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ABSTRACT

Renewable energy development has rekindled interest in hydrokinetic power production using zero-head turbines. This study estimates the
hydrokinetic power potential for current-based systems in the Canadian Arctic, primarily Nunavut, for the current 2001-2020 and near-future
2021-2040 periods, based on streamflow obtained from an ultra-high-resolution climate-hydrology modeling system for a high emission
scenario. A comparison of simulated hydrographs with available observations suggests good agreement, with the Nash Sutcliffe efficiency
coefficient in the 0.85-0.96 range. Spatial patterns of hydrokinetic power estimates, which are similar to that of flow velocity, indicate a
potential of above 100,000 kW for river reaches in central Nunavut for current/future climates. Investigation of the number of days with
flow velocities surpassing the 1.5 m/s threshold for turbine functionality, considering also the impact of river ice using a simplified approach,
confirms segments of central basin rivers as promising sites for hydrokinetic turbine placement. This foundational work is crucial in informing
detailed site-specific investigations to support the implementation of hydrokinetic energy conversion systems. This will be of interest for
remote communities in the Canadian Arctic where decentralized power production from renewable energy sources is being considered
as an economically viable option in offsetting the high cost of diesel-based power production.

Key words: Canadian Arctic, climate-hydrology integrated modeling, high-resolution regional climate simulations, hydrokinetic power,
streamflow

HIGHLIGHTS

® Very first ultra-high-resolution estimates of hydrokinetic power for the high-latitude regions of Canada for current and near-future climates.
® Central basins of Nunavut were identified as potential regions for hydrokinetic power generation.
® Beneficial to remote communities in the Canadian Arctic with its potential to offset the reliance on diesel-based power production.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC 4.0), which permits copying, adaptation and
redistribution for non-commercial purposes, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc/4.0/).
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GRAPHICAL ABSTRACT

Hydrokinetic resource assessment for the Canadian Arctic using ultra-high-resolution climate-hydrology
modelling system ’

GEM simulations (4 km) s W WATROUTE (4 km)

« ERAS driven (2001-2020 )

Climate-
hydrology
modelling system

1. INTRODUCTION

With the increasing energy demand (WHO 2009) and the continued warming of the Arctic regions at double the rate of
mean global warming (Lee et al. 2021), there has been an increasing focus on harnessing renewable energy sources to
reduce greenhouse gas emissions. Hydrokinetic energy is a renewable form of energy, where the kinetic energy of the
flowing water is converted first into mechanical energy and then into electrical energy. Unlike traditional hydropower
systems, which require the construction of dams, reservoirs, or diversion channels, hydrokinetic systems use turbines,
generators, and other devices, which are placed directly into the flowing water in order to extract energy. As a result,
it can be installed even in the most remote and extreme locations depending on the necessity and ease of installation.
For identifying potential locations for hydrokinetic power extraction, it is important first to develop detailed datasets
and estimates of available resources based on observed streamflow records, targeted hydrologic and hydraulic simulation
experiments, or analysis of remotely sensed datasets. Such information, particularly for high latitudes, is generally not
readily available.

Selected global to regional scale studies that have investigated the hydrokinetic potential utilizing observed streamflow,
numerical modeling, and simulation techniques, and characteristics of various hydrokinetic energy systems and their feasi-
bility for the Arctic regions are discussed below. At the global scale, Ridgill ef al. (2021) assessed available riverine
hydrokinetic resources using GRADES, a modeling system that incorporates the variable infiltration capacity land surface
model (Liang ef al. 1994) at 0.25° resolution and the routing application for parallel computation of discharge (David
et al. 2011) with the MERIT-Hydro version 0.0 dataset (multi-error-removed-improved-terrain global hydrography data set;
Yamazaki ef al. 2019). They estimated the global resources to be of the order of 58,400 + 109 TWh/year, which also demon-
strated the high hydrokinetic potential of the North American continent. Although this study provides useful insights, the
25 km resolution, which is suitable for global-scale assessment, is too coarse for detailed site-specific analysis required for
turbine installation.
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At a regional level, the Underwood & McLellan group (1980) conducted one of the earliest Canada-wide assessments of
hydropower potential based on observed streamflow data. As this study used data available prior to the 1980s, the analysis
focused mainly on large rivers but suggested potential for hydrokinetic power in river reaches with flow greater than 450 m°/s.
Building up on the methodology used by the Underwood and McLellan (UMA) group, a similar study was conducted in the
USA by Miller ef al. (1986) for the US Department of Energy, focusing on the river reaches with mean flows greater than
113 m>®/s and flow velocity greater than 1.3 m/s. The methodology considered provided a conservative assessment of the
hydrokinetic power, suggesting an estimated total mean annual power of 12.5 GW (i.e., 110 TWh/year of hydrokinetic
energy), with the highest contributions being associated with western, northwestern, and Alaskan regions. Later, Jacobson
(2012) expanded this study to reaches with mean flows greater than 28 m>/s. They reported technically recoverable hydrokin-
etic energy of up to 119.9 TWh/year, indicating an approximate 9% increase compared to the estimate provided in Miller
et al. (1986). However, they could not validate their results due to the lack of empirical data from existing hydrokinetic
energy conversion systems. Duvoy & Toniolo (2012) and Toniolo et al. (2010) studied the hydrokinetic potential of two
river reaches in Alaska to assess the suitability of an in-stream river turbine installation. Velocity outputs generated by an
existing depth-integrated two-dimensional hydrodynamic numerical model CCHE2D (Jia & Wang 2001; Zhang 2018),
coupled with HYDROKAL (hydrokinetic calculator), were used to compute the instantaneous power density and identify
potential installation sites for hydrokinetic power extraction. However, the employed model had difficulty in representing
the helical flows, which developed on the outer slopes of river bends. For the Canadian high-latitude regions, although
many studies have looked at streamflow characteristics (e.g., Su ef al. 2005; Poitras et al. 2011; Clavet-Gaumont et al.
2013; Huziy et al. 2013; Teufel & Sushama 2021), very few studies have focused on hydrokinetic potential. Recently,
Teufel & Sushama (2022b) did a preliminary analysis of hydrokinetic potential over Canada, including the high-latitude
regions, for the current climate, by considering outputs from a coarse resolution regional climate modeling system. This
study highlighted the need for high-resolution climate model outputs for better estimation of hydrokinetic potential.

Irrespective of the approach adopted for assessing the hydrokinetic potential globally or regionally for the historical
periods, it is also important to consider the impact of future climate change, especially on streamflow regimes, magnitudes,
and velocities, as these are the most important factors that determine hydropower potential. Teufel & Sushama (2021) studied
the Canadian rivers using an ensemble of regional climate model (RCM) simulations and found mostly increases in the
median annual streamflow for the Canadian Arctic region for the Representative Concentration Pathway 8.5 scenario. A pre-
vious RCM-based study by Poitras et al. (2011), for the Special Report on Emissions Scenarios (SRES) A2 scenario, also
reported future increases in mean annual streamflow for the Arctic basins Mackenzie and Yukon. Climate change impacts
on streamflow were considered by Zhang et al. (2023) for four major pan-Arctic river basins, namely Mackenzie, Ob,
Lena, and Yenisei basins, using machine learning models such as support vector regression, artificial neural network, and
multi-variable regression under climate change scenarios SSP2-4.5 and SSP5-8.5, using data from five CMIP6 global climate
models (GCMs) for the 2020-2100 period. Their results suggest increases in mean annual streamflow for the studied basins.

Over the years, various hydrokinetic energy conversion systems have been studied and tested to harness the hydrokinetic
energy of the flowing water bodies. In some cases, the conversion of hydrokinetic energy to electrical energy through a tur-
bine can operate at almost zero head (Balat 2006). However, the amount of energy that can be harnessed from the flow
depends on the turbine’s efficiency and the flow velocity necessary for the operation of a hydrokinetic device, which typically
ranges from 1 to 2 m/s, but in some cases, it can be as low as 0.5 m/s, depending on the additional methods adopted (Johnson
& Pride 2010). Considering the orientation of the rotor with respect to the direction of the flow, hydrokinetic turbines are
classified broadly into horizontal axis turbines or axial flow turbines and vertical axis turbines (Khan et al. 2009). Several
deployments over the past decade, including the EVG-005H in Ruby, Alaska; the EVG-025H in British Columbia,
Canada; and the Riverlution turbine in Alberta, Canada, adopted the vertical axis turbines, such as the H-Darrieus or Squirrel
cage Darrieus (straight-bladed) turbines for river-based applications over the horizontal axis turbines, as they do not require a
yaw mechanism, are quieter in operation, and are simple in design with the possibility to design a turbine with a diameter
larger than the depth of the river in shallow rivers to generate higher power (Saini & Saini 2019; Khan et al. 2022). However,
in cold regions, many cold weather operational adjustments are required, such as heating of the gearbox oil and ice removal,
which are important for the functioning of the device, as any component that pierces the water interface will accumulate ice
through direct splashing and freezing or buildups through frazil ice processes (Woods 2017). Several studies have been con-
ducted to improve the efficiency of turbines in different flow conditions. Guney (2011) and Khan ef al. (2008) exemplified that
emphasis was on enhancing the performance coefficient and tip speed ratio by incorporating duct augmentation, variable
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pitch blade structures for vertical turbines, a flip wing mechanism, fixed-wing rotor, amongst other strategies. The power from
a single hydrokinetic turbine is usually small, and thus the energy density can be increased by the installation of the turbines
in arrays or farms (Balat 2006).

Due to limited and sporadic observational data in the higher latitudes, hydrological models can be employed to estimate
streamflow. The conventional approach to studying climate change impacts on streamflow and power generation involves the
use of hydrological model simulations driven by climate model outputs corresponding to selected emission scenarios. Inter-
active modeling of streamflow at several kilometers to sub-kilometers scale using a climate-hydrology integrated modeling
approach is also starting to emerge with recent advances in the areas of high-resolution modelling (e.g., Prein ef al. 2015,
Diro & Sushama 2019; Teufel & Sushama 2022a; b) and high-performance computing. Such fine resolutions help further
improve the simulated streamflow due to better representation of surface characteristics and soil and landscape heterogene-
ities in the climate model. The objective of this study is to assess the hydrokinetic power potential in the Canadian Arctic
using continuous streamflow sequences derived from ultra-high-resolution climate model simulations performed using a
state-of-the-art regional climate model for both current and future climates.

The rest of the paper is structured as follows: Section 2 comprises a detailed description of the streamflow data and
related climate and routing models, along with the methodology. Section 3 focuses on streamflow validation and dis-
cusses characteristics of estimated flows, flow velocities, and hydrokinetic power for the current 2001-2020 period.
Projected changes to hydrokinetic power for the near-future 2021-2040 period are presented in Section 4. Section 5 dis-
cusses potential areas for hydropower extraction. Discussion and conclusions are provided in Sections 6 and 7,
respectively.

2. STREAMFLOW DATA AND METHODOLOGY
2.1. Simulated and observed streamflow data and related models

In this study, streamflow estimates are obtained for the Canadian Arctic using a modified version of the cell-to-cell routing
scheme, WATROUTE (Soulis et al. 2000; Teufel & Sushama 2021; Kouwen 2023), driven by runoff simulated by a regional
climate model, the global environment multiscale (GEM) model (C6té ef al. 1998), at 4 km resolution over a 748 x 700 grid
points domain (Figure 1), covering Nunavut and adjoining regions. These streamflow estimates are further utilized in the
estimation of hydrokinetic power potential.

The state-of-the-art regional climate model, GEM, solves non-hydrostatic, deep atmosphere dynamics with an implicit, two-
time-level semi-Lagrangian numerical scheme. In the horizontal, the model uses a regular latitude-longitude grid with Ara-
kawa C staggering and a rotated pole configuration such that the domain is approximately centered on the equator to
minimize changes in grid spacing across the domain. In the vertical coordinate, following Girard et al. (2014), Charney-
Phillips staggering is used. The radiation scheme is represented by the correlated K solar and terrestrial radiation of Li &
Barker (2005) and the planetary boundary layer scheme follows Benoit ef al. (1989) and Delage (1997). The double-
moment microphysics scheme of Milbrandt & Yau (2005) is used for condensation processes. In addition to the
large-scale precipitation schemes, the model includes the deep convection scheme of Kain & Fritsch (1990) and the shallow
convection based on Bélair ef al. (2005). As discussed in Teufel & Sushama (2022a), the use of convection parameterization
for ~3-8 km grid spacing is still a topic of debate and considered a gray zone, as convection is neither fully resolved nor can it
be assumed to be smaller than the grid box spacing (Gerard et al. 2009).

The land processes in GEM are represented by the Canadian Land Surface Scheme (Verseghy 2011). Given the importance
of permafrost in the study domain, the scheme uses a 60 m deep soil layer configuration, consisting of 26 layers of varying
thicknesses: 0.1, 0.2, 0.3, 0.4, 0.5 (x 10), 1.0, 3.0, and 5.0 (x 10) m.

WATROUTE is based on the routing algorithm of the WATflood-distributed hydrological model (Kouwen ef al. 1993;
Soulis et al. 2000). In the original version of WATROUTE, routing through the digital river network is performed using a
single surface reservoir. The modified version of WATROUTE used in this study includes a groundwater reservoir modeled
as a linear reservoir as proposed in Sushama et al. (2004). Detailed information on the model formulation can be found in
Teufel & Sushama (2022b).

The flow directions of rivers, channel length, and slopes that are required by WATROUTE are obtained from the Hydro-
logical Data and Maps based on Shuttle Elevation Derivatives at Multiple Scales (HydroSHEDS) database (Lehner ef al.
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Figure 1 | (a) GEM experimental domains at 4 km (in blue) and 10 km (in red) resolutions; the downscaled CanESM2 simulation at 10 km
resolution is used to drive the 4 km GEM transient climate change simulation. (b) Depth to bedrock at 4 km resolution in meters.

2008). The primary sources of data used in the development of HydroSHEDS are the digital elevation model from National
Aeronautics and Space Administration (NASA)’s Shuttle Radar Topography Mission (SRTM), with ancillary data sources
such as the SRTM Water Body Data, the river networks of the Digital Chart of the World (ESRI 1993), and Arc World
(ESRI 1992), and the Global Lakes and Wetlands Database (Lehner & Doll 2004). The processing steps of generating Hydro-
SHEDS are available in the technical documentation by Lehner et al. (2013). As the SRTM elevation data are not available
beyond 60 ° N latitude, DEM from the HYDRO1k database (USGS 2000) is used to complete the hydrographic data and thus
to obtain full global coverage of the drainage networks and sub-basin delineations. The flow direction from HydroSHEDS is
upscaled to 4 km resolution following Huziy ef al. (2013) and Do6ll & Lehner (2002).
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2.2. Methodology

Two streamflow simulations are considered in this study. The first spans the period from 2001 to 2020 and is derived from
runoff simulated by the GEM model at 4 km resolution using the WATROUTE routing scheme. Here, the GEM simulation
is driven by ‘perfect boundary conditions’, namely, the European Centre for Medium Range Weather Forecasts ERA5 reana-
lysis (Hersbach ef al. 2020) over the domain shown in Figure 1(a). The initial soil conditions for this simulation are based on a
pan-Arctic GEM simulation driven by ERA-Interim (Teufel ef al. 2019), while the atmospheric initial conditions are specified
from ERA5. This simulation, hereafter referred to as GEM_ERAD5, is used for validation purposes. The second streamflow
simulation, spanning from 2001 to 2040, is derived from a transient climate change GEM simulation driven by the Canadian
Earth System Model (CanESM2) under the Representative Concentration Pathway (RCP) 8.5 emission scenario (Riahi et al.
2011); this simulation is denoted as GEM_CanESM2, referencing the specific period of interest, i.e., ‘current’ for 2001-2020
and ‘future’ for 2021-2040. When driven by CanESM2, GEM simulations are initially downscaled to 10 km resolution (the
outer domain shown in Figure 1(a)); the outputs (temperature, wind, humidity, surface pressure, and geopotential height
fields) from which are used as the lateral boundary conditions for the ultra-high-resolution GEM simulation over the inner
domain at 4 km resolution. The initial conditions for the 4 km GEM simulation are obtained from the 10 km GEM simulation
driven by CanESM2.

For validation purposes, streamflow derived from GEM_ERAS5 runoff is compared with streamflow observations from
HYDAT, which is the national archival database maintained by Environment and Climate Change Canada. Additionally,
the map of Nunavut’s water management areas is utilized to identify 65 basins in Nunavut (Nunavut Water Board 2014)
(see Figure 2) to contextualize results and discussion. The scarcity of available observed streamflow data in the Canadian
Arctic poses a significant limitation for performing a detailed evaluation of model simulations. Of the 187 hydrometric moni-
toring stations available over the study domain, only six have consistent data for at least 3 years within the 2001-2020 period,
along with comparable drainage areas. These stations, shown in Figure 2, used for validating model simulated flows, are
located at the outlets of the Queen Maud Gulf (Basin ID: 30) and Back (Basin ID: 31) basins toward the central-north,
and the Thelon (Basin ID: 5) basin flowing into the Hudson Bay. Although the Mackenzie basin is not entirely covered by
the study domain, three of its sub-basins (Basin ID: M1 to M3; Figure 2) that have their entire accumulation area within
the study domain are also considered in the analysis. Basins located in northern Quebec that fall within the GEM domain
are not included in the analysis, as the focus is on Nunavut and adjoining regions. The accumulated drainage areas of the
studied basins are also shown in Figure 2 to illustrate drainage patterns as water moves from source areas to the outlets of
basins.

The available hydrokinetic power Py is estimated from the simulated streamflow at 4 km resolution as Py = (p/2)AV?,
where p is the fluid density (considered as 1,000 kg/m®), and A and V are the cross-sectional area and flow velocity, respect-
ively. The power captured by a hydrokinetic turbine is a fraction of that estimated using this equation, as it also depends on
the swept area of the rotor and the performance coefficient of the turbine, which vary with the turbine and modifications
considered.

To identify river reaches suitable for hydropower extraction, a velocity threshold of 1.5 m/s is considered, following the
guidelines for the practical operation of hydrokinetic turbines (Johnson & Pride 2010). The number of days with velocity
greater than this threshold is estimated, which could be useful in decision-making. Although other criteria, including site
characteristics, can be considered, this study focuses only on the velocity threshold.

Projected changes to streamflow, flow velocities, and hydrokinetic power are obtained by comparing the future 2021-2040
period with the current 2001-2020 period of GEM_CanESM2-based WATROUTE simulations.

3. STREAMFLOW, VELOCITY, AND HYDROPOWER CHARACTERISTICS AND VALIDATION

Before discussing the validation of streamflow estimates, which is an important component of this study, GEM_ERAS5 simu-
lated runoff fields for the 2001-2020 period are discussed. The spatial patterns of surface runoff simulated by GEM_ERAS5,
shown in Figure 3(a) for various seasons, show that the region of high values migrates from south to north from spring to
summer. The highest magnitudes of seasonal mean runoff of up to 7 mm/day are noted during summer, primarily due to a
combination of rainfall and/or snow/glacier melt for these regions. The GEM_CanESM2 simulation for the same period
also shows very similar patterns (Figure 3(b)), suggesting minimal boundary-forcing errors, i.e., errors associated with bound-
ary-forcing data errors; negative boundary-forcing errors of up to 1 mm/day are noted for the southern and central regions
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x 10° km?

= 5
1. Seal 16. Hudson bay Islands 31. Back 46. W Brodeur Peninsula 61. Arctic Ocrean and Lincon Sea
2. Thlewiaza 17. N Southampton islands 32. Back - Hayes ( Nunavut ) 47. Admiralty Inlet 62. NE Wellesmere island
3. Geillini 18. Repulse Bay 33, Rasmussen Victoria Island 48. Eclipse Sound 63. SE Ellesmere Island
4. Than - anne 19. Barrow 34. Gulf of Boothia 49. SW Baffin Bay 64. S Ellesmere Island .
5. Thelon 20. Kingora 35. NW Victoria Island 50. NW Davis Strait 65. Hudson Strait -N and W
6. Dubawnt 21. Gifford 36. Hadley Bay 51. N Cumberland Sound M1 . Mackenzie Main Sub - basin
7. Kazan 22. Macdonald 37. E Victona Island 52. S Cumberland Sound M2 . Mackenzie Main Sub - basin
8. Baker Lake 23. Prince Charles Island  38. S Victoria Island 53. Frobisher Bay M3 . Slave Sub - basin
9. Quoich 24. Kodkdjuak 39. Prince Albert Sound 54, Melville Island
10. Chesterfield inlet 25. Aukpar 40. Minto Inlet 55. Bathrust and Cronwallis Island
11. Maguse 26. Great Bear 41. King William Island . 56. W Devon Island
12. Freguson 27. Amundsen Gulf 42. W Prince of Wales Island 57. E Devon Island
13. Wilson 28. Coppermine 43. E Prince of Wales Island 58. Sverdrup Islands
14. Lorillad 29. Coronation Gulf 44. W Somerset island 59. Nansen and Eureka Sounds
15. Wager Bay 30. Queen Maud Gulf 45. E Somerset Island 60. Greely Fiord

Figure 2 | Location of HYDAT stations (A-G; blue dots) used for validation and the study region comprising of 65 Nunavut basins (Source:
Nunavut Waters Regulations) along with three sub-basins of the Mackenzie basin (M1 to M3). The IDs and names of the basins are listed
above, where: NE — North Eastern, NW — North-Western, SW — South-Western, SE — South-Eastern, N — North, S — South, E - East and W — West.
The accumulated drainage area is shown in color.
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Winter Spring Summer Fall

(b) GEM_CanESM2

CanESM2 — GEM_ERAS

(c) GEM

Figure 3 | Spatial plots of mean seasonal surface runoff (mm/day) for (a) GEM_ERA5, (b) GEM_CanESM2, and (c) their differences for the
2001-2020 period.

during spring and summer, respectively. Some positive boundary-forcing errors in the same range are also noted during spring
for the central regions. Bottom drainage patterns (Figure 4) suggest an absence of drainage for continuous permafrost regions,
except where bedrock is very close to the surface, with maximum drainage contributing cells noted in fall. GEM_CanESM2
simulated drainage when compared with GEM_ERAS5 suggests some differences, particularly for summer and fall (Figure 4).
In GEM_CanESM2, the regions with drainage extend further north in summer compared to GEM_ERAS5. This is partially due
to the warm bias in the driving CanESM2 data, which, as reported in Teufel & Sushama (2022a), is also reflected in the near-
surface and soil temperatures in GEM_CanESM2. Teufel & Sushama (2022a) had considered the same GEM simulations as
in this study and provided extensive validation of GEM fields, including 2-m temperature, soil temperature, precipitation, and
wind fields, which were all found to agree very well with observed data. Since streamflow is the most important variable that
influences hydrokinetic power, validation of simulated streamflow characteristics is presented next.

The mean annual hydrograph, observed and simulated, shown in Figure 5 for six selected stations, has high flows generally
occurring during the May to August period, given their northerly location, and is primarily snowmelt driven. Low flows occur
during late winter or early spring as expected for these northerly regions. The timing of peak flows for the GEM_ERA5-based
hydrograph agrees with that observed (see Figure 5) in most cases, indicating the ability of GEM to simulate the key processes
that influence streamflow in the region. However, a slight underestimation of observed peak flow magnitudes can be noted in
Figure 5. These differences can be partly attributed to the underestimation of snow water equivalent (SWE) in GEM simu-
lations (Teufel & Sushama 2021). The GEM_CanESM2-based streamflow magnitudes are overall similar to that of
GEM_ERAD5, although some negative boundary-forcing errors can be noticed for the peak flows, which can be associated
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(b) GEM_CanESM2
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CanESM2 — GEM_ERAS
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(c) GEM
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Figure 4 | Spatial plots of mean seasonal bottom drainage (mm/day) for (a) GEM_ERAS5, (b) GEM_CanESM2, and (c) their differences for the
2001-2020 period.

with the negative boundary-forcing errors in SWE (Teufel & Sushama 2021). Despite these differences, the modeled stream-
flows capture the main features of the observed hydrograph with Nash-Sutcliffe efficiency coefficients in the 0.92-0.96 and
0.85-0.92 ranges for GEM_ERA5 and GEM_CanESM2, respectively, suggesting good performance overall, giving confidence
in the simulations.

The spatial plots of simulated mean seasonal streamflow estimates based on GEM_ERA5 shown in Figures 6(a) and S1(a)
are consistent with the runoff and drainage estimates discussed earlier. The streamflow magnitudes are higher during the
spring and summer seasons for southern and northern basins, respectively, corresponding to the snowmelt period. The maxi-
mum flows in the Nunavut basins are noted in the 1,000-10,000 m>/s range, with the highest values noted at the basin outlets
(along the Hudson Bay and the Arctic). As for the streamflow based on GEM_CanESM2, they are similar to those based on
GEM_ERAS5, with some negative and positive boundary-forcing errors noted for the southern to central basins, depending on
the season (Figures 6(c) and S1(c)).

The flow velocity (Figures 7(a) and S2(a)) shows higher magnitudes during summer in those regions where streamflow is
also estimated to be higher. The magnitude of streamflow velocity is one of the important parameters that is used to quantify
the amount of hydrokinetic power that can be generated at a particular cross-section of the river or stream channel. The high-
est magnitude of flow velocity above 2 m/s is noted at the outlets of the major basins; however, the 1.5-2 m/s range is noted
along the main tributaries of the Back basin (Basin ID: 31), Back_hayes (Basin ID: 32), and Thelon basin (Basin ID: 5)
located in central Nunavut and along the Seal basin (Basin ID: 1) and Thlewaiza basin (Basin ID: 2) in southern Nunavut.
The GEM_CanESM2-based velocity patterns are overall similar to those based on GEM_ERAS5, with differences being less
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Figure 5 | Mean annual hydrograph for HYDAT (blue), GEM_CanESM2 (red), and GEM_ERA5 (green), for the 2001-2020 period, at six station
locations shown in Figure 2.

than 0.2 m/s over most of the domain of interest. The boundary-forcing error patterns for velocity are similar to those for
streamflow.

The spatial plots of hydrokinetic power potential shown in Figures 8 and S3 are consistent with the spatial patterns of flow
velocity and streamflow. Higher power potential is noted near the outlet of the rivers flowing into the Queen Maud Gulf,
Coronation Gulf in central Nunavut, and Hudson Bay in the east. Some basins belonging to the Nunavut province, such
as the Back (Basin ID: 31), Back-Hayes (Basin ID: 32), and Queen Maud Gulf (Basin ID: 30) basins flowing into the Rasmus-
sen Basin along the Arctic coast in central Nunavut, Baker Lake (Basin ID: 8), Thelon (Basin ID: 5), and Quoich (Basin ID: 9)
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Figure 6 | Spatial plots of mean spring and summer flows (m®/s) for (a) GEM_ERAS5, (b) GEM_CanESM2, and (c) their differences for the 2001-
2020 period.
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Figure 7 | Spatial plots of mean spring and summer flow velocities (m/s) for (@) GEM_ERAS, (b) GEM_CanESM2, and (c) their differences for
the 2001-2020 period.
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Figure 8 | Spatial plots of mean spring and summer hydrokinetic power (kW) for (a) GEM_ERAS5, (b) GEM_CanESM2, and (c) their differences
for the 2001-2020 period.
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basins flowing through the Chesterfield inlet across the eastern region into the Hudson Bay, show high potential for power
generation continuously throughout the year. The Than-anne (Basin ID: 4), Thlewaiza (Basin ID: 2), and Seal (Basin ID: 1) in
southeastern Nunavut flowing into the Hudson Bay similarly also show high potential for hydrokinetic power extraction.
With higher flow velocity values in summer, the hydrokinetic potential is also higher during these months compared to
the rest of the year. Consistent with the velocity results, GEM_CanESM2-based hydrokinetic power estimations exhibit
lower values compared to those based on GEM_ERAS5, suggesting negative boundary-forcing errors, particularly for the
southern parts of the domain, and positive boundary-forcing errors for the northernmost regions, especially during the
summer season. However, these differences are in the 2-10 kW range. Since projected changes are assessed by comparing
the future and current periods of streamflow-related estimates based on the GEM_CanESM2 simulations, careful interpret-
ation is required for regions that exhibit higher boundary-forcing errors.

4. PROJECTED CHANGES TO STREAMFLOW, VELOCITY, AND HYDROPOWER

Before presenting projected changes to streamflow, projected changes to runoff and drainage variables are presented. The
projected changes to surface runoff indicate a potential increase in runoff during the summer season for the northern regions
(Figure 9(a)). Bottom drainage shows clear increases in summer, especially for regions where the bedrock table is closer to the
surface (Figure 9(b)). This increase is attributed to higher temperatures in a warmer climate and related increases in the active
layer thickness (which is the surface soil layer subject to the annual freeze-thaw cycle), deeper than the bedrock table.
Projected changes to streamflow observed within the study basins are modest in magnitude and exhibit a dipole pattern.
Increases are noted particularly for the northern regions (Figures 10(a) and S4(a)), with a maximum increase of 10 m*/s
noted during summer. The southern regions show decreases, primarily due to the reduced surface runoff contribution in
the future climate, associated with decreases in snow depth in winter months and decreases in water yield (precipitation
minus evapotranspiration) (figures not shown). The projected increases in streamflow for the northern regions are primarily
due to the projected increases in snow depth and increase in water yield during the warmer seasons. The anticipated pro-
jected changes to streamflow velocity align with the pattern observed for streamflow. The northernmost regions show

Surface Runoff

(a)

0.8
0.6
0.4
0.2

1-0.2

Bottom Drainage

(b)

Figure 9 | Projected changes to (a) surface runoff and (b) bottom drainage in mm/day for the 2021-2040 period with respect to the 2001-
2020 period.
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Figure 10 | Projected changes to mean spring and summer (a) streamflow (m?/s), (b) flow velocity (m/s), and (c) hydrokinetic power (kw) for
the 2021-2040 period with respect to the 2001-2020 period.
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minor increments, up to a maximum of 0.2 m/s (middle panels of Figures 10 and S4). These increases are predominantly con-
centrated in regions located in the central and northern regions of Nunavut. The projected changes to the hydrokinetic power
potential of the rivers exhibit similar dipole patterns as for flow velocity, with increases for the northern regions of Nunavut.

For regions where the current annual mean hydrokinetic power potential is in the 10-10° kW range, the projected changes
are in the 0-4 kW range. Similarly, where the current power potential is in the 10°-10° kW range, a change of up to 10 kW is
noted. However, the highest change in the 100-500 kW range is noted for the regions where the current power potential is in
the 10°-10° kW range, which is at the outlets of the basins. Table 1 provides the list of the top 10 Nunavut basins with hydro-
kinetic power potential and their projected changes. The relatively modest changes noted are an expected scenario, as more
prominent changes are anticipated toward the end of the 21st century under the RCP 8.5 scenario.

5. LOCATIONS FOR TURBINE INSTALLATION

As discussed in Section 2.2, to identify locations suited for hydrokinetic power extraction, i.e., for the installation of hydro-
kinetic conversion systems, the number of days wherein the flow velocity surpasses the critical threshold of 1.5 m/s is
estimated. For the current 2001-2020 period, the number of days with flow velocity greater than 1.5 m/s is found to be in
the 200-330 range for most of the main tributaries in the south and central basins (Figure 11), particularly the Back
(Basin ID: 31) and Back-Hayes (Basin ID: 32) basins in central Nunavut, and the Seal (Basin ID 1), Than-anne (Basin ID 4),
and Thlewaiza basins (Basin ID 2) in the southeast region of Nunavut.

In the future 2021-2040 period, the number of days shows increases of up to 10 days for the northern basins, while
decreases of the same order are noted for the southern basins (Figure 11(b)). These are consistent with the velocity patterns
shown in Figures 10 and S4.

6. DISCUSSION

In this paper, hydrokinetic power potential is estimated for Nunavut and adjoining regions using an integrated climate-hydrol-
ogy modeling approach at 4 km resolution for the 2001-2020 period, which is considered a surrogate for limited historical
records. This physically sensible approach is adopted due to the severe lack of hydrometric station-based observations and
to produce estimates of hydrokinetic power potential at reasonably fine spatial resolutions throughout the region to support
optimal siting of hydrokinetic power extraction systems. A triangular cross-section of the river channel is assumed when using
WATROUTE. This choice simplifies the calculations required for estimating hydraulic properties, such as flow areas and
hydraulic radius, and reduces the need for detailed cross-sectional and profile data. This approach is particularly beneficial
when dealing with large basins, such as those considered in this research, where data collection is both challenging and

Table 1 | The basin ID and names of Nunavut basins with the highest hydrokinetic power potential in descending order are shown in columns

1and 2
Potential basins Hydrokinetic power (kW)
Basin ID Names 2001-2020 2021-2040
8 Baker Lake 794,328 794,128
5 Thelon 100,000 99,654
1 Seal 100,000 99,600
31 Back 79,433 79,203
7 Kazan 10,000 9,800
32 Back-Hayes 3,163 3,255
Thlewaiza 3,163 3,150
Than-anne 1,000 880
Quoich 759 769
30 Queen Maud Gulf 501 531

Note. The third column shows the hydrokinetic power for the grid cells with median values for respective basins for the current 2001-2020 period and the fourth column shows their
future values for the 2021-2040 period.
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Figure 11 | (a) Annual average number of days with flow velocity greater than 1.5 m/s for the 2001-2020 period (top) and (b) their projected
changes for the 2021-2040 period with respect to 2001-2020 period.
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Figure 12 | (a) Annual average number of days with flow velocity greater than 1.5 m/s for the 2001-2020 period with the 30% reduction in
flow velocity applied for river ice conditions. (b) Mean annual hydrokinetic power (kW) for the 2001-2020 period with the 30% reduction in
flow velocity applied for river ice conditions.
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resource-intensive. It is important to note that other cross-sectional shapes may also be utilized depending on specific hydrau-
lic conditions and data availability (Kouwen 2023).

Considering that the extraction of hydrokinetic power can only be realized in future periods, climate warming conse-
quences on the hydrokinetic power potential are also analyzed for the 2021-2040 near-future period for the RCP 8.5
scenario for informed decision-making. It must be noted that this type of analysis for the region is accomplished for the
very first time using ultra-high-resolution regional climate model simulations. Although the ability of GEM to simulate various
climatic parameters and land features such as soil temperature, air temperature, depth to bedrock, and precipitation charac-
teristics that influence surface runoff and drainage has already been established in the literature (Teufel & Sushama 2022a),
some focused evaluations are also accomplished in this study, which seems satisfactory.

The routing scheme considered in this study does not consider the impact of river ice on flow and flow velocity, even
though reduced surface runoff in frozen conditions is well captured by GEM. From a hydraulics perspective, the presence
of ice cover reduces the water’s cross-sectional area and increases the flow resistance, causing reductions in flow velocity
and hence flow volume. This altered velocity distribution has important implications for the hydrokinetic power potential
of the rivers. There are very few observations of streamflow velocities during river ice conditions. The Water Survey of
Canada collected such data during ice-covered conditions for the 1989-1990 winter period at 26 locations across Canada,
with most being located in the southern regions of Canada. Hoque (2009), utilizing these observations, quantified the differ-
ences in flow velocity between ice-free and ice-covered conditions and reported that the presence of ice cover can reduce
streamflow velocities by 30-60%. Applying a reduction of 30% to the velocities obtained in this study during ice cover periods,
estimated approximately using a simplified approach as days with 2-m temperature below —2 °C in GEM, the number of days
with velocity greater than 1.5 m/s decreases in the 0-150 days range, with larger changes noted for the main tributaries over
the basins considered (Figure 12(a)) for the current 2001-2020 period. The preliminary investigation, also considering the
impact of river ice, confirms the hydrokinetic potential of the basins (Figure 12(b)) discussed in Section 5.

Additional research is needed to better understand streamflow dynamics during ice cover conditions. While ice cover typi-
cally increases the flow resistance and reduces surface flow velocity, variations in ice thickness or the formation of ice dams
can result in temporary increases in water velocity by elevating the upstream water head (Rokaya ef al. 2022). Thus, obser-
vations of streamflow velocities during river ice conditions are required for the northern regions for in-depth river reach-
specific studies, which are very scarce at the moment. This, coupled with hydrodynamic model simulations of flow velocities
for river reaches with observed data and machine learning approaches, can contribute to the development of spatio-temporal
velocity reduction factors for large-scale applications such as that considered in this study.

7. CONCLUSIONS

From the various analyses and assessments presented and discussed in this paper, the following conclusions can be drawn.
Shortcomings of the study and future extensions and research avenues are also highlighted.

1. Comparisons of observed flows from HYDAT with those derived from ERA5 and CanESM2-driven GEM simulations, one
way coupled with the WATROUTE scheme, confirm the ability of the climate-hydrology integrated modeling approach in
simulating variables that are required for the estimation of hydrokinetic power for the Canadian Arctic River network.

2. Projected changes for the 2021-2040 period with respect to the 2001-2020 period under the RCP 8.5 scenario are minimal
for streamflow, flow velocity, and hydrokinetic power over the entire study region. Projected changes could be different in
the far future, which is not considered in this study. Increases in the active layer thickness and degrading permafrost con-
ditions in the higher latitudes, projected toward the end of the century, can significantly influence flow patterns and
velocities and therefore the hydrokinetic potential of Arctic rivers.

3. As zero-head hydrokinetic turbines can only capture a certain percentage of the kinetic energy of flow, it is important to
consider river reaches with flow velocities greater than 1.5 m/s and also where a higher potential of hydrokinetic power
exists throughout the year or during a significant part of the year. Further granular analysis of the hydrokinetic power esti-
mates will help in understanding the behavior of individual river reaches and in recommending a suitable hydrokinetic
conversion system.

4. The Back (Basin ID: 31) and Back-Hayes (Basin ID: 32) basins along the Arctic coast in central Nunavut and the basins
draining into Hudson Bay in the east, which include the Thelon (Basin ID: 5) and Baker Lake (Basin ID: 8) basins, show
the highest potential for hydrokinetic power. The Seal (Basin ID 1), Than-anne (Basin ID: 4), and the Thlewaisa (Basin
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ID: 2) basins in the southeast of the domain also show potential for hydrokinetic power generation owing to their consistent
flow velocity maintained throughout the year.

One of the main limitations of this study is that the projected changes are analyzed based on a single transient climate
change GEM simulation for the RCP 8.5 scenario extending until 2040. This was unavoidable and is due to the high compu-
tational cost involved in undertaking the ultra-high-resolution simulations at 4 km resolution. To better quantify the
uncertainty, it is also useful to consider a multi-model ensemble of simulations at 4 km or even finer resolution. Additionally,
the representation of glaciers is considered static and not dynamic, which hinders the accurate representation of streamflow
dynamics for glaciated basins. Moreover, due to limited data specific to river channels, the channel modifications due to the
installation of turbines, such as the changes in flow velocities and depth of the channel, are not considered in this study. This
omission highlights the need for more comprehensive data collection and analysis. Detailed granular studies of the identified
reach, employing hydrodynamic models and considering the impact of river ice on the flow volumes and velocities, will con-
tribute to more precise identification of optimal locations and site-specific research for the installation of hydrokinetic
conversion systems.

A lack of available information on resource assessments is one of the main limitations in the development of appropriate
hydrokinetic energy conversion technology. The ultra-high-resolution climate model coupled with the routing scheme used in
the study to estimate flows, flow velocities, and hydrokinetic power for the high-latitude region of Canada contributes toward
addressing this deficiency by introducing a science-based approach for hydrokinetic resource assessment and thus reduces
reliance on highly uncertain gross regional estimates. This study offers a more reliable assessment, providing valuable and
new insights for the development of hydrokinetic energy technologies, and lays the foundation for advanced modeling to sup-
port hydrokinetic technology installations.
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