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F�elix-Antoine Comeaua and Juliet Newsonc 

aInstitut national de la recherche scientifique - Centre Eau Terre Environnement, Quebec City, QC, Canada; bGeological 
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ABSTRACT 
Urban heat islands (UHI) are a growing issue in the context of global warming and pose 
significant threats to the public’s health and well-being. The heat rejected into the city 
air from conventional air conditioners is a significant contributor to UHI. Geothermal 
energy is an alternative for mitigating this issue by redirecting this heat into the subsur
face. This study assesses the suitability for open-loop geothermal technology of 10 
selected Canadian cities that commonly experience UHI effects during summer, focusing 
on groundwater heat pump (GWHP) systems. Utilizing six key criteria related to hydro
geology and geochemistry, an evaluation tool in the form of an index is developed to 
perform a preliminary assessment of aquifer suitability. Results indicate that Vancouver, 
Winnipeg, and Kitchener/Waterloo/Cambridge are cities with highly favorable conditions 
for implementing GWHP systems. The other evaluated cities (Toronto, Montreal, Calgary, 
Edmonton, Ottawa/Gatineau, Quebec City, and Saskatoon) show moderate potential. 
While these results are contingent on the hydrogeological data available for these major 
cities, which are often limited, this study, nonetheless, yields promising results for several 
Canadian cities and has allowed to verify the usefulness of the developed index for con
ducting systematic preliminary assessments of site suitability.

RÉSUMÉ  
Les ı̂lots de chaleur urbains (ICU) constituent un probl�eme croissant dans le contexte du 
r�echauffement climatique et repr�esentent une menace importante pour la sant�e et le 
bien-être de la population. La chaleur rejet�ee dans l’air des villes par les climatiseurs con
ventionnels contribue de mani�ere significative �a la formation de ces ı̂lots. L’�energie 
g�eothermique repr�esente une alternative int�eressante pour att�enuer ce probl�eme en 
redirigeant cette chaleur dans le sol. Cette �etude �evalue la pertinence d’utiliser les 
syst�emes g�eothermiques �a boucle ouverte dans 10 villes canadiennes s�electionn�ees qui 
subissent fr�equemment les effets des ICU pendant l’�et�e, en se concentrant sur les 
syst�emes de pompe �a chaleur d’aquif�ere (PACA). �A partir de six crit�eres cl�es li�es �a l’hy
drog�eologie et la g�eochimie, un outil d’�evaluation sous forme d’indice a �et�e d�evelopp�e 
afin de permettre une �evaluation pr�eliminaire des aquif�eres. Les r�esultats indiquent que 
Vancouver, Winnipeg et Kitchener/Waterloo/Cambridge sont des villes pr�esentant des 
conditions tr�es favorables �a la mise en œuvre de syst�emes de PACA. Les autres villes 
�evalu�ees (Toronto, Montr�eal, Calgary, Edmonton, Ottawa/Gatineau, Qu�ebec et Saskatoon) 
pr�esentent un potentiel mod�er�e. Bien que ces r�esultats d�ependent des donn�ees hydro
g�eologiques disponibles pour ces grandes villes, qui sont souvent limit�ees, cette �etude 
fournit n�eanmoins des r�esultats prometteurs pour plusieurs villes canadiennes et a per
mis de v�erifier l’utilit�e de l’indice d�evelopp�e pour r�ealiser des �evaluations pr�eliminaires 
syst�ematiques de la viabilit�e des PACA.
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Introduction

Urban heat islands (UHI) are characterized by elevated temperatures in urban areas compared to their 
rural surroundings. Detrimental impacts include adverse effects on public health and energy consump
tion (Uejio et al. 2011; Moonen et al. 2012). As global temperatures continue to rise, UHI become a 
pressing concern, necessitating innovative mitigation strategies (McGeehin and Mirabelli 2001).

In 2025, 68% of Canadian households reported using air conditioning or other cooling equipment 
(e.g. heat pumps) to cope with summer heat (Statistics Canada 2025), a figure that has been steadily 
increasing from 55% in 2013 to 61% in 2019 and 64% in 2021 (Statistics Canada 2023a), reflecting the 
growing need for space temperature regulation during the warmer months. In 2020, total residential 
space cooling energy use in Canada was 35.9 petajoules (PJ, Natural Resources Canada 2022). The com
mercial and institutional sectors also contributed 54.8 PJ in the same year (National Energy Use 
Database (NEUD) 2021). However, traditional air conditioners themselves are a contributor to UHI 
due to the heat they reject (Magli et al. 2015; Vujovic et al. 2021).

The escalating demand for cooling solutions, coupled with the associated rise in energy consump
tion, emphasizes the urgency of finding sustainable alternatives. In this context, it is crucial to explore 
cooling technologies that use electricity without releasing additional heat into the surrounding air. 
Geothermal heat pumps emerge as a promising option for a cooling alternative, either on their own or 
in conjunction with other technologies. Within the realm of geothermal system options, open-loop sys
tems that utilize groundwater, comprising both injection and pumping wells, also known as ground
water heat pump (GWHP) systems, present a promising avenue for both heating and cooling. This 
method stands out for its low carbon footprint and high energy efficiency, leveraging electricity while 
minimizing environmental impact (Blum et al. 2010; Possemiers, Huysmans, and Batelaan 2014; 
Sciacovelli, Guelpa, and Verda 2014; Pellegrini et al. 2019; Stemmle et al. 2021; Menberg et al. 2025). 
Implementing this technology on a wide scale has particular potential for mitigating UHI because these 
systems reject heat in the subsurface instead of the ambient city air. A study by Schibuola and 
Tambani (2022) has found that the average UHI intensity of a modeled urban area in Treviso, Italy, 
was reduced by 45% when using GWHPs instead of conventional air conditioning systems. An add
itional benefit is that GWHP systems can be used for both cooling and heating, with good performance 
in cold climate countries (Minea 2022). Therefore, this can also contribute to decarbonizing the 
Canadian heating sector, considering that 99% of residential greenhouse gas (GHG) emissions stem 
from space and water heating (National Energy Use Database (NEUD) 2021).

Although less commonly installed than their closed-loop counterparts (which extract energy from the 
ground using heat carrier fluids circulating in sealed boreholes or tubing), open-loop systems exhibit better 
energy efficiency and cost-effectiveness. Under favorable hydrogeological conditions (including a permeable 
unit and low iron concentrations) and moderate energy requirements (e.g. above a capacity of 528 kW), 
installation of a GWHP system could cost as little as 20% of the cost of a closed-loop system due to the 
lower number of wells to be installed (Kavanaugh and Rafferty 2014). Aquifer thermal energy storage 
(ATES) systems are another open-loop option that use the same equipment as GWHPs, but with a focus 
on storing energy seasonally to maximize performance. Despite the need for thorough characterization, 
higher maintenance requirements, and the risks of aquifer warming and well clogging, the higher energy 
efficiency and smaller number of boreholes of GWHP and ATES systems make them an appealing choice, 
especially in urban environments where space is limited (Kranz and Frick 2013; Kavanaugh and Rafferty 
2014). While surface water offers another viable option, groundwater proves to be more readily available 
locally in urban settings and its use would normally have less impact on the local environment.

Currently, open-loop geothermal systems are not widely used in Canada and there is a lack of docu
mentation regarding this type of installation. Geothermal heat pumps are concentrated in the major 
Canadian cities, especially those of southern Ontario and Quebec, but there is generally no distinction 
available in datasets between open and closed-loop systems (Lund and Toth 2021). At the time of writ
ing, no government data are publicly available on the number of systems installed and in use. 
Knowledge of geological and hydrogeological conditions beneath highly populated Canadian cities is 
not sufficient to guarantee the successful implementation of open-loop geothermal systems. 
The resources in question are aquifers, extensive bodies of permeable rock and/or sediment that hold 
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groundwater. Ferguson (2012) provided useful insights into characterizing the uncertainty in heating 
and cooling performance of an aquifer in Manitoba, Canada using geostatistical information. However, 
there are no comparative investigations of aquifers from multiple Canadian cities with a systematic 
approach that uses readily available information.

The primary objective of this study is to assess the suitability of some of the important aquifers underly
ing 10 major Canadian cities impacted by UHI for cooling buildings using GWHP systems. To achieve 
this, an index integrating six key criteria is first developed, following an approach similar to that of the 
DRASTIC index (Aller et al. 1987). This index was developed in the 1980s by the U.S. Environmental 
Protection Agency (EPA) and the American Water Works Association to provide first-order estimates of 
aquifer vulnerability. It takes into account seven parameters, each of which has been assigned a weighting 
based on its relevance to potential surface contamination. This index has been widely criticized for its 
shortcomings, which include: 1) a weighting system that does not adapt to local hydrogeological condi
tions; 2) the partly subjective parameter ratings that may not reflect actual field conditions, especially in 
heterogeneous media; 3) a simplified hydrogeological representation; 4) lack of consideration for land use, 
anthropogenic factors and the specific behavior of contaminants (e.g. sorption, degradation), all of which 
often lead to a weak correlation between DRASTIC scores and observed contamination levels (Mohanta 
et al. 2025). Nonetheless, the DRASTIC index remains widely used due to its simplicity and the use of 
readily available parameters. Although it is not accurate, it rapidly provides useful information on vulner
ability, including which areas should be avoided for industrial activities and where further studies are 
required, for instance to establish a protection zone around a municipal well.

It is in this same spirit that we developed an index for GWHP, making sure that the data used to assess 
the cooling potential were both relevant and readily available. The information regarding targeted aquifer 
and groundwater characteristics was thus sought for each city. The overarching purpose is to determine 
whether GWHP technology constitutes a viable and effective solution for mitigating the impact of UHI 
in the Canadian context. Focusing on GWHP rather than aquifer thermal energy storage (ATES) is justi
fiable due to the scalability of GWHP systems, which can be implemented from residential to commercial 
and industrial scales. While ATES excels in large-scale applications, the flexibility of GWHP systems posi
tions them as a pragmatic choice for a wider array of possibilities. The suitability evaluation tool devel
oped in this study, while initially designed for GWHP, could nonetheless easily be adapted for ATES.

This study is part of a larger research project that aims to provide new knowledge to mitigate UHI 
using aquifers in Canada. This investigation holds significance for decision-makers and urban planners 
facing the challenge of UHI. The findings should provide incentives to consider geothermal systems, 
and in particular open-loop designs, as a viable alternative with the potential to enhance energy effi
ciency and environmental sustainability in Canada.

Methodology

Criteria selection and potential index development

To assess the potential for cooling spaces using groundwater in major Canadian cities, a literature 
review determined the most important factors for aquifer suitability for GWHP systems. Bloemendal, 
Olsthoorn, and van de Ven (2015) and Lu et al. (2019) give the most impactful factors (summarized in 
Annex A) on the suitability for ATES system implementation. These are virtually the same as those 
that apply to GWHP systems and have been adapted for our study.

Aquifers that have clean freshwater, lower temperature and from which large quantities of water can 
be extracted (i.e. permeable with high recharge) are more favorable and will provide more efficient and 
economical cooling systems with better life expectancy. Saline water and polluted water can still func
tion with these systems, but will require more expensive maintenance to prevent corrosion, clogging or 
further pollution (Zuurbier et al. 2013; Abesser et al. 2014). In terms of ambient groundwater flow, 
high groundwater flow velocity can be detrimental to the effectiveness of ATES systems, as it can dissi
pate the stored energy (Bloemendal and Olsthoorn 2018). On the other hand, a high rather than low 
groundwater flow is beneficial to GWHP systems because the thermal plume at the injection well will 
dissipate faster and the aquifer temperature near the pumping well is less likely to be affected. Granular 
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aquifers generally perform better than bedrock aquifers because their interconnected porosity is often 
higher and less variable.

Data for this study were found from publicly available databases and groundwater studies, published 
in the form of reports, theses, or papers, carried out specifically for the targeted cities or aquifer sys
tems to supplement the national database (Groundwater Information Network 2024). Based on this 
data review and the suitability factors reported in Bloemendal, Olsthoorn, and van de Ven (2015) and 
Lu et al. (2019), the aquifer’s hydraulic conductivity (K), mean aquifer thickness (AT), mean annual 
aquifer recharge (R), groundwater salinity (S), and ground temperature (T) as a proxy for groundwater 
temperature are selected as criteria. The empirical equation of Ouzzane et al. (2015) is used to estimate 
the undisturbed ground temperature (Tg) from the annual ambient air temperature (Tamb) to approxi
mate the groundwater temperature beneath Canadian cities, considering that its temperature (in Kelvin 
for Equation 1) remains relatively constant throughout the year.

Tg ¼ 17:989þ 0:951 Tamb (1) 

Average annual outside air temperatures recorded for each city by Environment and Climate Change 
Canada (2022) are used as input for the formula. Given that shallow underground temperatures are affected 
by complex processes such as groundwater recharge or discharge and UHI themselves, it is difficult to give 
an exact depth to which this ground temperature is found. However, it is likely to be characteristic of the 
first tens of meter below the surface, where the static water table is generally found in Canada.

Iron concentration (F) is added as a final criterion because of the associated clogging issues. High 
concentrations of ferrous iron (Fe2þ) are one of the most common culprits of well clogging due to oxi
dation reactions triggered by bacteria (Fujita et al. 2022). During well pumping, mixing oxygenated 
water in upper layers with reduced iron-rich water in bottom layers leads to precipitation (i.e. iron 
oxide) and hence clogging (van Beek 2010; Burt�e et al. 2019).

The DRASTIC index and the one developed here thus share similarities, particularly with regard to two 
of their parameters (criteria): aquifer hydraulic conductivity and recharge. Another parameter in each index 
also shares similarities: aquifer media for DRASTIC, representing the geological and lithological characteris
tics of the aquifer and aquifer thickness for our index, as they are both related to the ‘potential’ of the aqui
fer. The other DRASTIC parameters include, unsurprisingly, parameters related to possible contamination 
from the surface, such as the water table depth, ground topography (or slope) and the composition of the 
soil/zone overlying the aquifer (i.e. soil media and impact of the vadose zone), while our index include 
parameters more relevant to the operation of open-loop geothermal energy systems.

Each criterion has a 5-point rating system, where 1 corresponds to poor conditions for installing 
GWHP systems for space cooling and 5 is very favorable. A weighting is assigned to each criterion 
based on professional judgment to reflect their relative importance for this study. The equation for the 
index is presented below (Equation 2) and the rating system, the selected criteria and their respective 
weights in the evaluation are summarized in Table 1.

ICP ¼ KRKW þ ATRATW þ RRRW þ SRSW þ TRTW þ FRFW (2) 

Table 1. Evaluation tool for assessing the suitability of urban aquifers in large Canadian cities for GWHP cooling 
system implementation.

Criteria

Aquifer suitability rating for GWHP cooling
Weight 

final score1 2 3 4 5

Hydraulic conductivity 
(m/s)

Low  
< 1� 10−7 – Moderate 1� 10−7 

– 1� 10−4 – High  
> 1� 10−4 25%

Aquifer thickness  
(m) < 5 5–10 [10 - 15] 15 − 20 > 20 15%

Meal annual groundwater 
temperature (�C) > 15 10 - 15 < 10 15%

Aquifer recharge  
(mm/y) < 10 10–50 [50 − 150] 150 − 300 > 300 15%

Groundwater  
salinity – – Brackish or  

saline – Fresh 15%

Median iron (Fe) 
concentration (mg/L) > 0.5 – 0.2 − 0.5 – < 0.2 15%
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ICP is the index for the cooling potential, the subscripts R and W are for the rating (from 1 to 5) 
and weight (25% and 15% in our case), respectively.

The hydraulic conductivity criterion is assigned the highest weight (25%) because this hydrogeo
logical characteristic, related to permeability, is widely considered to be the key parameter controlling 
aquifer behavior and groundwater flow (Freeze and Cherry, 1979; EPA 1990; Sanchez-Vila et al. 2006; 
Zhu et al. 2016). Therefore, it has a considerable impact on the performance of a GWHP system. 
Hydraulic conductivity is a property of a geological medium that quantifies its ability to transmit water 
under a specified hydraulic gradient. This property, in conjunction with the aquifer thickness and 
recharge rate, is intimately related to the aquifer’s capacity to supply water. Good aquifer capacity, and 
therefore a permeable aquifer with important thickness and a high recharge rate, is desirable because it 
allows the reinjected warm water to be diluted and move away from the pumping well. Since the 
parameters AT and R are considered to have less impact than K on the system’s performance, they 
were given a lower weight. It should be noted that arid and even semi-arid regions were not taken into 
account here. It should also be noted that although groundwater temperature is an important parameter 
because the greater the contrast with ambient air, the better the cooling performance, the range of val
ues in populated areas of Canada is quite narrow for shallow groundwater (generally between 7 and 
14 �C according to Statistics Canada (2022) and even narrower under large cities, see below). Thus, this 
parameter can only have a limited impact on system performance. Fresh water is preferred over brack
ish or saline water in order to reduce material or maintenance costs and facilitate pumping and injec
tion (due to its lower density), but GWHP systems are nonetheless viable in any of these conditions. 
Finally, while elevated iron concentrations can significantly impair system performance, there are ways 
to limit clogging, including the use of anti-clogging agents such as polymer anti-scalants or oxalic acid, 
biotechnological interventions such as the use of biocides or enzymes, or conventional disinfection 
techniques such as chlorination (Shi et al. 2025). The last five criteria are therefore given equal, lower 
weights (15%) because they are deemed less critical that K, and their ranking is considered too subject
ive. The points for each city are assigned according to the values from databases and literature, to the 
best of our knowledge. In cases where multiple aquifers are present in a city, the ratings are based on 
the aquifer with the largest extent and/or exploitation potential in the urbanized areas of that city.

Benchmark definitions associated with the ratings are based on values considered appropriate for 
favorable and unfavorable conditions for GWHP systems, according to professional judgment. 
Benchmarks for ‘Median iron (Fe) concentration’ are based on those defined in Talbot Poulin et al. 
(2013) for clogging probability as a function of different chemical parameters. Note that aquifer 
recharge corresponds to vertical recharge over the selected aquifer and that very dense urban areas 
where no vertical recharge can occur due to surface impermeabilization are excluded.

The weighted score according to the ratings assigned to each criterion is used to evaluate the poten
tial of Canadian urban aquifers for GWHP cooling. Qualitative interpretations of the scores are made 
to simplify the results. Scores between 4 and 5 are categorized as high, 3–4 as moderate, and 2–3 
as low.

City selection and UHI magnitude evaluation

The magnitude of UHI in Canadian cities is assessed using three criteria: population (P), maximum 
temperature during daytime (MTD) and minimum temperature during nighttime (MTN), both for the 
summer period. This identifies cities which would be most in need of low-carbon cooling alternatives. 
Cities were primarily selected based on their population size in 2022 from Statistics Canada (2023b), 
with a weight of 50% assigned to this parameter because populous cities are more likely to have UHI 
of high magnitude and severity. The benchmarks are again defined based on professional judgment. 
Some cities in Ontario are excluded, such as Hamilton and Oshawa, because they are part of the 
Greater Toronto Area, as well as London and Windsor, because the aquifers in these regions have simi
lar characteristics to those of the Toronto area. These exclusions result in better spatial coverage across 
the country, while limiting the number of cities considered to 10. Other cities like Victoria and Halifax 
are excluded, because their maritime climate prevents them from significant UHI effects. With these 
considerations in mind, the selection is narrowed down to the following cities (or groupings): Toronto, 
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Montreal, Vancouver, Calgary, Edmonton, Ottawa/Gatineau, Winnipeg, Quebec City, Kitchener/ 
Waterloo/Cambridge, and Saskatoon.

In addition to the city population, both maximum daytime and minimum nighttime temperatures 
are used because waste heat from air conditioning exacerbates nocturnal UHI (Salamanca et al. 2014). 
Table 2 presents these three criteria along with their rating, where 1 corresponds to low UHI magni
tude and 5 is high. The information on temperature is from a dataset by the Center For International 
Earth Science Information Network Columbia University (2016) and the benchmarks for the two UHI 
criteria are also set based on this information: Maximum and minimum UHI temperatures receive an 
equal weight, together totalling 50%.

The index for the magnitude of UHIs is calculated using Equation 3. Similarly to ICP, scores between 
4 and 5 are considered high, those between 3 and 4 moderate, and those between 2 and 3 low.

IM ¼ PRPW þMTDRMTDW þMTNRMTNW (3) 

IM is the index for the magnitude of UHI, and the subscripts R and W are again for the rating 
(from 1 to 5) and weight (50% and 25% in our case), respectively.

The final result corresponds to the combination of the scores of the two indices (ICP and IM) 
obtained using equations 2 and 3, which can be interpretated quantitatively or qualitatively (e.g. 
high-high).

Results

Collected information on the selected cities

Table 3 summarizes the information collected from a literature review for the suitability assessment of 
aquifers beneath the selected Canadian cities. The first part (Table 3A) presents a geological and hydro
geological description of the most favorable aquifer(s) by city, while the second part (Table 3B) presents 
their associated values for the six parameters of equation 2. Estimated ground temperature results are 
also included as a proxy for groundwater temperature. Data in Table 4 provide city data for population, 
average annual air temperature used to calculate ground temperature, and UHI temperatures during 
daytime and nighttime.

Index scores for the selected cities

The detailed results of the final evaluation for all the cities are summarized in Tables 5 and 6. Where 
two aquifers are presented for a given city, the most favorable one is used in Table 5, although it may 
be the most limited in extent. Nonetheless for Calgary, the Paskapoo Formation was selected because 
its average values are generally close to those of the Empress Group, while covering a larger area. 
When a unit is described as highly variable (e.g. having a hydraulic conductivity from low to high), a 
mid-range value has been assigned. For instance, if hydraulic conductivity was reported as ‘moderate to 
high’ in Table 3, a rating of 4 was assigned, although it does not actually correspond to a value in 
Table 1. This approach was intended to yield a more representative value for the index; otherwise, even 
a relatively good mean K value would have had to be assigned a rating of 3. The same approach was 

Table 2. Evaluation tool for assessing the magnitude of UHI in large Canadian cities.

Criteria

UHI magnitude rating
Weight 

final score1 2 3 4 5

City population <500 000 500 000– 
1 000 000

1 000 000– 
2 000 000 >2 000 000 50%

Maximum 
temperature of UHI 
during daytime (�C)

– – 25–30 – 30–35 25%

Minimum temperature 
of UHI during 
nighttime (�C)

– – 5–10 – 10–15 25%
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Table 3A. Compilation of urban aquifer information for the selected Canadian cities in descending order of population 
for the assessment of GWHP cooling system suitability. Description of the aquifer and references used. The 
Groundwater Information Network (2024) database was used for many of the cities but was removed from the list of 
sources to condense the text. GW: groundwater; Fm: Formation.
City Aquifer name / type Geological and hydrogeological description Sources

Toronto

Oak Ridges Moraine  
(ORM) 

/ 
Granular

The ORM is a 160 km long and 13 km wide 
ridge (with a volume using median thicknesses 
ranging from 42 to 104 km3) located �30 km 
north of Toronto’s densely urbanized area. It 
consists of thick sandy sediments of glaciofluvial 
and ice-proximal glaciolacustrine origin that are 
the main recharge zone for two underlying 
aquifers separated by aquitards (tills). The 
largest part of the ORM is unconfined and 
corresponds to the upper unit (called the Oak 
Ridges Complex). The two aquifers underneath 
Toronto (Thorncliffe Fm. and Scarborough Fm.) 
are confined and thought to carry GW from the 
ORM southward under the city and towards 
Lake Ontario. The ORM is one of the most 
productive and high-quality aquifers in Canada 
and has been well characterized. However, the 
properties of the Scarborough and Thorncliffe 
Fms are less well known.

� Howard et al. (1995) 
� Meriano (1999) 
� Ontario Ministry of Mines (2024) 

and pers. commun. with Ms. 
Laura Colgrove from the Ontario 
Geological Survey 

� Sharpe et al. (2003) 
� Sharpe, Russell, and Logan (2007)

Montreal

Fractured bedrock  
aquifer system 

/ 
Fractured rock

This bedrock aquifer is mainly composed of 
highly fractured limestone, dolostone and 
sandstone. It is unconformably overlain by 
sandy silt till, which is in turn overlain by a 
discontinuous marine clay aquitard. The aquifer 
is thus generally confined and locally semi- 
confined. On top of the clay and till aquitards, 
there are discontinuous unconfined sandy fluvial 
and littoral units that are only 2–4 m thick.

� Lepage (1996) 
� Prest and Keyser (1977) 
� Savard et al. (2013)

Vancouver
Fraser aquifer system  

/ 
Granular

The Fraser aquifer system is composed of the 
following hydrogeological units from top to 
bottom: a glaciofluvial sand and gravel unit that 
overlies fine sediments (clay and silt), which 
overlie a till discontinuous unit. Many aquifers 
are present in the glaciofluvial sediments: 
mapping has identified more than 200 aquifers 
in the region.

� Foster and Allen (2015) 
� Neilson-Welch (1999) 
� Carmichael, Wei, and Ringham 

(1995) 
� Parajulee and Smet (2009)

Calgary

Paskapoo Aquifer  
System and 

Empress Group Aquifer 
/ 

Fractured rock and  
granular

The Paskapoo Formation consists of a complex 
succession of interbedded mudstone and 
siltstone with sandstone channels, making this 
aquifer system very heterogeneous. This 
Formation extends over �65 000 km2 and is 
the main GW supply in Alberta. In its southern 
part, it consists mainly of sandstone and is up 
to 800 m thick, but the active zone (where most 
of the freshwater flow occurs) is limited to the 
upper 100–150 m. It is mostly confined to semi- 
confined. This formation can provide high yields. 
The Empress Gp., a granular aquifer at the base 
of the Quaternary pile (see its description and 
characteristics in the Saskatoon section), has a 
fairly extensive distribution under the city and 
may serve locally for geothermal energy.

� Grasby et al. (2008) 
� Grasby et al. (2004) 
� Matthews (2011) 
� Hayashi and Farrow (2014) 
� Moran (1985)

Edmonton

Prairie buried valleys 
aquifer system 

/ 
Granular

Prairie buried valleys tend to be heterogeneous 
and architecturally complex. Sand, gravel, mud, 
and till are common; any one can dominate the 
fill at a given location. This heterogeneity often 
causes aquifer compartmentalization and makes 
prediction of aquifer potential difficult prior to 
drilling. Most of these aquifers are incised into 
sedimentary bedrock of the Western Canadian 
Sedimentary Basin (WCSB). Low permeability 
Quaternary till tends to overlie the buried 
aquifers. The latter are thus confined to semi 
confined.

� Cummings, Russell, and Sharpe 
(2012) 

� Kehler (2022) 
� Rubin (2022)

Ottawa/ 
Gatineau

Sand and gravel deposits 
and fractured bedrock 

aquifer system 
/ 

Granular and fractured

The overburden beneath the city centers of 
Ottawa and Gatineau consists of a relatively 
continuous till sheet and alluvial sediments with 
generally low yields. Sand and gravel units with 
high yield potential are present in the Chelsea/ 
Cantley area and in southern Ottawa. Up to 500 

� Allen (1998) 
� Comeau et al. (2013) 
� Ontario Ministry of the 

Environment and Conservation 
and Parks (2024) 

� J.L. Richards & Associates Limited 
(continued)
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Table 3A. Continued.
City Aquifer name / type Geological and hydrogeological description Sources

meters of fractured bedrock units composed of 
limestone, dolostone, sandstone and shale of 
Ordovician age underly the Ottawa/Gatineau 
urbanized areas at various depths. They are 
intensely fractured and could be quite 
permeable. Shallow limestone is expected to be 
affected by karstic dissolution, enhancing the 
overall permeability. In particular, the sandstone 
from the Rockcliffe Fm. and Nepean Fm. below 
the limestone shows good potential for open- 
loop geothermal systems. Brackish water and 
methane can sometimes be found in some of 
the units. Due to the numerous faults in this 
region, sites with high potential can be near 
low potential ones. The faulting and fracturing 
controls the water yields.

(2021) 
� Wilson et al. (2009) 
� Natural Resources Canada (2024) 

& Natural Resources Canada 
(2015) 

� B�elanger (2008) 
� Pers. comm. with Ms. T. Di Iorio 

from the City of Ottawa

Winnipeg

Carbonate rock aquifer 
system 

/ 
Fractured rock

The carbonate rock aquifer system is comprised 
of Paleozoic formations ranging in thickness 
from 76 to 230 m and is separated into three 
sections: the Upper, Middle and Lower 
Carbonate aquifers. The highest permeability is 
found in the Upper aquifer, which is semi 
confined to confined by overlying glacial 
deposits (mainly composed of till and clay and 
having a maximum thickness of 60 m). Open- 
loop geothermal systems have been used within 
the City of Winnipeg since the 1940s. The 
systems extract GW from the Upper Carbonate 
aquifer and some of it is injected back in this 
unit, causing an increase in GW temperature in 
several locations.

� Kennedy and Woodbury (2005) 
� Susanto (2019) 
� Ferguson and Woodbury (2006) 
� Pers. commun. with Dr. G. 

Ferguson (UofSK)

Quebec City
Limoilou aquifer 

/ 
Granular

This deltaic aquifer is mainly composed of fine 
to medium sand and gravel and is part of a 
buried channel of the Proto St. Lawrence River. 
It overlies heterogeneous fractured bedrock. This 
aquifer is variably unconfined and semi 
confined. It covers about one third of the 
urbanized area.

� Lamarche et al. (2008) 
� Talbot Poulin et al. (2013) 
� Wong et al. (2025)

Kitchener 
/Waterloo 
/Cambridge

Waterloo Moraine  
aquifer system 

/ 
Granular

The Waterloo Moraine is a multi-layer aquifer 
system that includes lenticular aquitards and 
aquifers spanning across an area of about 350 
km2. The aquifers are all predominantly 
composed of sand and gravel and have 
abundant high-quality groundwater. The upper 
aquifer, located in the core region, is a thick 
(> 45 m) and laterally broad saturated unit that 
can supply high yields. Confining layers of till 
with erosional windows lie between aquifers, 
which makes the moraine aquifer units confined 
or semi-confined. High pumping rates from 
wells completed at the base of the Waterloo 
Moraine can potentially induce upward flow 
from the bedrock (Salina Fm.), resulting in 
increased salinity, sulfate, hardness and iron in 
the pumped water. While the Waterloo moraine 
units underly most of Kitchener and Waterloo’s 
urbanized area, it is only present in the western 
half of Cambridge.

� Bajc, Russell, and Sharpe (2014) 
� Blackport, Meyer, and Martin 

(2014) 
� Martin and Frind (1998)

Saskatoon

Empress Group Aquifer 
and Upper Floral 

Formation 
/ 

Granular

The Empress Group and Upper Floral Formation 
aquifers are part of the prairie buried valleys 
aquifer system. They both consist of fluvial 
sands and gravels and are the most interesting 
buried valley aquifers in the Saskatoon area. The 
Empress Gp., which lies at the base of the 
regional Quaternary succession, is locally very 
productive and can be expected to yield large 
volumes. The Upper Floral Fm. lies at shallower 
depth and may also be quite productive, but it 
mainly underlies the outskirts of Saskatoon’s 
urbanized area. The Empress Gp is more 
interesting from a hydrogeological point of 
view, but it generally lies at depths of more 
than 50 m. Both aquifers are confined by 
overlying till units.

� Cummings, Russell, and Sharpe 
(2012) 

� MDH (2011) 
� Sloan, Gillies, and Norum (1991) 
� Fortin, van der Kamp, and Cherry 

(1991) 
� Pers. commun. with Mr. Kei Lo 

from the Water Security Agency
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taken for iron concentration. For example, when only a limited amount of data was available and all 
fell below a value close to the lower limit of the range provided for a rating 3, a rating of 4 was 
assigned. The final evaluation scores from Tables 5 and 6 are represented on a map in Figure 1 using a 
qualitative classification (high, moderate, and low).

The results in Table 5 show that all the cities obtain scores within a narrow range, between 3.3 
and 4.2, thus having moderately to highly favorable conditions for the implementation of open- 
loop geothermal technology for space cooling (Figure 1). It should be noted, however, that these 
conditions generally only cover part of the cities (the hydrogeological units represented are 
described in Table 3) and that relatively optimistic scenarios have been selected for the cities with 
multiple aquifer systems. The four cities (or city areas) with the highest cooling potential (i.e. with 
a final score of at least 4 out of 5) are Vancouver, Kitchener/Waterloo/Cambridge, Winnipeg, and 
Calgary. These cities rank higher, mainly because a permeable aquifer system with high productiv
ity potential is present beneath them, based on their hydraulic conductivity and aquifer thickness. 
The lowest-ranked city is Saskatoon, with a final score of 3.3 out of 5, which is still considered a 
moderate cooling potential. In the cases of Toronto, Saskatoon and Ottawa/Gatineau, their 
hydraulic conductivity ranges are very wide (classified as ‘low to high’) because geological units are 
heterogenous and/or few values for unit properties are available. Consequently, an average value of 
3 has been used for their rating, which can obviously lower the overall score, whereas specific areas 
within these cities could have a high potential.

With respect to UHI magnitude, all cities scored at least 3.5 out of 5 except for Saskatoon, which 
scored 2.5 out of 5 (Table 6). This city has the smallest population and one of the coldest climates 
among those considered here, along with the two other Prairies cities (Edmonton and Calgary). 
Comparing the scores of both evaluations shows that many cities (or city areas) with high cooling 
demand also have high suitability for GWHP systems, notably Vancouver, Kitchener/Waterloo/ 
Cambridge and Quebec City (Figure 1). In particular, the three cities with the most intense UHI 
(Toronto, Montreal, and Vancouver) have GWHP suitability scores of 3.8 out of 5 and higher. These 
findings show favorable conditions for GWHP to be considered as a viable alternative to traditional air 
conditioners and an effective way to mitigate UHI.

Discussion

Limitations and future directions

The main limitation of this study is that the results are highly dependent on the current availability of infor
mation. This work relied largely on data collected primarily for assessing drinking water resources, hence 
generally outside the main urbanized areas (which typically use surface water supplied via aqueducts).

Table 4. Population by census metropolitan area and temperature data of the selected Canadian cities.

Cities Province
Population estimate 

in 2022a

Average annual  
air temperature 
1981–2010b (�C)

Maximal temperature 
of UHI during 
daytimec (�C)

Minimal temperature 
of UHI during 

nighttimec (�C)

Toronto Ontario 6,685,621 9.4 30–35 10–15
Montreal Qu�ebec 4,378,796 5.3 30–35 10–15
Vancouver British Columbia 2,842,730 10.4 30–35 10–15
Calgary Alberta 1,608,342 4.4 25–30 5–10
Edmonton Alberta 1,516,719 4.2 25–30 5–10
Ottawa/Gatineau Ontario/Qu�ebec 1,498,610 6.6 30–35 10–15
Winnipeg Manitoba 871,778 3.0 30–35 5–10
Quebec City Quebec 848,776 4.2 30–35 10–15
Kitchener /Waterloo 
/Cambridge Ontario 622,497 7.0 30–35 10–15

Saskatoon Saskatchewan 347,536 2.6 25–30 5–10
aStatistics Canada (2023a).
bEnvironment and Natural Resources Canada (2022).
cCenter For International Earth Science Information Network-CIESIN-Columbia University (2016).
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Representativeness is also an important limitation. Our findings are intended as a pre-feasibility 
assessment that can incentivize further investigations at the site to city scale. We therefore deliberately 
decided to focus on optimistic scenarios (i.e. most favourable areas) for each city, which are thus not 
necessarily representative of the whole city. The open-loop geothermal resource assessment study for 
the City of Ottawa (J.L. Richards & Associates Limited 2021) provides a good illustration of local varia
tions. It revealed that there are many deep (> 150 m) aquifers with high yields, while highlighting sig
nificant local variability in hydrogeological conditions. The areas deemed to have high potential were 
almost all located in the western part of Ottawa and are scattered. The study assessing the heating and 
cooling potential of a University of British Columbia building in the Vancouver area (Parajulee and 

Table 6. Evaluation results and final scores out of 5 for assessing the relative magnitude of UHI in the selected 
Canadian cities. Cities are listed in descending order of population.

City population
Maximum temperature of 
UHI during daytime (�C)

Minimum temperature of 
UHI during nighttime (�C) Final score out of 5

Toronto 6,685,621 (5) 30–35 (5) 10–15 (5) 5

Montreal 4,378,796 (5) 30–35 (5) 10–15 (5) 5

Vancouver 2,842,730 (5) 30–35 (5) 10–15 (5) 5

Calgary 1,608,342 (4) 25–30 (3) 5–10 (3) 3.5

Edmonton 1,516,719 (4) 25–30 (3) 5–10 (3) 3.5

Ottawa/Gatineau 1,498,610 (4) 30–35 (5) 10–15 (5) 4.5

Winnipeg 871,778 (3) 30–35 (5) 5–10 (3) 3.5

Quebec City 848,776 (3) 30–35 (5) 10–15 (5) 4

Kitchener /Waterloo 
/Cambridge 622,497 (3) 30–35 (5) 10–15 (5) 4

Saskatoon 347,536 (2) 25–30 (3) 5–10 (3) 2.5

50% 25% 25%

Figure 1. Map displaying the open-loop geothermal cooling potential and the UHI magnitude for each Canadian city 
selected for the evaluation. These qualitative classifications are based on the final scores out of 5 obtained from the 
evaluation results (4–5¼ high, 3–4¼moderate, <3 = Low).
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Smet 2009) also stressed the great importance of site-scale feasibility studies for the implementation of 
open-loop systems. Near the proposed site, they found an upper aquifer with freshwater (�5 m thick) 
and a lower aquifer with saline to brackish water (�10 m thick), both granular. In our study, the 
groundwater salinity was considered in Table 5 to be fresh for Vancouver and the mean thickness of 
the aquifer was also considered higher, based on the other values found in the literature. Therefore, 
while our study provides useful results for a given city, we acknowledge the need for finer-scale charac
terization to verify the suitability of local conditions prior to implementation.

In addition, the index developed only takes six parameters into account and could therefore lead to 
incorrect results for specific areas. For instance, only vertical aquifer recharge from the surface is 
accounted for in the current index (and not the potential contribution of lateral recharge), which may 
lead to a negative bias (i.e. underestimation of the potential) in the assessment when the aquifer is con
fined. A more in-depth examination of hydrogeological conditions and properties would improve the 
accuracy of suitability assessments, perhaps by using sustainable flow rates in the index. Another limita
tion stems from groundwater temperature estimation (i.e. using estimated undisturbed ground tempera
ture values as proxy). This most likely underestimates the true value, because the waste heat from 
urban areas generally increases subsurface temperature (Zhu et al. 2010). Thus, only local studies, 
ideally including fieldwork with direct temperature measurement in wells, would allow more reliable 
values to be obtained for a given area.

Moreover, one of the difficulties or challenges lies in assigning a rating to a geological formation 
when parameter values are widely ranging for that unit beneath the city. The choice of a value (average, 
or rather pessimistic or optimistic) necessarily leads to biases for specific sites, particularly for hydraulic 
conductivity, which is given the highest weight in the evaluation. The level of uncertainty increases sig
nificantly in these instances. Future data evaluation methods could include a Monte Carlo stochastic 
analysis to better assess the sensitivity of each parameter.

To provide insight into some of the issues raised above, uncertainty was estimated using the 
ranges provided in Table 3. Two scenarios were developed based on the minimum and maximum 
values, and equation 2 and Table 1 were used to estimate a range for the cooling potential index 
(ICP), reflecting the uncertainty for each city. Several assumptions were made to estimate this 
uncertainty. When a likely range was available in addition to the general range in Table 3B, the 
likely range was used for the minimum and maximum values. For hydraulic conductivity, even if 
the range included values below 10−7 m/s, the minimum value assigned to K was 10−7 m/s because 

Figure 2. Minimum, average, and maximum values of the cooling potential index for 10 Canadian cities.
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below this value, installing such a system would not be worthwhile. For Winnipeg, since no prob
lems have been reported in 80 years but we could not find any values in the literature, the max
imum value for iron concentration was set equal to 0.5 mg/L to remain within the limits of ratings 
3–5. The ICP results, which include the minimum, average, and maximum values, are presented in 
Figure 2. Since Table 1 often contains wide ranges of values for a given rating, the minimum and 
average values are the same for two of the cities. The uncertainty estimated for a given city corre
sponds to a relative difference ([max value – min value]/mean value). Values generally range from 
30% to 50%, with an average of 37%; the largest value was obtained for Montreal (59%) and the 
smallest for Ottawa/Gatineau (22%). Significant uncertainty is thought to reflect a high degree of 
variability in subsurface conditions.

Other limitations can be highlighted from a more general perspective. For example, our present 
methodology lacks consideration for current water use in the cities, an important factor to consider 
when conducting a site-scale study to avoid adding further stress to already water-stressed aquifers. 
Incorporating this aspect into future studies will help ensure aquifer sustainability beneath large 
Canadian cities. At present, most cities have limited groundwater withdrawals and/or drawdown 
regulations in place. However, as geothermal energy systems become more popular, this aspect will 
need careful consideration, especially since closed-loop systems may also affect groundwater 
temperature.

The depth to the aquifer was also not factored into our evaluation. This is an influential factor in 
drilling costs. Future studies should explore this aspect, recognizing that shallower aquifers may offer a 
more cost-effective option for GWHP or ATES system implementation.

Assessment of clogging risk may also improve the accuracy of the assessment made. The redox potential 
and/or oxygen concentration play an important role in iron oxidation and thus in the precipitation of iron 
oxides. Relatively few data are available in the publications consulted. The iron concentration is not always 
available either and the values collected from databases or literature do not necessarily specify the valence 
type. Consequently, in cases where the data correspond to total iron (hence including both soluble Fe2þ

and insoluble Fe3þ), the potential for clogging is likely overestimated.
For all these reasons, the results obtained in this study using the index developed and applied on a 

city-wide scale should be viewed only as a starting point for more detailed site investigation. In add
ition, beyond hydrogeological factors, social and political considerations play a pivotal role in GWHP 
system implementation (Proulx 2023). Future research should encompass these aspects, including public 
willingness, financial incentives, and subsidies, for a more comprehensive analysis.

Additional considerations

Implementing large-scale open-loop geothermal systems requires careful consideration of various bar
riers and planning strategies. Several barriers, including regulations, current and projected groundwater 
use, potential water quality issues including contamination and/or risks of clogging and corrosion due 
to high iron concentrations, need to be considered for successful implementation (Haehnlein, Bayer, 
and Blum 2010; Pellegrini et al. 2019). Thermal short-circuiting (when groundwater injected in the 
aquifer is too rapidly pumped back by the production well, resulting in a gradual decrease of perform
ance) between systems is also a risk that can impact performance and system lifespan. To navigate 
these challenges effectively, planners must focus on optimizing the spacing between open-loop systems 
based on hydrogeological conditions and properties (Bloemendal, Jaxa-Rozen, and Olsthoorn 2018). 
This is especially relevant for dense urban areas, as systems near each other are more susceptible to 
thermal ‘contamination’.

For the optimal and sustainable use of the subsurface, it is also important to monitor a given system 
and collect extensive data (e.g. drawdown, groundwater temperature, iron concentration) during its 
operation so that open-loop systems can operate effectively over the long term (Bloemendal, Olsthoorn, 
and Boons 2014). For instance, the presence of iron precipitates can be managed by various prevention 
or treatment methods, such as continuous abstraction and monthly well disinfection (van Beek 2010). 
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Fujita et al. (2022) have recently shown that low-cost and eco-friendly filtering materials like wood 
charcoal can effectively adsorb iron and minimize clogging.

Dual-purpose wells, serving as both a drinking water resource and an open-loop geothermal system, 
present an opportunity for financial viability, provided the well has the capacity to meet both needs. In 
cases where test drilling reveals insufficient aquifer yield, conversion to a closed-loop system may be a 
practical solution, although the financial viability would have to be considered. Indeed, close-loop sys
tems can face challenges related to high capital costs and space issues given that several wells are often 
required since they are less efficient than open-loop systems. Project financing, including government 
guaranteed loans, can contribute significantly to improving economic performance (Nguyen, 
Tamasauskas, and Kegel 2022; Proulx 2023).

As decision-makers explore the feasibility of GWHP and ATES systems in Canada, these considera
tions offer valuable insights for planning and implementation, contributing to the overarching goal of 
mitigating UHI.

Conclusions

In this study, we evaluated 10 Canadian cities to assess the implementation potential of open-loop geo
thermal systems, specifically GWHP technology, for space cooling. The methodology involved the 
development of an evaluation tool in the form of an index based on six hydrogeological suitability cri
teria. This index aims to provide a suitability score by establishing threshold values for each criterion 
on a 5-point rating scale and assigning a weight to each one. Cities were chosen based on population 
size and their likelihood of encountering UHI estimated from maximum daytime and night-time tem
peratures. Our conclusions are summarized as follows:

� All selected 10 Canadian cities (Toronto, Montreal, Vancouver, Calgary, Edmonton, Ottawa/ 
Gatineau, Winnipeg, Quebec City, Kitchener/Waterloo/Cambridge, and Saskatoon) exhibit moder
ately to highly favorable conditions for the implementation of open-loop geothermal technology for 
space cooling.

� The identified limitations include poor data availability, emphasizing the importance of hydrogeo
logical characterization beneath cities and site-specific assessment.

� While promising, the results obtained with the developed index need to be viewed as a first step, as 
they used mean values for an entire city. Except for the City of Winnipeg, relatively few projects 
have been reported in the scientific literature in Canada.

� Comprehensive considerations regarding system and well spacing, water composition and ground
water usage, as well as regulations and social context are needed to pave the way for sustainable and 
efficient implementation in the Canadian urban landscape.
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Annex A

Summary of most influential factors determined by Bloemendal, Olsthoorn, and van de Ven (2015) and Lu et al. (2019).

a. Occurrence and type of aquifer
i. Major granular aquifer (with high hydraulic conductivity)

ii. Local and shallow (less than 50 m deep)
iii. Complex hydrological structure (e.g. fractured or karstified rock aquifers with highly variableconditions)

b. Aquifer yield
c. Groundwater recharge rate
d. Groundwater salinity (fresh, brackish or saline)
e. Water quality (chemical composition and pollution level)
f. Amount of stress on the groundwater supply
g. Average annual outside air temperature (to assess the energy balance between cooling and heatingdemand)

i. > 25 �C: Only cooling demand, no heating demand
ii. [20–25]�C: Predominant cooling demand, low heating demand

iii. [15 - 20]�C: Heating and cooling demand (more or less) balance
iv. [10–15]�C: Predominant heating demand, low cooling demand
v. < 10 �C: Only heating demand, no cooling demand
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