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Geothermal resources for energy transition: 
A review of research undertaken for remote 
northern Canadian communities
Mafalda M. Miranda1,*, Félix-Antoine Comeau1, Jasmin Raymond1, Louis Gosselin2, Stephen E. Grasby3, 
Andrew Wigston4, Alireza Dehghani-Sanij4, Sarah Sternbergh5 and Serge Perreault6

1. Introduction

Canada is a vast, cold and energy-
intensive country that is making 
strong commitments to reduce 

Geothermal resources can play a sig-
nificant role in the energy transition of 
diesel-based communities as a stand-
alone solution or integrated with other 
renewables (e.g., [4]). In Canada, energy 
produced from deep and shallow geother-
mal systems is receiving growing attention 
and Tu Deh-Kah Geothermal (https://
tudehkah.com/) and Fuel for Reconcili-
ation (https://www.kitselasgeo.ca/) are 
two inspiring examples of community 
geothermal projects underway. Beyond 
electricity and space heating, geothermal 
resources can supply the heat needed for 
greenhouse applications. Food security is 
an additional issue in northern Canada 
and geothermal resources can provide a 
baseload source of local energy to sup-
port food production, as highlighted by 
a proof-of-concept study undertaken in 
Resolute Bay (Nunavut; [5]).

Despite the potential valuable contribu-
tion that geothermal energy can add to 
the energy transition of remote northern 
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The sustainable development of Canada’s 
north is a growing challenge. Nearly 134,000 
people, mostly Indigenous, live typically in 
a diesel-dependent dynamic, and thus ini-
tiatives to deploy clean technologies for 
heat and electricity are ongoing. Research 
is underway in the Yukon, Northwest Ter-
ritories and Nunavut to assess geothermal 
resources of target communities while 
techno-economic feasibility of geothermal 
technologies is being evaluated in Nunavik 
(Quebec). Results suggest that geothermal 
technologies can provide important carbon 
reductions and are economically attractive. 
While shallow systems can be deployed in 
a short-term period, deep systems are a 
long-term objective that may provide suf-
ficient energy to meet communities’ heavy 
heating needs.

Le développement durable du nord du 
Canada est un défi croissant. Près de 
134000 personnes, la plupart autochtones, 
dépendent fortement du diesel. Ainsi, des 
initiatives visant à déployer des technolo-
gies propres pour le chauffage et l'électricité 
sont en cours. Des travaux de recherche sont 
réalisés au Yukon, Territoires du Nord-Ouest 
et Nunavut pour évaluer les ressources géo-
thermiques de communautés cibles alors 
que la faisabilité technico-économique des 
technologies géothermiques est étudiée au 
Nunavik (Québec). Les résultats suggèrent 
que les technologies géothermiques peu-
vent permettre d'importantes réductions de 
carbone et sont économiquement intéres-
santes. Alors que les systèmes superficiels 
peuvent être déployés à court terme, les 
systèmes profonds sont un objectif à long 
terme qui pourrait fournir suffisamment 
d'énergie pour répondre aux besoins de 
chauffage des communautés.

La sostenibilidad del norte de Canadá es un 
desafío cada vez mayor. Casi 134 000 per-
sonas, en su mayoría indígenas, dependen 
en gran medida del diésel. Por eso, se están 
llevando a cabo iniciativas para desplegar 
tecnologías limpias para la calefacción y la 
electricidad. Yukón, Territorios del Noroeste 
y Nunavut están haciendo investigaciones 
para evaluar los recursos geotérmicos de 
comunidades seleccionadas, y en Nunavik 
(Quebec) se está evaluando la viabilidad 
tecno económica de las tecnologías geoté-
rmicas. Los resultados sugieren que las tec-
nologías geotérmicas pueden proporcionar 
importantes reducciones de carbono y son 
económicamente atractivas. Mientras que 
los sistemas superficiales pueden desple-
garse a corto plazo, los sistemas profundos 
son un objetivo a largo plazo para satis-
facer las necesidades de calefacción de las 
comunidades.

https://doi.org/10.5281/zenodo.7882811

carbon emissions and reach a climate 
neutral society [1]. While about 60% of 
Canada’s power comes from non-emitting 
sources [2], the situation in the north is dif-
ferent [3]. Remote northern communities in 
Canada are geographically distant and there 
are only a few areas with a regional electric-
ity grid, some supported by hydropower 
(Figure 1). The remainder, comprising just 
over 100 communities – mostly Indigenous, 
with about 134,000 inhabitants – often rely 
on diesel for heat and power. Other sites, 
such as mines and military bases, likewise 
mostly rely on diesel (Figure 1).

Given Canada’s commitment to reduce 
its greenhouse gas emissions, issues asso-
ciated with diesel fuel used in the north 
(e.g., spills and soil/groundwater contami-
nation, supply chain disruptions) and the 
desire to support economic development 
in this region, it is imperative to investi-
gate alternative sources to find those that 
can provide clean, local, stable, reliable, 
and cost-effective power and heat.

https://tudehkah.com/
https://tudehkah.com/
https://www.kitselasgeo.ca/
https://doi.org/10.5281/zenodo.6882354
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communities [6-8], there are still impor-
tant data gaps in many areas of north-
ern Canada [9] (Figure 2). Existing data, 
mainly from oil and gas exploration, assess 
only about 40% of Canada’s landmass 
(Figure 2) and most of the previous work 
in northern Canada has been focused on 
sedimentary basins in the Northwest Ter-
ritories, northern Yukon and Canadian 
High Arctic [8] due to the existing wells. 
Currently, many territorial initiatives sup-
ported by various levels of government 
are underway to intensify the data collec-
tion and find viable targets. The ongoing 
work includes both expanding existing 
knowledge in the sedimentary basins and 
addressing the almost complete absence 
of geothermal-relevant data in the rest of 
Canada’s north. 

The purpose of this paper is to sum-
marise geothermal research being 
undertaken for the remote northern com-
munities of Canada (Figure 1). In this 
review, the goal was to cover most regions 
that are not connected to major power 
grids, where the climate is cold and the 
heating needs are generally more than 
8,000 heating degree days below 18  °C 

(HDD18
1) [10], and where active geother-

mal projects are being undertaken. 

2. Deep geothermal potential of 
northern Canada

2.1. Yukon Territory

Yukon has several potential hydro-
thermal plays including fault controlled, 
radiogenic intrusive, volcanic, and sedi-
mentary basin types (Figure 2A). A geo-
thermal feasibility study revealed potential 
areas of interest (Figure 3A), and sug-
gested resources consisting of more than 
1.7 GW potential at <5 km, and approxi-
mately 100 MW potential at <2 km [11]. 
However, heat flow data is sparse (Figure 
2B) and detailed assessment is necessary 
to fully understand Yukon’s geothermal 
potential. A well drilled near Takhini hot 
springs, close to Whitehorse, revealed a 

1 Heating Degree Days (HDD) are equal to 
the number of degrees Celsius a given day’s 
mean temperature is below 18 °C [10]. The 
number of degree days is a measure of the 
heating needs based on difference between 
the base temperature and the outdoor tem-
perature over the year.

variable geothermal gradient with depth, 
suggesting fracture-controlled ground-
water influx, and further work is needed 
to understand the hydrothermal system 
(Figure 3B; [12-14]). Another well drilled 
in the Tintina Trench near Ross River 
revealed greater geothermal gradient 
than predicted for the area (30.6  °C/km 
vs  25  °C/km; Figure 3C; [12,14]). Stud-
ies are underway to assess the geothermal 
potential in SW Yukon where deep water 
wells in the communities of Haines Junc-
tion and Burwash Landing provide water 
at 16-17 °C, and the Jarvis warm springs 
emerges at 18 °C [15]. Additional regional 
studies show there may be thermal poten-
tial related to Cretaceous intrusive rocks 
and volcanic belts [16].

2.2. Northwest Territories

The Northwest Territories (NWT) are 
characterised by three main geothermal 
plays: the Canadian Shield petrothermal 
system, Paleozoic and Mesozoic sedimen-
tary basins hosting high temperature geo-
thermal resources in deep aquifers with 
known thermal anomalies, and the Mack-
enzie Mountains with numerous thermal 

Figure 1: (A) Location of remote northern communities in Canada; (B) main geological regions; (C) climate zones; and (D) map of the studied area centered on 
the Arctic. YT – Yukon Territory, NWT – Northwest Territories, NU – Nunavut, NK – Nunavik, QC – Quebec and NL – Newfoundland and Labrador (Nunatsiavut).
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springs and high temperature intrusives 
(Figure 4; [17]). The Canadian Shield is 
characterised by a low heat flow and geo-
thermal gradient (~ 17.6 °C/km) that limit 
the resource largely to heat pump sys-
tems, abandoned mines, and potentially 
enhanced geothermal systems (EGS). 
Deep conventional geothermal technolo-
gies can be foreseen in sedimentary basins 
to generate power and for direct use of 
heat [18]. In the sedimentary basins of 
southern NWT, the geothermal gradient 
can be up to 50  °C/km and heat flux as 
high as 90 mW/m2 [7,18,19,20].

Figure 2: (A) Distribution of geothermal potential in Canada based on end-use (after [9]); (B) Heat 
flow map of Canada (after [9]). YU – Yukon Territory, NT – Northwest Territories, NU – Nunavut, NK – 
Nunavik, QC – Quebec.

Research is underway in the Fort Liard 
area and in the South Slave region enclos-
ing Hay River, Enterprise, and Fort Provi-
dence to assess the geothermal potential 
of these communities (Figure 4).

2.3. Nunavut

All communities in Nunavut rely on 
diesel. For this reason, Qulliq Energy 
Corporation, the company generating and 
distributing power in Nunavut, is inter-
ested in evaluating the territorial geother-
mal potential and is assessing some target 

communities for future geothermal devel-
opment. Nunavut has two major geother-
mal plays: sedimentary basin geothermal 
resources and the Canadian Shield, where 
EGS or deep borehole heat exchangers 
may be necessary to exploit the resource 
[22,23]. The average heat flux in Nunavut 
is about 40-60 mW/m2, but values as high 
as 70 mW/m2 can be found in the Cana-
dian Arctic Islands (Figure 2B; [23]). The 
technical power generation potential was 
estimated to vary between 59 MWe and 64 
GWe in the Canadian Shield and between 
662 MWe and 96 GWe in the sedimentary 
basins in the Arctic Islands [23].

A geothermal feasibility study was 
carried out in 2018 [23] and concluded 
that additional data collection with drill-
ing in target communities (e.g., Resolute 
Bay, Baker Lake) is necessary to prop-
erly define the resource potential (Figure 
5; [23]). It is also suggested that, given 
the remoteness and great distance of the 
communities from each other, the lack of 
infrastructure to support energy transfer, 
and the resource temperature, geothermal 
developments should occur in or near the 
communities [23].

2.4. Nunavik (Northern Quebec)

Nunavik is home to 14 Inuit commu-
nities and, as in many parts of northern 
Canada, the geothermal data availability 
is limited. Thus, the surface heat flux and 
subsurface temperature maps produced 
for this region are based on extrapolation 
of sparse data and are therefore uncertain 
(Figure 6A-B).

Only four deep wells (>300 m) exist 
in Nunavik indicating a geothermal gra-
dient of 9–17 °C/km and a heat flux of 
26–38 mW/m2 (Figure 6; [24-28]). How-
ever, a recent well drilled in Kuujjuaq 
(~240  m) suggests greater local geother-
mal gradient and heat flux, with a most 
probable value of 21 °C/km and 57 mW/
m2, respectively [29]. Such differences 
illustrate data gap challenges that must 
be faced when evaluating the geother-
mal potential. This variability can indeed 
make a significant difference when assess-
ing the techno-economic viability of deep 
geothermal technologies, highlighting 
the need for intensive data acquisition 
completed at the community rather than 
the regional level. Nevertheless, all of the 
studies undertaken [24,25,30-35] agree 
that ground-coupled heat pump (GCHP) 
systems can be readily deployed for energy 
savings of buildings in subarctic commu-
nities while research is underway to fully 
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become one of the alternatives to heat 
buildings in remote subarctic commu-
nities. Simulations of GCHP operation 
undertaken for a typical commercial 
building in Kuujjuaq (Figure 6) showed 
that energy savings are of the order of 55 
to 76% [30] and a 50-year life-cycle cost 
analysis suggests that shallow geothermal 
energy with state-of-the-art heat pumps is 
a financially interesting option [31].

Furthermore, shallow geothermal map-
ping in Kuujjuaq (Figure 6; [31]) and 
Whapmagoostui-Kuujjuarapik (Figure 
6; [32]) suggest that a 100 m deep bore-
hole heat exchanger may be able to pro-
vide, on average, 5.8 and 12  MWh/year, 
respectively. Additionally, a compression 
heat pump with a proportion of its elec-
tricity consumption derived from solar 
photovoltaic panels seems an economi-
cal and eco-friendly heating solution for 
both residential dwellings (Table 1; [31]) 
and commercial buildings [33]. However, 
these studies showed that the source of the 
electricity originating from a diesel plant 
limits the economic and environmental 
benefits of heat pumps. 

Horizontal closed-loop GCHP systems 
installed in the active ground layer above 
the permafrost can also be a viable solu-
tion for remote northern communities. 
Belzile et al. [34] concluded that an air-
source absorption heat pump in Kangiq-
sualujjuaq (Figure 6) may offset 17.4% 
of diesel consumption while a ground-
source absorption heat pump may offset 
up to 39.4%. Additional studies to inves-
tigate the geo-risk of GCHP systems in 
subarctic regions suggest that these have 
a low risk and can reduce ground sub-
sidence and help to stabilise permafrost 
[36,37]. However, the long-term thermal 
depletion may become an issue and solu-
tions need to be found.

Given the technical feasibility and eco-
nomic attractiveness of GCHPs, Kuujjuaq 
(Figure 6) carried out a geothermal heat-
ing project for the community’s swimming 
pool as part of the federal program Indig-
enous Off-diesel Initiative. The system is 
a horizontal closed-loop GCHP of 30 kW. 
Additionally, a new research station of 
the Centre d’études nordiques (CEN) is 
under construction at Umiujaq (Quebec; 
Figure 6) and the integration of a mix of 
renewable technologies (biomass, solar, 
and geothermal) is foreseen. Moreno et al. 
[35] suggested that this mix can be a cost-
effective option since the levelized cost 
of energy (LCOE) of a mix of renewable 
heating systems can be comparable to that 
of oil furnaces, but with lower CO2 emis-
sions (Table 2).

Figure 3: (A) Primary geothermal exploration areas in Yukon Territory (after [11]); (B) stabilised downhole 
temperature data for the Takhini well, interpretative geothermal gradients and the surface water 
temperature at Takhini Hot Springs (after [12]), (C) stabilised downhole temperature data for the Tintina 
well and interpreted geothermal gradient (after [12]). The reader is referred to Figure 1 for geographical 
location. It is important to highlight that in (B) there is only one data point that shows an anomalous 
temperature value and therefore the gradient hypotheses shown are only rough approximations and 
may be overestimated.

Figure 4: Northwest Territories geothermal favourability map (after [21]). The reader is referred to Figure 
1 for geographical location.

assess the communities’ deep geothermal 
potential and the technological feasibility 
and economic viability of related tech-
nologies. Deep geothermal should be seen 
as long-term goal that, if feasible and cost 
competitive, could meet the whole heating 
needs and perhaps part of the electricity 
demand of each community.

3. Geothermal technologies for 
northern communities

3.1. Ground-coupled heat pumps 
(GCHP)

GCHPs are a well-established tech-
nology in southern Canada and could 
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3.2. Borehole thermal energy storage 
(BTES)

A numerical study coupled to a 50-year 
life-cycle cost analysis demonstrated 
for the first time in a polar climate that 
borehole thermal energy storage (BTES) 
can be viable for heating drinking water 
in a subarctic climate utilising seasonal 
solar energy storage [38]. The numerical 
simulations suggested that solar fraction 
of 45 to 50% and heat recovery of more 
than 60% can be achieved by the 3rd year 
of operation. This would result in annual 
savings of 7,000 l of diesel consumption. 
Furthermore, the life-cycle cost analysis 
suggests that a specific incentive pro-
gramme can guarantee similar NPC and 
LCOE compared to the current diesel 
situation (Table 3).

Recovery and seasonal storage of waste 
heat from diesel generators can be another 
viable option for remote northern com-
munities. Ghoreishi-Madiseh et al. [39] 
showed that 350  MWh of heat can be 
annually stored and provided by a BTES 
system relying on waste heat. The system 
is estimated to have a capital expenditure 
(CAPEX) of $ 235,000, with a payback 
period below 5 years. Such a system can 
led to an annual decrease of about 90 
tonnes of CO2 and about $ 48,000 of sav-
ings. 

3.3. Enhanced/engineered geothermal 
systems (EGS)

Research indicated that EGS can be 
both technologically feasible and econom-
ically viable for Canadian remote north-
ern communities [4,6,7,40]. The thermal 
energy extracted from the subsurface 
may be sufficient to meet the communi-
ties’ heating (and electricity) needs and 
the LCOE can be comparable to that of 
the oil furnaces (Table 4) but with lower 
CO2 emissions. Majorowicz and Grasby 
[6] estimated that Canadian and US EGS 
projects can potentially save 164 t/day of 
CO2 and 88,000 m3/day of natural gas.

3.4. Hybrid geothermal systems

Several communities in Canada’s north 
are making growing use of solar and/or 
wind energy to meet part of their power 
needs [41,42]. Recent cost data is not 
publicly available, and is site specific, but 
discussions with experts indicate that they 
are most likely cheaper than geothermal, 
especially compared to EGS. However, 
their intermittent nature means they 

Figure 5: Nunavut geothermal favourability map (after [23]). The reader is referred to Figure 1 for 
geographical location.

Heating solution NPC (k$) CO2 emissions (t)

Fuel oil 277 29

Compression heat pump

70% of electricity by solar PV panels

30% from diesel power plant

203 18

Compression heat pump

100% of electricity by solar PV panels1
179 15

Compression heat pump

100% of electricity by diesel power plant
259 26

Absorption heat pump 231 25

PV – Photovoltaic. The cost is in Canadian dollars (CAD).

1 Assuming energy storage (battery).

Heating solution
NPC

(k$)

LCOE

($/kWhth)

Carbon emissions

(t)

100% Oil furnace 364 0.21 27

50% Biomass + 50% GCHP

100% of electricity by solar PV panels
373 0.26 0.2

70% Biomass + 30% GCHP

100% of electricity by solar PV panels
346 0.23 0.3

The cost is in Canadian dollars (CAD).

Table 1: Summary of net present cost (NPC) and CO2 emissions for different solutions to heat a 5-occupant 
residential dwelling in Kuujjuaq (Quebec; [31]).geographical location.

Table 2: Summary of NPC, levelized cost of energy (LCOE) and CO2 emissions for the different heating 
solutions in Umiujaq [35]
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Figure 6: (A) Heat flux map and (B) predicted temperature pattern at 10 km depth in Quebec (after [24]). The reader is referred to Figure 1 for geographical 
location.

its lifetime and thus reduce its cost. There-
fore, Dehghani-Sanij and Wigston [45] 
have been conducting a techno-economic 
feasibility analysis of a hybrid geothermal 
system for Fort Liard, NWT (Figure 7).

4. Discussion and conclusions

The development of geothermal and 
other renewable energies can bring 
important socio-economic benefits to 
northern communities. However, despite 
the potential benefits, geothermal deploy-
ment is still a complex task in northern 
communities, with buildings not prepared 
for the technology and with a lack of train-
ing for the system operation and mainte-
nance. Additionally, the deployment cost 
is still high, and more work is needed to 
make geothermal systems cost-efficient 
compared to diesel (Figure 8).

Nevertheless, previous research showed 
that solar-assisted GCHP can be a viable 
short-term solution to provide energy 
savings for most communities located in 
a subarctic climate [31,33-35]. Dealing 
with building loads that are unbalanced 
and require heating only plus ground 
conditions near permafrost are the main 
challenges that can be faced for properly 
sizing systems. Deep resources harnessed 
with EGS technologies are medium to 
long-term options that may have enough 
capacity to meet the entire electricity and 
heating requirements of isolated com-
munities [4,40]. Here, the main challenge 
is to evaluate subsurface conditions at a 

Scenario NPC ($) LCOE ($/kWhth)

Fuel oil 2,054,682 0.214

BTES 224 3,419,089 0.357

BTES 224 subsidised 2,326,917 0.243

BTES 37 2,846,336 0.297

BTES 37 subsidised 2,040,541 0.213

The cost is in Canadian dollars (CAD).

Heating solution
LCOE ($/MWh)

Optimistic Likely Pessimistic

Fuel oil furnaces (Kuujjuaq) 190

EGS (Kuujjuaq) 54 - 145 83 - 265 170 - 626

EGS (northern Canada) 50 - 80

The cost is in Canadian dollars (CAD).

Table 3: Summary of NPC and levelized cost of energy (LCOE) for the different BTES scenarios studied 
for the drinking water facility in Kuujjuaq [38]

Table 4: Summary of LCOE for an EGS in Kuujjuaq [40] and northern Canada [4].

require expensive energy storage and full-
scale diesel power backup, which is often 
not considered when calculating their 
LCOE. In addition, the long, dark season 
and icing issues make wind and solar inef-
fective when energy demand is greatest.

Hybrid systems, comprising geothermal 
energy combined with other renewables 
like wind and solar (also biomass, hydro-
kinetic, etc.) and energy storage tech-
nologies (e.g., batteries, compressed air, 
seasonal thermal energy storage; [38,43]), 
are a prospective energy solution for 
remote northern communities (Figure 7). 
They have the potential to provide stable, 

baseload power and heat with increased 
environmental benefits at reduced cost 
compared to stand-alone geothermal sys-
tems and diesel systems with intermittent 
renewables [44].

Wind and solar can meet more of a 
communities’ energy needs in the summer 
when their potential is greater. Therefore, 
the geothermal system can be optimised 
by taking advantage of the lower ambi-
ent temperature in the colder months, 
which means a lower input temperature 
(i.e., shallower and cheaper) is required. 
Reducing the draw on the geothermal 
reservoir for heat and power can extend 

Topic - Geothermal energy



18                                                                                                                                                                  

depth of several kilometres  where deep 
boreholes are often non-existent but are 
needed to trigger development interest.

In summary, geothermal energy can be 
an option for remote northern communi-
ties if Indigenous peoples are interested 

in such development. Further geother-
mal exploration and research is needed to 
decrease uncertainty and risk. Drilling of 
deep wells and data acquisition campaigns 
should be designed at a community scale 
level. Numerical simulations of geother-

mal technologies can also help predict 
their performance and find the optimal 
design to meet the power and heating 
needs of Indigenous communities in the 
context of cost, environmental impact, 
reliability and ease of use/repair.
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Figure 8: Estimated LCOE of the different heating solutions studied [35,38,40]. Oil fuel price from 2019, 
in Canadian dollars.

Figure 7: A proposed hybrid geothermal system for Fort Liard, NWT – as an example [45].
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