
the fluid temperature in the SAGCHP and the mean temperature of the ground volume around the

boreholes (mean borefield temperature), during a ten-year operation, for both scenarios n/B and w/B.
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Even though simulations were carried out with a ten-minute time step, only daily averages are
reported in the figure for the sake of clarity. When calculating the daily average of Tincreand ToutcHe,
only time steps in which the system operated in modes 1, 2 or 3 were accounted for. Similarly, only
modes 1 and 3 (i.e. when the fluid circulated in the HP) were considered for the calculation of the
daily average of Tinnp and Toune. It should be noted that the fluid temperature exiting the GHE
corresponds to the fluid temperature entering the HP only during operation modes 1 and 3. The daily
average of ToucHe also includes the heat injection periods during operation mode 2. Thus, its value is
higher than Tinnp. The evolution of the fluid and ground temperatures is influenced mainly by the PV
production, the space-heating demand from the building and the outdoor temperature conditions,
which explains the shape of the curves in Fig. 6. The fluid temperature entering the HP (Tinnp) iS
always above the limit imposed by the HP (i.e., above -6.5 °C), preventing the HP from stopping.
Finally, a long-term thermal depletion of the ground occurs over the ten-year operation. The borefield
temperature (see definition below Eg. (5)) falls from 2.5 °C at the beginning of the simulation, to
respectively 0.87 °C and 0.54 °C at the end of the simulation for both scenarios without (n/B) and
with battery (w/B). The evolution of the HP COP depends on the entering HP fluid temperature and
thus, follows the same trend: in the scenario without battery (n/B), its annual average falls from 3.25
for the first simulation year to 3.18 for the last simulation year, while it falls from 3.22 to 3.14 in the
scenario with battery (w/B).
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Fig. 7. (a) Daily average of fluid temperature entering and exiting the GHE, and of mean borefield
temperature over ten years of operation for scenarios n/B and w/B, (b) Daily average of fluid temperature

entering and exiting the HP, and of mean borefield temperature over ten years of operation for scenarios n/B
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Fig. 8. Daily average fluid temperature entering and exiting the GHE during the second year of operation, for

scenario n/B (a) and for scenario w/B (b).
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Fig. 9. Daily average fluid temperature exiting the tank, the GHE and the HP during operation mode 1, during

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

Fig. 8 offers a zoom of the daily average fluid temperature entering and leaving the GHE during
operation modes 1, 2, 3, and the borefield temperature during the second year of operation, for both
scenarios n/B and w/B. That year was chosen to limit the impact of the initial conditions, but as was
seen before, results are similar from one year to another. Fig. 8 highlights the change of direction of
the heat transfer rate between the ground and the fluid over the year. ToucHe €Xxceeds Tinerne When the
heat transfer rate extracted by the HP overcomes the heat transfer rate injected in the ground by the
solar assistance system (extraction mode). The contrary occurs in the middle of the year when a large
quantity of solar energy is available (recharging mode). By comparing Figs. 8a and 8b, it is also
visible that the fluid temperature oscillations are more pronounced in n/B during the extraction mode.
Although the solar assistance allows slightly increasing the mean fluid temperature in the GHE and
the HP during the extraction mode, it produces little change in the general temperature profiles for
the second operation year. The discrepancies between n/B and w/B for the borefield temperature are
more pronounced after ten years, as shown on Figs. 7a and 7b. Fig. 9 reports the fluid temperature
exiting the storage tank, the GHE and the HP during operation mode 1. The differences between these
three temperatures are directly related to the direction of the heat flows in the SAGCHP components.
The differences (Toutrp — ToutcHE)s (Touttank — TougHp) and (ToueHe — Toutank) are proportional
respectively to the heat transfer rate from the fluid to the HP, the amount of heat transferred to the
fluid by the storage tank, and the amount of heat transferred from the ground to the fluid. It must be
noted that the difference (Touank — Toutrp) 1S pOSitive or null most of the time, highlighting the fact
that the storage tank preheats the fluid exiting the HP before entering the GHE when solar energy is
available. Fig. 10 explicitly shows the direction of these heat flows in the SAGCHP, but takes into

account all operation modes (i.e., 0, 1, 2, and 3), whereas Fig. 9 only shows mode 1. It can be seen
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that the average heat transferred to the HP follows the same trend as the daily average building heat
demand. In agreement with previous results, Fig. 10 highlights the injection of heat in the ground
when the power available from the solar assistance overcomes the heat extracted by the HP. On the
contrary, when solar energy is less available in winter, the power extracted by the HP comes from the
ground essentially. Figs. 9 and 10 also show the discrepancies in the heat provided by the tank
between scenarios n/B and w/B. They are mostly visible before the 120" day and after the 240™ day
of the year, when the HP and pump electricity needs exceed the PV production. In fact, the use of a
battery in scenario w/B does not change the amount of heat injected in the ground in the middle of

the year but prevents the contribution of the storage tank during the coldest days.
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Fig. 10. Daily average of the heat transfer from the storage tank to the fluid, from the ground to the fluid, and
from the fluid to the HP, during operations modes 0, 1, 2, 3, during the second operation year, for scenario

n/B (a) and for scenario w/B (b).
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Fig. 11. (a) Temperature of the fluid exiting the tank, the GHE and the HP, and HP control signal, (b) Heat
transfer rate from the PV to the tank and from the tank to the fluid, during the 182" day of the second

operation year in scenario n/B.

Fig. 11 helps to understand the alternance of the operation modes, by looking at results with a smaller
time granularity. Only scenario n/B was considered as no significant differences were observed in
scenario w/B regarding how the operation modes are used. One specific day was chosen to illustrate
how the system is controlled (day 182, i.e., in summer). All ten-minute time steps are represented in
the figures. Operation modes 1 and 3 occur when the HP operates (signal HP ON # 0 in Fig. 11).
More specifically, operation mode 1 occurs when the temperature of the fluid exiting the storage tank
exceeds the temperature of the fluid exiting the HP, and operation mode 3, when it does not. Operation
mode 2 occurs when no heating from the HP is required (signal HP ON =0 in Fig. 11), and when the
temperature of the fluid exiting the storage tank sufficiently exceeds the temperature of the fluid
exiting the GHE. Mode 0 occurs when it does not. Fig. 11b reports the power supplied by the PV to
the storage tank and the heat transfer rates from the storage tank to the other SAGCHP components.
The figure shows that the heat transfer from the storage tank to the components occurs during
operation modes 1 and 2, and that this heat is transferred to the ground, or to the HP, or to both
components, depending on the relative position of the three curves in Fig. 11a. For instance, for
operation mode 1, when Touttank > TouteHe > Tournp, it Mmeans that heat is transferred from the storage
tank towards the ground and the HP, and when Toutere > Touttank > ToutHp, it means that that heat is
transferred from the ground and from the storage tank to the HP. More generally, Fig. 11 confirms
that the ability of the storage tank to provide heat to the system (the ground or the HP) depends

strongly on the solar energy availability, which fluctuates during the day.
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4. Impact of battery on the operation and performance

In this section, we analyze in more detail the impact of the battery on the performance of the system.
Fig. 12 reports the distribution of the electric power produced by the PV delivered to the short-term
storage tank, the HP and the pump in scenarios n/B and w/B, throughout the second operation year.
In both cases, the photovoltaic power production is the same (Ppy). However, the way in which the
electricity is used is different. In scenario n/B (Fig. 12a), the share of electricity used as heat is higher
than in scenario w/B (Fig. 12b), because the use of a battery allows better matching the HP demand
to the PV production. The battery allows the HP compressor to operate with the electricity from the
PV (which is highly beneficial to reduce the recourse to fossil fuel), even when no instantaneous solar
radiation might be available. Thus, the share allocated to the battery and ultimately to the HP and the
pump in scenario w/B is greater than the share directly allocated to the HP and the pump in scenario

n/B.
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Fig. 12. End-use breakdown of how the average daily electricity produced by the PV is used (a) without
battery, and (b) with battery.

Fig. 13 illustrates the match between the HP demand and the power supplied by the battery over the
course of the year, in scenario w/B. For the sake of clarity, the electrical pump demand was not
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represented, as its impact battery state of charge is insignificant. The figure reports the daily average
value of the electrical power required at the HP compressor, as well as the electric power supplied by
the PV to the battery and by the battery to the HP. The community power grid is assumed to supply
the remaining required electricity to the HP compressor (i.e., the difference between Pejec, vp and
Poatery>Hp). A mismatch between the PV production and the HP electrical consumption occurs in
winter months, from day 1 to 75 and from day 300 to 365. Unfortunately, this induces an additional
electrical load to the community grid at the same time. It can be seen in Figs. 13a, b, and c that, most
of the time, the curves Ppv_batery aNd Praery>Hp remain very close, indicating that the battery acts
mainly as a short-term energy storage facilitating the match between the electricity production (when
daylight is available) and its use (the rest of the day or in the next few days). That being said, there is
also a slow charging of the battery during the summer and a slow discharging during winter, and the
battery state of charge exceeds 85% for nearly 152 days of the year.
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Fig. 13. Daily average value of the power needed by the HP compressor, the power supplied by the PV to the

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

second operation year from day 1 to 365 (a), from day 1 to 105 (b) and from day 270 to 365 (c), for scenario
w/B.
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515 (b)
516 Fig. 14. Sankey diagram of the energy balance of the SAGCHP for a ten-year operation, in GJ, (a) for
517 scenario n/B and (b) for scenario w/B.
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Fig. 14 summarizes the total energy balance of the SAGCHP with and without a battery, over ten
years of operation. As shown previously, the PV production allocated to the HP and the pump
ultimately increases with a battery. Adding a battery to the system increases by 147.6% the electricity
provided by the PV to the HP and the pump, and consequently, decreases by 37.1% the energy
transferred from the short-term storage tank to the fluid. A part of this heat is directly supplied to the
HP without being stored in the ground (Ewnk>fiiia), While the other part contributes to the ground
energy balance (Ewnk>ground). In scenario n/B, 41.5% of this heat is directly supplied to the HP while
the remaining 58.5% is injected in the ground (Fig. 14a). In scenario w/B both percentages reach
25.5% and 74.5% (Fig. 14b). With the battery, the amount of heat extracted from the ground (the
borefield and the surrounding ground) increases by 23.6%, the amount of heat transferred from the
environment (the surrounding ground and the atmosphere) to the borefield increases by 23.8%, and
the resulting borefield thermal depletion increases by 20.2%. The total HP electricity needs increase
by 0.8% with the battery due to a small reduction of the COP caused by the ground thermal depletion.
When taking into account all the effects of the battery on the HP efficiency and on the HP electricity
supply, the total amount of required energy from the community grid decreases by 33.7%, dropping
from 281.3 GJ in scenario n/B to 186.5 GJ in scenario w/B.

5. Fuel saving assessment

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

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

E

FS — EHP — zZ0ne _

grid - HP+pump 1 (7)

Murnace Moowerpant | LAV

where Enp 5 zone IS the amount of heat provided by the heat pump system to the building, Egrid > Hp+pump
is the electricity provided by the community grid. Around 4% of this energy is allocated to the pump
in both scenarios n/B and w/B. The calculation of the saving also involves the efficiency of the fuel
oil furnace and that of the power plant (respectively 80% and 34.1%), as well as the heating value of
the fuel, which was assumed to be 36.0 MJ/L [35]. The scenario without a battery (n/B) allows a total
fuel saving of 14,195 L and that with the battery (w/B), of 21,924 L, over ten years. Scenarios n/B
and w/B respectively induce an increase of 22,917 L and 15,190 L of the diesel community power
plant consumption, while they both allow saving around 37,112 L at the house furnace. These values
can be compared to the current consumption, i.e., when only a fuel oil furnace is used, which is

37,120 L. This latter value is obtained by dividing the space heating need by the furnace efficiency
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and the diesel lower heating value. This means that the systems without a battery and with a battery
allow reducing the fuel consumption by 38.2% and 59.1%, respectively. Decreasing the electricity
consumption allows substantial fuel savings owning to the low diesel plant efficiency (34.1%), in
comparison with the fuel savings performed with the substitution of more efficient fuel oil furnaces
(80% efficiency).

6. Discussion on limitations and future work

As shown in this work, SAGCHP systems present a potential energy solution for isolated and remote
communities, but adapted economic, design procedures and demonstration projects are still needed
to be able to deploy them in the future. Future work could also investigate the performance of larger
SAGCHP that could service a group of houses (e.g., district heating) in remote communities. This
could help to limit initial costs and facilitate the maintenance of the system as local workforce is
limited [36], [37]. It would also be relevant to simulate the SAGCHP in other villages.
Whapmagoostui is located in the South of the Nunavik region, and it would be interesting to verify
how the conclusions of the present work are influenced by even more extreme weather conditions at
higher latitudes where the undisturbed ground temperature is below 0°C. The influence of year-to-
year weather variabilities on the system performance also needs to be investigated, in particular to
establish whether it amplifies the ground thermal imbalance. The influence of global warming on the
ground undisturbed temperature and system performance could also be investigated. It would be of
great interest to assess the risk of snow accumulation on the PV as it could reduce their production
and the system performance. The issue of winter electricity demand also needs to be addressed. In
this regard, wind energy could play a greater role as wind turbines are expected to be implemented in
the coming years in the communities of Whapmagoostui-Kuujjuarapik [38], [39]. The SAGCHP
system could be simulated in other geological environments (e.g., unconsolidated sediments or
environments with underground water flow and groundwater phase change) as this could influence
the thermal behavior of the borefield and shift the HP performance [8], [40], [41]. Finally, several
simplifying assumptions were made in this work and could be further relaxed in future work. Studying
in more details the interactions between the PV arrays, the Maximum Power Point Tracker, the
battery, the DC/AC inverter, and the community grid could be relevant, as this could add constraints
to the electricity supply model. The features of the system (e.g. array size, battery size, number of

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

7. Conclusions
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The goal of the present work was to model a photovoltaic SAGCHP supplying space heating to a
Nunavik house and to assess its long-term performance over ten years. An energy model of a house
located in the isolated community of Whapmagoostui (Nunavik, Quebec, Canada) was developed and
validated from energy bills. Then, a SAGCHP model was elaborated accounting for its different
operation modes. The system is connected to the community electricity grid and includes a 9.38-kW
heat pump, 9-kW PV arrays, an 800 liters water tank and two 130 m-deep borehole heat exchangers.
Simulations were carried out with and without a battery. In all cases, a part of the PV production was
used by the heat pump compressor and the circulation pump, either instantly (case without battery)
or via the battery. The rest of the PV production was used as heat (stored in the ground or used directly

at the heat pump).

Without a battery, we found a ground temperature depletion of 1.6 °C during the ten-year operation,
and with a battery, the depletion was 2.0 °C. Using an electrical battery allows decreasing the part of
the heat pump electricity demand supplied by the community grid. Using photovoltaic production for
the SAGCHP electricity supply has more impact on the global fuel consumption than its use for heat
supply and seasonal storage purposes, as the latter improves negligibly the HP efficiency. SAGCHP
allows reducing fuel consumption by 38.2% (system without battery) and 59.1% (system with
battery). However, the solar assistance failed to avoid additional electrical load on the community

grid induced by the system operation in winter.

To date, several studies have assessed the geothermal potential and the economic viability of GCHP
in Nunavik mostly focusing on the ground heat transfer aspects (see, for example, Refs. [5] to [9]
introduced in the introduction). However, the present paper provides a new perspective by exploring
more thoroughly the interactions between heat exchanges in the ground, electrical energy production
and storage, and the behavior of the different components of the system during each simulation time
step of a ten-year operation. This constitutes a necessary step before future work can address the

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