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Locating renewable energy systems in remote areas with extreme conditions is challenging due to weather
variability and past deployment failures. This study assesses tidal and offshore wind resources for application

Data-assimilative model in off-grid communities, focusing on data accuracy and site viability. Tidal energy, being highly predictable, is

:DSP analysed using ADCP measurements and the FES2014c model at sites in the North Atlantic, including the FoW
Rz;lgte off-grid (Orkney, Scotland) and the Nares Strait (Canadian Archipelago), to understand any limitations with the use
FES2014 8 of FES2014c in the area evaluated. Strong correlations (R?> = 83%-89%) were found, although bathymetry-

related errors were noted in shallow areas. FES2014c was then used to evaluate Nunavut locations where tidal
or offshore wind energy could be used to reach net-zero targets. In Nunavut, Canada, correlations between the
MERACAN Atlas and the FES model varied widely (R*> = 19%-95%), with skill scores between 39%-94%. The
FES model showed deviations from 1.12 ms-1 to 0.03 ms-1, while tidal amplitude remained reliable, aiding
site identification. A site in Naujaat was identified as a suitable location for the deployment of both tidal
and offshore wind energy, with estimated capacity factors of 38% for tidal and 28% for wind. The combined
annual energy production is approximately 1791.8 MWh. However, for offshore wind development only, no
suitable locations were found where bathymetric conditions matched with capacity factors. In contrast, tidal
stream analysis identified at least four viable turbine sites, each with a capacity factor exceeding 20%.

1. Introduction remote and developing island communities is the 500-2000 Euros-per-
MWh costs for importing diesel, as “fuel imports are often 200%-300%
1.1. Identification of suitable energy sites in Nunavut, Canada above world market rates,[6]. Indeed, a 2018 Castalia Advisory Group’s
report into energy for the state of Micronesia, revealed ~67% have

Much research has focused on reducing the cost associated with Gi-
gawatt scales of renewables for national electricity distribution systems.
However, ~40% of the world is classed as “being in energy poverty”
with ~13% (>5 billion people) still having no access to electricity [1];

for example, Indonesia alone has 13,000 rural communities without

access to electricity currently paying ~410-460 USD/MWh, with only
19% from renewables and 4.2M gallons of diesel imported and multiple
3-4 MW batteries at each island for supply-demand balancing; whilst
in the Canary Island, 99% of energy comes from imported diesel

utility power services [2]. Renewable energy offers a sustainable path-
way for improving access to low-carbon electricity (e.g. [3,4])10, but
also powering systems essential for communities, such as desalination
for drinking water (e.g. [2]). Of these renewable energy markets,
remote communities and industries are already paying a high price for
imported diesel to run generators in local-scale systems. For example,
over 20 million people, inhabiting over 1800 islands, are paying up to
€2000/MWh [4], and an analysis shows a ~20% reduction in cost with
renewable energy systems [5]. The reason for such high energy costs in
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(7% electricity from renewables) to the 2.2M residents [7]. Therefore,
renewable energies offer a cost-effective and sustainable pathway to
reducing energy poverty and improving electrification rates; however,
for any electricity distribution network, demand must be balanced by
supply.

Nunavut in Canada is as remote as island communities, and because
of their exposure to the extreme environment, they rely heavily on
fossil fuels. The Nunavut Settlement Area encompasses 20% of Canada’s
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landmass, making it the country’s largest jurisdiction, spanning ap-
proximately 2,132,780 1km?. According to the 2016 Census data from
Statistics Canada, Nunavut has an estimated population of 40.000 in-
habitants. More than 80% of this population is Inuit, residing across 25
municipalities within three distinct regions: Qikiqtani (Baffin), Kivalliq,
and Kitikmeot. Possibilities of harvesting energy from rivers, wind and
solar are being explored to help decarbonise those communities [8].
However, given the vast coastal area in Arctic Canada, marine re-
newable energy systems like offshore wind and tidal stream around
Nunavut could offer an option to reduce the dependence on fossil fuels.
Specifically, Nunavut alone has a tidal energy potential of over
30,000 MW from 34 sites [9,10]. There is growing interest from devel-
opers and start-up companies to generate 10 MW of electricity in Iqaluit
using underwater turbines in Frobisher Bay [10]. This energy could
support the necessary harvesting infrastructure development while also
providing enough for export [9-11]. As a result, it can assess var-
ious advantages and applications of this resource, including power
generation, water pumping, desalination [12], and aquaculture [13].

1.2. Assessing tidal stream resource

To assess the tidal energy potential, techniques such as field obser-
vations, data analysis, and numerical modelling have been used [14].
However, tidal energy data cannot be easily accessed like offshore wind
data, which is more readily available and widely validated [15-17].

In-field observations on tidal currents are limited because accurate
measurement requires tidal current sensors, e.g., Acoustic Doppler
Current Profilers (ADCPs). These devices are expensive and require
skilled personnel for their operation and maintenance. Furthermore, the
duration of measurements is limited due to the battery and access to
data storage can be restricted due to concerns about data privacy or
security.

The latter led to the development of various methods for esti-
mating current velocities using numerical modelling, especially for
tidal stream energy resource assessment [18-20]. These models are
presented in three different forms as follows [21-25]: Hydrodynamic
models, which utilise equations of motion and consider the astronomi-
cal tidal potential, Empirical models, based on harmonic constants de-
rived from satellite data, and Data-assimilate models, which combine
information from both sources.

The initial hydrodynamic and empirical models were commonly
used to understand the horizontal flow, focusing on analysing the
M4 and M2 harmonics, as demonstrated by Davies et al. (1986) and
(1992) [26,27]. They demonstrated a fully non-linear three-
dimensional hydrodynamic model for tide elevations and currents,
using a finite-difference grid horizontal and the Galerkin method in the
northwest European Continental Shelf. Comparisons from the frequency
and temporal analysis of the M4 component elevations and currents
with observations at various locations were made by calculating the
ellipses for the seabed and surface, amplitude and phases for each
component, respectively. They concluded that some changes in the
physics and a finer mesh in a new model would correctly reproduce
the generation and dissipation of the M4 tide in particular regions in
the northwest European Continental Shelf.

Luyten et al. (1991) [28] compared M2 tidal currents obtained
from moored current measurements with the Schiwiderski model and
concluded that hydrodynamic models can perform better under specific
local conditions while remaining computationally efficient. However,
they noted that these models do not assimilate observational data
to refine predictions and may be more sensitive to initial errors and
boundary conditions.

This limitation is also supported by more recent studies, including
Xiaodong Liu et al. (2021), Yi Wen et al. (2022), Peng Dai et al.
(2023), and Jian Chen et al. (2024) [29-32], where hydrodynamic
models such as MIKE21, MIKE 3D, FVCOM (Finite Volume Community
Ocean Model), and POM (Princeton Ocean Model) were implemented to
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assess tidal stream energy potential. In many cases, these models were
particularly useful for resource evaluation in small areas with low tidal
current velocities. Their application is especially relevant in narrow
channels or regions with complex hydrodynamics, where capturing
turbulence, localised flow gradients, and other fine-scale processes is
crucial for identifying suitable sites for tidal energy deployment.

Nevertheless, data-assimilative modelling approaches have the ad-
vantage of incorporating observational datasets to improve predictive
accuracy and provide a more robust representation of complex ocean
processes, while being less computationally expensive compared to the
hydrodynamic models mentioned before and thus being useful for an
initial site selection.

Consequently, Dushaw et al. (1997), Egbert et al. (1994) and Ray
et al. (2001) [25,33,34] investigated currents of various tidal con-
stituents in version 2.0 of the TOPEX/POSEIDON (TPXO) model, cre-
ating the first data-assimilative model. All these studies focused on
the barotropic component of tidal currents. They derived currents
from acoustic tomography and moored current meters, helping to
determine tidal currents from altimetrically derived tidal elevations.
Most barotropic tidal models do not solve for the currents directly;
rather, they use mass transport equations to derive the magnitude and
direction of the currents. The accuracy of the model depends on the
seafloor topography employed and is not constrained by observations,
making it inherent to hydrodynamic models.

Tidal analysis and prediction were extended to include other tidal
components. This expansion allows a better understanding and mod-
elling of sediment movements in large-scale studies of continental
shelves according to Walton et al. (2002) and Lyard et al. (2006) [19,
35]. Also, Neil et al. (2010) [36] conducted a study analysing sediment
erosion and deposition’s spatial and temporal distribution over shelf
seas spanning 12,000 years. As part of their research, they developed a
tidal and wave model. In the tidal modelling component, the model out-
put was compared with the FES2004 model [19]. The results showed
good agreement across the domain in terms of elevations and currents
for the semi-diurnal tidal constituents (M,, S,, My, N,, K;, O)),
incorporating a non-linear enhancement to account for wave—current
interaction.

These models have been continuously updated with data from the
TOPEX/ Poseidon satellite altimetry series since 1993, and are designed
to predict both water levels and currents. The TOPEX model has
demonstrated greater accuracy in deriving water elevations and cur-
rents, improving consistency with moored observations in these areas.
However, while the authors claim that the model is accurate for deeper
waters, they do not specify the depth limits for its effectiveness [37].
But they provide an effective means of investigating the fundamental
characteristics and general patterns of tidal currents at various spatial
and temporal scales.

Comparisons of modelled tidal currents with observations are much
less common than comparisons of tidal elevation observations, espe-
cially on the basin and global scales. The accuracy of state-of-the-
art global barotropic tide models was assessed by Stammer et al.
(2014) [37]. Over 20 years in a study of bottom pressure data, coastal
tide gauges, satellite altimetry, various geodetic data on Antarctic ice
shelves, and independently tracked satellite orbit perturbations were
used, it was concluded that the accuracy remains problematic due
to the relative sparseness of in situ velocity measurements and the
difficulty of isolating the barotropic mode in moored current meter
measurements.

Later, Ranji et al. (2017) [38] conducted a comprehensive compar-
ison of different tide models to evaluate their accuracy in predicting
tidal levels, currents, and velocities in the Persian Gulf and Oman Sea.
It was found that among all the compared models, the Finite Element
Solution (FES) model (version 2012) stood out for its superior accuracy
in predicting tidal levels and currents across both regions. The study
highlights the importance of the number of constituents included in a



M. Bolivar-Carbonell et al.

model, particularly for shallow water tidal constituents, in enhancing
prediction accuracy.

Further analysis within the study reveals that while the FES12
model excels in predicting tidal levels, it shows discrepancies in predict-
ing tidal currents due to atmospheric pressure disturbances. Although
the FES model provided the best fit among the models assessed ac-
cording to various statistical measures, the results highlighted the
complexity of tidal dynamics in the Persian Gulf and Oman Sea, espe-
cially in shallow water regions where maximum prediction errors were
observed [38].

Cancet et al. (2017) and Lyard et al. (2021) [20,39] validated forty-
eight ADCPs data sets in the Australian continental Shelf with FES2014.
It was concluded that continued validation and comparison of this type
of model are essential. The study highlighted the model’s sensitivity to
uneven local bathymetry and shallow areas, where the resolution may
be insufficient to properly resolve the currents. All the above involve
that it is imperative to continue validating the model for the currents,
and to enhance prediction accuracy in both deep and shallow water
areas, it is essential to calibrate and refine this model [19,28,37,40-42].

Recently, Loc Nguyen-Xuan (2024) conducted a regional assessment
of six data-assimilative tidal models, including FES2014, to quantify the
tidal energy resource in the Vietnam East Sea (VES). Model accuracy
was evaluated using a Taylor diagram in combination with root-mean-
square deviation (RMSD) metrics to quantify agreement with in-situ
tide-gauge observations. Among the tested products, FES2014 exhibited
the highest match, which is attributed to its advanced multi-source data
assimilation framework, flexible mesh configuration, and enhanced ca-
pability to reproduce complex coastal hydrodynamics. The study high-
lights the need to validate global tidal products regionally, as model
performance can vary substantially with local bathymetry, boundary
forcing, and coastal morphology. They noted that these results provide
a baseline for subsequent high-resolution modelling efforts, includ-
ing localised hydrodynamic simulations and site-specific tidal stream
resource assessments.

Identifying and refining the use of FES2014c has opened up oppor-
tunities to explore new areas that currently rely on fossil fuels, such
as remote communities. In particular, this supports the development
of marine renewable energy sources like tidal currents, due to the
lack of research on the topic. Focusing on Nunavut, the application
of FES2014c can go beyond resource analysis by helping to determine
which types of tidal energy devices could be installed at key initial
locations. This approach could also be extended to other regions to
assess energy access, evaluate marine energy potential, and identify
new areas for exploration.

Building on the significance of the current literature, the research
aims are:

» To evaluate for the first time the accuracy of a global assimilative
tidal model at regional scales in Scotland and Arctic Canada. This
was done by comparing FES2014c with ADCP observations and
evaluating it using a harmonic tidal analysis that accounts for
dissipation, non-linear friction, and shallow-water dynamics.

To identify suitable areas in Nunavut where tidal energy could
be used to reach net-zero targets, with wind energy considered
as an alternative or complementary option. This objective was
met by estimating annual power generation using data from the
validation of FES2014c and offshore wind data from ERA5 [43],
to assess whether tidal, wind, both, or neither is most suitable for
the region.

2. Methodology
2.1. Identification of suitable energy sites in Nunavut, Canada
In this research, a decision-making criterion was designed to iden-

tify suitable locations for the development of marine energy, specif-
ically for tidal stream and offshore wind in the Nunavut area. The
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suitability of the criteria of tidal stream and offshore wind is mainly
related to the resource, oceanographic features, and technical charac-
teristics of device, as observed in Table 1. A flowchart describing the
steps of the methodology can be seen in Fig. 1.

2.1.1. Resource features

Assessing tidal stream resource Alternative approaches were ex-
plored to evaluate remote locations in Nunavut where ADCP data is
lacking. The Marine Energy Resources Atlas of Canada (MERACAN)
emerged as a promising tool for providing tidal current information
in this area, where ADCP data are absent, and was developed by the
National Research Council. The map shows tidal flows and hydrokinetic
energy in proximity to communities in northern Canada. This applica-
tion allows users to investigate and assess potentially exploitable tidal
energy resources by providing spatially and temporally varying data,
including tidal height, currents, seabed elevation, and annual energy
production [48]. However, this model has some limitations, including
high uncertainty due to the lack of field data and the absence of high-
resolution modelling and specific regional studies. This can introduce
significant errors in areas with narrow coastal channels, as described
in [48]. Thus, part of this research builds on the analysis conducted by
MERACAN to assess the viability of tidal sites in the Arctic regions of
Canada and to analyse them with FES2014c.

Validation of data assimilation model The FES2014c tidal pre-
diction model was selected, featuring C and Python Application Pro-
gramming Interfaces (API), which provide functions for computing
elevations and currents on the eastward and northward vectors. The
model has a resolution of 1/16 degrees. Compared with other models,
this software includes 34 tidal frequencies, including several long-
period tides, minor diurnal, and semi-diurnal tides, and nonlinear
overrides (See Table 2).

The model employs a 20-year time series of altimeters to enhance
bathymetry and achieve greater resolution in shallow and transition
water areas defined in Table 3. It incorporates all pertinent variables
derived from the mission of the altimeter data into a hydrodynamic
model based on the tidal equations of Laplace. In addition, it assimilates
a substantial portion of coastal and deep-ocean data from tide gauges,
ensuring a comprehensive representation of the available information.

To ensure the suitability of the FES global tide model for regional-
scale resource assessment in Nunavut, a validation with the data as-
similation model step was required before it is applied for tidal energy
resource assessment. The literature consistently highlights the need
for regional validation when using global tide models in complex
hydrodynamic environments, especially when assessing tidal stream
energy potential. Most existing studies have focused on tidal elevation
validation, while limited work has evaluated tidal currents, which are
essential for energy extraction analysis. Therefore, the model was vali-
dated against independent ADCP current measurements from Scotland
and Canada with different tidal regimes. Scotland was chosen due to
the availability of high-quality ADCP data compared to the data found
in Arctic Canada. These datasets are neither derived nor assimilated
into the FES model, ensuring a neutral evaluation of its performance.
Establishing reliability in these independent locations provided the nec-
essary confidence to apply the model to Nunavut, where in situ current
observations are scarce. Complementary cross-validation against the
MERACAN Atlas further supported the robustness of the modelling
approach.

Time domain analysis To compare the FES2014 data against the
existing ADCP data sets, a number of metrics were employed based
on the work proposed by [26,27,49-53] and are defined as follows in
Table 4 where y; is the estimate data and y; is the observed data.
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Table 1
Criteria for identifying suitable wind and tidal energy sites in Nunavut, Canada.
Criteria Subcriteria Requirements Type
Resource Minimum fluid velocity® Wind > 2.5 ms™! Both
Tidal > 0.4 ms~! [44]
Technical AEP (per turbine) Based on velocity + turbine size Both
CF (per turbine) Wind: 35%-40% [45] Both
Tidal: 16%-42% [44,46]
Oceanographic Bathymetry Wind: 10-50 m (fixed) Fixed/Float [47]

Tidal: 18-50 m (fixed), >4 m
(float)

Clearance: 5 m seabed, 8 m
surface

2 This velocity is related to the cut-in velocity of the device. Details of specific turbines used in this study can be seen in

Tables 5 and 6.

Decision Making
Matrix (Table 1)

*

No

Technical . " Resource
Ch e dentification Feat
aracteristics . . eatures
( Technical of suitable sites (Theoretical
analysis) analysis)

Select
turbines for
both
resources

Assessing
Offshore
wind
resource

Annual Energy
Production and

Oceanographic
features

Data at the
area (e.g.
ADCP)

Yes:

No

Statistical analysis

Data at the
area (e.g.
ADCP)

with: Correlation
of determination,
RSME, BIAS,
Phase shift,
Amplitude ratio

and Skill score.

Time domain
analysis

Frequency

Use and validate
numerical models

as: Data

model as
FES2014c.

analysis

Data at the
area

Capacity factor No
Data at the
area
Use and validate numerical
models as: Data assimilation
model, as ERAS5, highly
validated.
Fig. 1. Flowchart - Main methodological steps for decision-making matrix on Table 1.
Table 2
Barotropic tide model summary.
Model Tidal constituents Grid Authors
FES2014c Q,, 0y, P, K|, S|, N,, M,, S, 1/16° Lyard et al.; Carrére et al. (2016)

K,, 4M,, 2N,, MN,, M S,), [S,,

M,, Mf; MS_/’ Mt,, MSq,, J,,

€35 My, Vo, MKS,, 4y, Ly, Ty, Ry,

Mj, Ny, Sy, Mg, Mg]

Table 3 compared to FES2014c in terms of tidal current ellipse characteristic
Water depth classifications (Musial & Butterfield, 2004). differences, based on the work of Griffin et al. (2021), Lyard et al.

Classification Depths (2020) and Stammer et al. (2024) [19,37,39,55]. A synthetic descrip-
Shallow water 0-30 m tion of the tidal currents for a given tidal component (M2) is given
Transition water 31-50 m by this analysis which complements the time domain data outputs and
Deep water >50 m

Frequency domain analysis The research was then conducted on
a frequency domain analysis to verify the FES2014c capabilities against
the ADCP datasets. The analysis focused on vectors using harmonic
analysis, performed with the T-TIDE package [54] in each current
direction (eastward and northward). Then, the in situ data (ADCP) was

ensures a full quantification of the models against experimental data.

The length of the semi-major axis gives the maximum amplitude
of the tidal current and the orientation of the ellipse gives the angle
between the main current direction in the eastward direction. The
parameters of the ellipse as orientation and length of the minor and
major axes, are computed from tidal harmonic constituents estimated
in both directions.
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Table 4
Statistics: Statistical metrics used for model accuracy.
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Statistic name Equation Expected range Success metric
Coefficient of R=1- g 0<R’<1 Higher values indicate better
determination (R-squared) agreement (> 80%).
Root Mean Squared Error RMSE = RMSE >0 Lower values indicate higher
(RMSE) accuracy.
Bias BIAS = % Ideal =0 Overestimation (positive) or
! underestimation (negative).
Nash-Sutcliffe Efficiency NSE=1- g(’}:’): -0 < NSE<1 Values near 1 indicate excellent
(NSE) ' performance.
Phase shift (cycles) Phase = ¢’2_”¢" Ideal =0 Temporal shift between observed
and predicted time series.
Amplitude ratio Amplitude Ratio = ::: : Ideal = 1 Values near 1 indicate good
" amplitude representation.
Skill score Skill o = X1y MiN(Z;, Z,,) 0< Skill <1 A value of 1 indicates a perfect
match (> 70%).
The 34 tidal constituents, as in the time domain analysis, were used Table 5
as the basis for the model-ADCP comparisons presented in this study, Description of the selected offshore wind turbines for the assessment.
which are focused on the results of M2 as the principal harmonic after Parameters 0.5 MW 1.0 MW
the signal-to-noise power ratio (SNR) with the five main constituents Rated speed (ms~') 12 15
of each dataset. Cut-in speed (ms™') 2.5 3.0
- —1
The model error for amplitude and phase was calculated for each Cut-out speed (ms™) % %
X Rotor speed (rpm) 38 22
dataset for the M2 constituent. The root mean square error (RMSE), as Rotor diameter (m) 403 54.2
defined in Fhe time-domain analysis (Table 4), was computed. The t.ldal Reference [63] 1641
current ellipses were computed from the current meter observations
(ADCP) in red and from the FES2014c in blue. These ellipses were
displayed for the M2 tidal component, along with the statistical analysis
proposed. Table 6
Assessing offshore wind resource To analyse the opportunities of Description of the selected tidal stream turbines for the assessment.
decarbonisation using alternative and more developed technologies, the Parameters Tocardo 42 Rivgen Tidgen
sites analysed for tidal stream resources were compared to offshore kW-55 kw 25 kw 200 kw
wind data. The data was examined with a reanalysis dataset, ERAS5, Eatefi Speei ((m5’11§ i'?“(z)g 5'?5 g-gs
. . . . . . ut-in spee ms~ .4-0.. . .
that provides wind dgta for long-term 4uratlon with different spatial Cut-out speed (ms-1) 2.6.38 20 s
and temporal resolutions globally and is easy to access and broadly Rotor speed (rpm) 3939 2.95 2.95
validated [17,56-62]. The ERAS reanalysis model integrates data with Rotor diameter (m) 6.3-5.1 - -
global observations. It is also a data assimilation model based on Rotor ratio (m) - 15 x8(1.1)
methods used by numerical weather prediction centres, but with a Rotor length (m) - 10.36 x8(6.25)
reduced resolution to allow for the incorporation of improved versions Reference F’S} F)q %69}
66 68 70

of the original observations. For this study, the ‘ERA5 hourly data
on single levels from 1940 to present’ dataset was used, providing
hourly estimates for many atmospheric, ocean-wave and land-surface
quantities. The data is gridded to a regular latitude-longitude grid of
0.25 x 0.25 degrees for the atmospheric reanalysis and downloaded
at 10 m to be extrapolated to the heights of the selected turbines for
this study, as is shown in the equation for power law in wind profile,
where V is the wind speed at height z, V. is the wind speed at the
reference height z,..;, z is the height above ground level, z . is the
reference height and « is the power-law exponent.

V= (Z) ®
rel

2.1.2. Technical characteristics

Annual energy production and capacity factor The annual en-
ergy production is quantified according to EMEC (2009) and Lewis
(2021) [44,53] and which informed the selection of the most suit-
able site for deploying wind and tidal turbines in Nunavut, Canada.
The datasets for each resource were downloaded: offshore wind, from
ERAS, [43] for 4 years (2020-2024), and tidal stream, from FES2014c
[20] for 1 year (2024). A selection of turbines and peak performance
operations were studied, based on the velocity exceedance curves and
by performance (Cp vs. TSR (Tip Speed Ratio)), described in Tables 5
and 6.

[71]

To understand the potential for power extraction in an area by
selected turbines and ensure that the tidal and offshore wind resources
available are not over-extracted, the velocity distribution was calcu-
lated. The analysis of the velocity distribution (exceedance curve) was
obtained using a bin size defined by Sturges Law and standard intervals
of 1 h for each dataset and resource. Once the velocity distribution
was calculated, it was applied to each power curve to estimate the
annual energy output. This considers the characteristics of the devices
that were extracted for each turbine (Eq. (2)). The expected annual
energy contribution (AEP), in kWh, for a device with a defined power
curve, was obtained by combining the power curve with the frequency
distribution of the velocity for each site (Eq. (4)), where the Pmean
is the power in kW generated by velocity bin of the power device
curve [53]. The annual energy output (AEP) divided by the maximum
possible output (P,,,...a) from the device will give us the capacity
factor, CF (Eq. (3)). Power represents the rate at which energy is
transferred. To determine the amount of energy produced over a given
period, the power time series is integrated. The result is typically
expressed in energy units such as GWh. For example, integrating the
power output over one year provides the Annual Energy Production
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Fig. 2. Study area. Case A. FoW, Scotland, and Case B. Nares Strait, Canada.
(AEP) in GWh. Table 7
1 ; Description of the bathymetry and temporal resolution in FoW area.
Pyg = E/’AV Cp @ Groups Surveys Depths Temporal resolution Reference
a 31 m
Group 1 2.3 months [75]
CF = AEP/Pnominal (3) P b 27 m
Group 2 a 15 m 0.5 months [75]
AEP = 8760P,,,, (@) a 43.1m
Group 3 b 42 m 14.5 months [73]
P c 422m
2.1.3. Oceanographic parameters d 36.2 m (751
Bathymetry The bathymetry was downloaded from General a 42.55 m
Bathymetric Chart of the Oceans (GEBCO) [72] (See Figs. 5 and 6). The Group 4 ]2 i; 2 3.7 months [75]
bathymetry is important as a technical criterion for the requirements d 40 m

of installation and operational maintenance of offshore wind turbines
and tidal stream turbines, as shown in Tables 6 and 5.

3. Results and analysis
3.1. Data assimilation model validation for tidal current analysis

The areas considered in this study for comparison of the FES model
were the FoW in the Orkney Islands, Scotland (Case A) and the Nares
Strait (Case B). The FOW and the Nares Strait were selected because of
the availability of data to validate the model. The areas considered for
investigation of site selection for decarbonisation were assessed based
on existing settlements in the area, as shown in Fig. 2.

In the FoW, ADCP data were extracted from the ReDapt [73] and
the EPSRC DYLOTTA [74]. The data points covered periods from
2013-2014 and 2005-2009, respectively, with sample frequencies of
1 h, 10 min, and 6 min by DYLOTTA and 5 min by ReDAPT, with a total
of 29 data points. The FoW data was grouped into 3 subgroups accord-
ing to their proximity, and as shown in Table 7. Average bathymetry
records can be seen in Fig. 3 for each location.

The data points from the Nares Strait between Canada and Green-
land were obtained from the National Science Foundation and the
University of Delaware through the Arctic Data Centre [76,77]. The

data cover periods from 2003-2009, respectively, with sample frequen-
cies of 30 min, with a total of 9 data points. Due to the location of each
data point, it was not feasible to group points for analysis like the FoW
case. The depths of the site assessed were generally in a range between
157 m and 366 m according to Fig. 3 compared to the FoW area, with
relatively shallow areas (see Table 8).

3.2. Time domain and frequency analysis

As mentioned before, to assess the accuracy of the model analysis
for several tidal energy resource zones, areas in Scotland and Canada
were used to validate the reliability of the analysis method presented
in this paper. Once the validation was completed, FES2014 was used
to identify suitable tidal sites in the Nunavut region of Canada.

Case A - FOW Statistical indices were extracted for eastward and
northward velocities and are presented in Table 9 for the FoW scenario.
Eastward component Group 3 has the highest correlation coeffi-
cient among the groups, with R? at 0.83. This indicates that the model
explains a significant portion of the variability in the data, suggesting
a strong linear correlation. The average error, measured as RMSE, is
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Fig. 3. Bathymetry Map and Survey points from ADCP - FoW and Nares Strait.
Table 8
Description of the bathymetry in the Canadian Archipelago area.
Datapoints D1 D2 D3 D4 D5 D6 D7 D8 D9
Depths (m) 302 m 299 m 263 m 157 m 366 m 358 m 356 m 294 m 228 m
Table 9
Results of statistics for FOW scenario.
Components Statistic Group 1 Group 2 Group 3 Group 4
R? 0.73 0.40 0.83 0.80
RSME (ms~') 0.65 0.95 0.54 0.57
Max - Min (ms~') [1.85 - (-2.28)] [2.37 - (-3.93)] [2.72 - (-2.90)] [2.14 - (-3.26)]
Eastward component
BIAS (ms™!) 0.85 0.62 0.92 0.91
Skill score 0.58 0.59 0.80 0.79
NSE 0.61 0.24 0.74 0.73
Phase shift (cycles) 0 0 0 0
Amplitude ratio 1.44 2.24 0.99 0.77
R? 0.82 0.62 0.70 0.63
RSME (ms~') 0.65 0.90 0.87 0.98
Max - Min (ms™') [2.68 - (-3.03)] [3.21 - (—4.09)] [3.38 - (—4.09)] [3.20 - (-4.14)]
Northward component
BIAS (ms™!) 0.92 0.79 0.84 0.80
Skill score 0.77 0.77 0.70 0.81
NSE 0.77 0.53 0.66 0.60
Phase shift (cycles) 0 0 0 0
Amplitude ratio 1.24 1.76 1.45 1.18

0.54 ms~!, and the NSE value is close to unity at 0.74, supporting good
model performance. However, a BIAS value of 0.92 ms~! suggests that
the model tends to overestimate the data, given that an optimal value
close to zero was expected (see Table 9).

The amplitude ratio in the eastward direction exhibits a value close
to unity (0.99) and shows no lags. The statistics also suggest that
FES2014c, in this group, can simulate the observed conditions 80% of
the time, as indicated by the skill score (see Table 9).

Group 2 has an R? of 0.40. This indicates that the model simulates
only a moderate portion of the velocity. Consequently, the RMSE of
0.95 ms™! suggests that, on average, the observed values vary from a
minimum of —3.92 ms~! to a maximum of 2.37 ms~!, indicating a range
of values the model cannot fully capture. Additionally, the NSE value
of 0.24 is only as reliable as the average of the observations, given that
it is close to zero. The model also overestimates the dataset by 0.62
ms~.
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Regarding the amplitude ratio and phase shift values in Group 2, the
model exhibits a proportion of 2.24, with the highest amplitude ratio
in the eastward direction but without lags as compared with Group 3.
However, the skill score is the lowest, at 59%, indicating little to no
match between the model and the dataset.

Northward component Group 1 exhibits a similar behaviour to
Group 3, with comparable directions between the ADCP data and the
model. This similarity is supported by a high R? correlation percentage
of 82%, a low RMSE of 0.65 ms~!, and a northward velocity overes-
timation of 0.92 ms™' as indicated by the BIAS with a Nash—Sutcliffe
efficiency coefficient (NSE) value for Group 1 of 0.77, close to the unity,
that indicates the good correlation between the model and the dataset.

Moreover, we conducted an analysis comparing the amplitude ratio
and phase shift between the observed and modelled data sets. It was
found that, in Group 1, although this dataset showed the best correla-
tions, the amplitude ratio exceeded unity at 1.24, indicating a deviation
of 0.24 from unity. However, Group 2, the worst scenario, keeps a high
amplitude ratio, also of 1.76, but both maintain no delays in the time
series.

Despite this, Group 2, as in the eastward component, is the worst-
case scenario; the R2, is the lowest at 0.62, and the RSME is the second
lowest with 0.90. The Nash-Sutcliffe efficiency coefficient (NSE), on the
northward component in this group, was close to zero. However, the
prediction of the FES model is still reliable as the values represent the
average of a data series due to the model’s method of solving the main
mass transport equations and following the analysis of each statistical
parameter.

Discussion for FoW results Group 2 is located in a shallow area
with a water depth of 15 m, where the model detects signals with
higher amplitudes in the eastward and northward direction. This di-
rectly impacts the accuracy of the predictions of the model concerning
the bathymetry, as reflected in the results.

In contrast, when the model is applied to the location represented
by Group 3, with water depths ranging from 37 to 43.1 m, it produces
consistent statistics in line with the model’s predictions and shows a
perfect amplitude ratio. However, despite the similar behaviour be-
tween the groups, Group 1’s amplitude ratio is 0.24 higher, likely due to
the shallower water depths of 29 m, confirming the association between
the accuracy of the predictions and the bathymetry. According to this
study, a bathymetry of above 40 m is required for FES2014c to provide
accurate estimations.

However, the model still shows an overestimation of the data in
all groups, where the ideal value would be zero. This could lead to
potential variance in the estimated amount of energy that can be
extracted from the currents. Nonetheless, this overestimation and the
non-phase shift do not appear to be related to the length of the time
series, as all values remain consistent. As it is observed in Group 3 and
Group 1, with different depths, but with the same BIAS (0.92 ms~!).

Therefore, the accuracy of the predictions of the model can be
influenced by the bathymetry, specifically uneven bottom topography
(Group 3) and in very shallow areas (Group 2) in the FOW scenario.

Case B - Canadian Archipelago - Nares Strait The following analy-
sis focuses on the Nares Strait site. As stated in the methodology, ADCP
data from Arctic Canada was not publicly available, except for this
site, which was used for validating FES2014 in Arctic Canadian waters.
The statistical analysis of the eastward and northward components is
presented in Tables 10 and 11.

Eastward component In general, the data shows a good corre-
lation of 67% on average, but with an underestimation of 1.0 ms™!
according to the BIAS, on average between the FES2014c model and
the ADCP data.

It was found for DP2 a coefficient of 0.89% and low error values,
as indicated by an RMSE of 0.05 ms~!. This is also supported by a
high skill score, covering predictions 85% of the time, and an NSE
close to unity, 0.79, suggesting a strong correlation. Moreover, the high
amplitude ratio of 1.25 indicates some irregularities in the correlation.
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On the other hand, DP8 showed the lowest correlation, at 1%,
indicating a significant discrepancy between observations and model
predictions in the eastward component. This is further supported by a
low skill score of 56%, and a negative NSE of —5.89. However, DP8
presents an amplitude ratio closest to unity, at 0.91 and a low RMSE in
the correlation of 0.1 ms~!, which suggests that despite present stability
in the amplitude, the relationship between the variables is weak.

In general, all the datapoints present an underestimation of around
1 ms~!, as observed in Table 10, based on the calculation of BIAS. Also,
no phase shift was found for most of the data points evaluated, except
for a leftward trend observed when looking at the phase shift values in
DP3, with a difference of —0.04 cycles, while a shift to the right of 0.06
cycles was found for DP7.

Northward component According to Table 11, in this component,
the DP3 did not display the highest coefficient of correlation, RZ,
but showed a better performance in the other calculated statistics.
For example, the RSME was the lowest with 0.11 ms~', and the skill
score was the highest with 79% and had an NSE close to unity (0.41),
supporting the good agreement between the model and the ADCP data
at this point.

In contrast, it was observed in DP2 that the R? value was low,
with a correlation coefficient of 23%. Additionally, the RMSE was
0.18 ms~!, which is among the highest values when compared to the
other datapoints (ranging from 0.22 ms~! to 0.26 ms~!). This is further
supported by the highest underestimation bias of —1.14 ms~', a high
NSE of —21.3, a low amplitude ratio, and skill score values of 34% and
0.31, respectively, indicating that this dataset does not fit the model
overall.

Similar to the eastward component, most datapoints show no phase
shift, except for DP6, which exhibits a slight offset of 0.05 cycles
to the right. Only DP3 and DP4 have positive NSE values (0.41 and
0.07, respectively), suggesting that they are marginally more reliable
compared to the overall average observations. These datapoints also
have the highest skill scores, ranging from 0.79 to 0.72, respectively. In
contrast, the remaining datapoints exhibit negative NSE values, ranging
from —98.8 to —1.9, and skill scores between 0.23 and 0.57, with DP7
showing the weakest correlation at 0.23.

Discussion for Canadian Archipelago results The eastward data-
points show a good correlation in most of the calculated statistics, but
present an underestimation (1 ms~' to 1.14 ms~!) and high amplitude
ratio. This suggests an influence of the model and ADCP data in water
depths ranging between 157 m-366 m.

In the case of Nares Strait, measurements using ADCP faced signif-
icant challenges during 2003-2006 and 2007-2009. These challenges
stemmed from data reliability issues, difficulties in collecting data in
polar, under-ice environments, and the visibility of tidal oscillations
primarily along the southward direction but not across the channel. It
is therefore uncertain whether FES can be used for site selection in this
area, based on the available measurements.

In both components, the direction of the model does not align well
with the ADCP datapoints, which reflects the challenges encountered
during data collection in remote locations that are highly influenced
by icing during longer periods.

Despite the datapoints being collected in deep waters, the extreme
conditions and high negative results indicate that the model performs
worse than the mean of the observations. This implies that the model is
not adequately capturing the dynamics of the system. However, these
parameters should always be accompanied by other statistics, such as
RMSE and BIAS, which in this case helped in selecting the datapoints
with better performance and in making informed decisions.

3.2.1. Frequency domain analysis

M2 tidal current ellipses errors were computed from the ADCP
locations as described in Section 2.1.1. The right side of Fig. 4 shows
the results for the FOW Case. Group 3, maintains the same tendency and
low RSME errors of the M2 major axis velocity phase and amplitude,
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Table 10
Results of statistics for Canadian Archipelago scenario on the eastward component.
Component Statistic D1 D2 D3 D4 D5 D6 D7 D8 D9
R? 0.85 0.89 0.67 0.67 0.79 0.84 0.86 0.01 0.50
RSME (ms™!) 0.06 0.05 0.15 0.17 0.06 0.10 0.27 0.10 0.21
Eastward BIAS (ms™) -1.0 -1.0 -1.0 —-0.99 -1.0 -1.0 -1.0 -1.0 -1.0
component Skill score 0.47 0.85 0.69 0.40 0.82 0.75 0.56 0.56 0.68
NSE -5.96 0.79 -5.31 —-24.63 0.65 0.46 -1.32 -5.89 -5.21
Phase shift (cycles) 0.0 0.0 -0.04 0.0 0.0 0.0 0.06 0.0 0.0
Amplitude ratio 0.35 1.57 0.86 0.33 1.18 1.16 2.83 0.91 1.20
Table 11
Results of statistics for Canadian Archipelago scenario on the northward component.
Component Statistic D1 D2 D3 D4 D5 D6 D7 D8 D9
RrR? 0.81 0.23 0.79 0.60 0.84 0.85 0.51 0.89 0.76
RSME (ms™!) 0.11 0.18 0.11 0.14 0.22 0.22 0.20 0.13 0.26
Northward BIAS (ms™!) -1.0 -1.14 -1.0 -1.0 -1.0 -1.0 -0.99 -1.0 -1.01
component Skill score 0.57 0.34 0.79 0.72 0.40 0.41 0.23 0.52 0.54
NSE -1.92 -21.30 0.41 0.07 -22.38 -23.42 —98.83 -2.77 -12.89
Phase shift (cycles) 0.0 0.0 0.0 0.0 0.0 0.05 0.0 0.0 0.0
Amplitude ratio 0.46 0.31 1.04 1.18 0.29 0.33 0.26 0.35 0.51

with an increment concerning Groups 1 and 2 of 78.5% and 87.31%,
respectively.

In contrast, the Canadian Archipelago results show similar direc-
tions between the ADCP and the model in the ellipse for DP1 and DP9.
However, it was observed that DP3 and DP8, for example, exhibit a
low RMSE error of the major axis velocity amplitude and phase, with
a value of 66% and 99% in DP9 and DP5.

The results from Fig. 4 of the M2 major axis amplitude-phase and
the RSME error confirm that the currents have small-scale variability
related to the local bathymetry. However, the FoW area, despite a
low range of bathymetry (15 m-43 m), bring out similar shapes of
ellipses (ADCP-Model) rather than the Canada archipelago area (157
m-366 m).

Overall, the model shows good agreement with the ADCP at most
macro-tidal sites. However, in the Canadian datasets, which represent
micro-tidal sites, the discrepancies are large, probably due to extreme
conditions in the area and issues with ice affecting data collection.

3.2.2. Assessing tidal stream resource for Nunavut case

In this section, FES is used to evaluate the suitability of sites
recommended by MERACAN for energy extraction. Firstly, suitable
locations were selected using the MERACAN GIS data, allowing FES
to cross-validate and refine the velocity magnitude results obtained
from the MERACAN atlas. This part of the study focused solely on
the magnitude of tidal currents and wind velocity, without considering
separate vector components. The study was divided into 3 zones with
notable tidal variations in the currents suitable for energy extraction
(see Figs. 6 and 5. These were also selected based on the closeness to
populations, for Iqaluit-Kimmirut (Zone 1), three for Naujaat (Repulse
Bay) (Zone 2), and two for Igloolik-Sanirajak (Hall Beach) (Zone 3). All
with bathymetry depths varying between 14 m-281 m water depth.

Then, it was proceeded to analyse the mean conditions for tidal
stream in the selected zones. For zone 1, the highest velocities are close
to Quaqtaq between 0.5 ms~! to 1.3 ms~!, in Iqaluit, around 0.3 ms~! to
0.51 ms~!, and in Kangiqsujuagq, the lowest velocities are from 0.1 ms~!
to 0.3 ms™!. In Zone 2, the area near Naujaat experiences velocities
ranging from 0.1 ms~!' to 0.3 ms~!. In Zone 3, the area near Igloolik
has velocities of approximately 0.3 ms~! to 0.7 ms~!, while the region
from Sanirajak shows velocities ranging from 0.6 ms™! to 1.3 ms™!.

Assessing the offshore wind resource To analyse the opportunities
for the development of renewable energy, the zones analysed for tidal
stream resources were also assessed for offshore wind data conditions
at 50 m. For the offshore wind, in comparison with the tidal stream,
the ERA5 model [43] is widely validated, and the accuracy is signifi-
cantly improved, according to Tahir, et al. (2023), Patel, et al. (2024),
amongst others [47,56,78]. Although it has limitations in shallow
waters, it offers a continuous time series and lower spatial resolution,
making it a reliable model for identifying offshore wind sites.

For the assessment of offshore wind resources, the key factors con-
sidered are wind speed as a governing factor, wind power generation
(Annual energy production), which gives the potential and the wind
direction. A temporal resolution of five years was selected to analyse
inter-annual variations. The evaluation was carried out using ERA5
reanalysis data across three zones for Iqaluit - Kimmirut (Zone 1),
Naujaat (Repulse Bay) (Zone 2), Igloolik and Sanirajak (Hall Beach)
(Zone 3), where tidal stream energy is also applicable, as shown in Fig.
5.

The analysis shows that Zone 1, located near Iqaluit-Kimmirut,
experiences wind speeds at 50 m ranging from approximately 3.5
ms~! to 6.7 ms~!. However, certain areas closer to Quaqtaq, with the
strongest winds, exhibit significantly higher wind velocities, ranging
from 7.8 ms~! to 10.1 ms~!. This is also observed in zone 2, with mean
velocities in Cape Dorset about 7.8 ms™! to 10.1 ms™! and at Naujaat
around 6.7 ms~! to 7 ms~!. Finally the zone 3 has the lowest velocities
between 3.5 ms~! to 6.7 ms~!.

Site selection As detailed in Section 2.1.2, the minimum require-
ments (cut-in) are 2.5 ms~! for wind and 0.4 ms~! for tidal stream. In
both cases, these selected sites accomplish those conditions related to
the velocity. Consequently, based on the defined turbines, the data was
assessed according to the capacity factor and the required installation
depth for each turbine, as the criterion described in Table 1. The
power curve, annual energy production (AEP) and capacity factor were
calculated for each zone based on the selected offshore wind and tidal
stream turbines described in Tables 5 and 6.

As a result, it is necessary to verify first that the requirements
related to the bathymetry features were taken into account to assess
if the site has the conditions to install the turbine, and to recommend
viable solutions. For a fixed wind turbine was between 10 m to 50 m,
and for tidal stream, the requirements depend on whether the support
structure of the turbine is floating or fixed. Those requirements for fixed



M. Bolivar-Carbonell et al.

3°3|0'W 3"2‘0‘W 3°1P'W 3°IW 2°5?'W 2°4‘O‘W 2°3P‘W 2°2|0'W 2°S‘Z'W

2“5‘1'W

Energy 346 (2026) 140215

) 2°SP'W i 2°4|9'W 2°4’8'W 2°4‘7'W ) 2“4‘6‘W 2°4l5'W

N

A

590‘11‘N

59°N 59"|10'N SQDIZOIN 59°|30'N
59°9i30"N 59°}0‘N 5‘3°10]'30"N

59°‘9'N

GROUP 1 \

<"

Island

GROUP 2 of Eday

, Orkney
g Islands |
) ]
2 2
3 L
&
g Tsland of Muckl
2] - sland of Muckle
4 z | ROUP 3 -
& Greenholm
g North
£l o L =z
&{ Scotland Sea 2 NSO i -
5 GROUP 4 ea
T T T T T T T T Little
0 10 20 30 40 = 0 0.5 ) | 15 &
" e o e Greenholm .
km o km
T T T T T T T T T T T T 1 T T
SOI’W 7OI’W GOTW SOTW 40|°W GQI’W GBI’W 67I’W GGTW
N ; N
Arctic Ellesmere
Ocean Island
Ellesmere
Kennedy
Channel

80°N

Greenland

0 3,000 DP7
e ™™
Legend Greenland
Centre Kafics
L1 M2_ADCP 01530 60 90 120 Basin
e ™

[ 1 M2_FES2014c

LPZ DP8
DP9

Fig. 4. Ellipse Map for M2 Component at mooring positions.

include a minimum clearance of 8 m from the surface and 5 m from the
seabed, with a minimum water depth ranging from 18 m to 50 m. And,
depths greater than 4 m for floating structures.

According to Fig. 6, was observed that Sanirajak (19 m), (Zone 3),
Iqaluit (47 m), Zone 1, and one site close to Naujaat (Site 3) (41 m), met
the minimum requirement in terms of bathymetry in wind. As well as
for tidal stream turbines, the sites that matched the fixed turbines were

10

Iqaluit (47 m) and site 3 at Naujaat (41 m). However, for the floating
turbines, all the sites are consistent.

In the best scenario, Sites near Kimmirut (286 m) and Naujaat (41
m-158 m) demonstrated compliance with the wind criterion for both
1 MW and 0.5 MW turbines. For the 1 MW option, Site 3 in Naujaat
and Kimmirut showed capacity factors between 35% and 49%. For the
0.5 MW turbines, Sites 2 and 3 in Naujaat qualified, reaching slightly
higher capacity factors of from 35% up to 52%. However, for the worst
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Fig. 7. Capacity factor and Annual energy production for wind in the selected zones.

case scenario, the areas close to Iqaluit and Igloolik did not show the
same values as shown by Fig. 7, with the capacity factor between 13%
to 24% for both turbines.

For tidal turbines, the capacity factor should range between 16%
and 40%. According to Fig. 8, the best scenarios with the highest
values were recorded at Site 2 in Naujaat and Kimmirut. The first one
(site 2), using the Tocardo 42 kW and Rivgen 25 kW turbines, with a
capacity factor of about 30%. Alternatively, the Tidgen 200 kW turbine
at Site 2 in Naujaat showed a lower capacity factor of 17%. Similar
performance was observed at near Kimmirut with the Tocardo 42 kW
turbine, reaching 27%.

In Table 12, the sites suitable for tidal, wind, or both technologies
are Kimmirut (Zone 1), Naujaat (Zones 2), and Sanirajak (Zone 3).
For wind energy, Naujaat at Site 2 is particularly appropriate, with
a bathymetry of 41 m and a capacity factor of 38%, making it a
viable location for wind turbine installation, with an annual energy
production of 1687.82 MWh (See Fig. 7). Although other sites as
Sanirajak, meet the bathymetric requirements, it does not achieve a
sufficient capacity factor for effective offshore wind deployment (27%)
or at least for the studied devices.

According to Fig. 8, the most suitable sites for tidal stream turbine
installations are Naujaat Sites 1 and 2, Naujaat Site 3, and Kimmirut.
The Rivgen 25 kW cross-flow turbine was found to be appropriate for
Naujaat Sites 1 and 2, yielding estimated annual energy productions
of 64.2 MWh and 64.6 MWh, respectively. Similarly, Kimmirut is
also suitable for the Rivgen 25 kW turbine, with an annual energy
production of 45.3 MWh.

Site 3 at Naujaat stands out as it meets all the assessed parameters,
making it suitable for the installation of both tidal and wind energy
systems. Specifically, this site supports the Tocardo 42 kW horizontal-
axis tidal turbine, in addition to a 0.5 MW wind turbine. As shown
in Table 12, this combined setup results in a total annual energy
production of 1791.8 MWh.

Although most tidal stream turbines currently operate at sites shal-
lower than 50 m, recent technologies such as TidGen and Tocardo
demonstrate that these devices can also be deployed in deeper waters.
This evidence indicates that the sites evaluated in this study, including
those exceeding 50 m water depth, could realistically accommodate
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such deep-water turbine systems and therefore should not be disre-
garded as potential development locations. Accordingly, regions with
depths greater than 50 m were retained in the analysis, and Site 3 was
selected because its bathymetric characteristics fall within the stated
operational envelope of these emerging turbine technologies.

4. Conclusions and future work

This study aimed to assess the accuracy of the FES2014c data as-
similation model by comparing it with ADCP measurements at various
tidal sites in remote, off-grid regions of the northern Atlantic Ocean,
including the FoW in the Orkney Islands, Scotland, and the Canadian
Archipelago through the Nares Strait. These evaluations supported
identifying tidal sites that could meet the energy needs of remote areas
in Nunavut, Canada. The main findings of this work are outlined below:

» According to this analysis, it was found that FES can provide
accurate flow characteristics such as flow velocities and tidal
phase shift when its use is limited to regions with water depths
higher than 40 m.

The amplitude ratio is, however, affected by the bathymetry. It
was noted that in areas with low-resolution data, the accuracy of
the amplitude ratio decreases, which impacts the interpretation
of ocean dynamics.

Traditional metrics such as the correlation coefficient, RMSE,
and R? may suggest strong model agreement; however, they
are not sufficient to evaluate performance reliably. This study
demonstrates that additional metrics can reveal limitations that
remain hidden when relying solely on common statistics. There-
fore, a multi-metric evaluation approach is essential for an overall
picture of the model.

This research also highlights the need to validate regional con-
ditions when applying global data assimilation models such as
FES2014c. The comparison between Canada and FoW shows that,
particularly under low-velocity conditions, a multi-metric ap-
proach exposes relevant differences between the eastward and
northward tidal components that are not identified when only
traditional metrics are applied.
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Fig. 8. Capacity factor and Annual energy production for tidal stream in the selected zones.

Table 12
Site assessment and recommendations by zone.
Parameters Zone 1 Zone 2 Zone 3
Iqaluit Kimmirut Naujaat 1 Naujaat 2 Naujaat 3 Igloolik Sanirajak
Site None Tidal, Rivgen-25 kW, Tidal, Rivgen-25 kW, Tidal, Rivgen-25 kW, 29%, Both, 0.5 MW, 38% and None None
recommendation 20%, 45.3 MWh 29%, 64.2 MWh 64.6 MWh Tocardo42 kW, 28% -

1791. 8 MWh (Combined
Tidal + Wind)

Bathymetry 47 286 158 91 41 6 19
(metres)
+ Although the model demonstrates strong temporal skill for both refinement. Future work will apply local calibration or downscal-
validation cases in Scotland and Canada, the magnitude bias iden- ing factors to improve accuracy and strengthen the reliability of
tified through the RMSE analysis highlights the need for further threshold-based site classification.
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This analysis provided valuable insights to support the development
and implementation of renewable energy projects in Nunavut areas,
with specific recommendations for the following sites:

For the selected locations of Kimmirut and Naujaat (sites 1 and 2),
offshore wind energy was not chosen due to deep waters (>50 m)
and calculated capacity factors of less than 30%.

The results suggest that Kimmirut and three sites at the Naujaat
area are suitable to locate tidal stream turbines such as the
Rivgen25kW and Tocardo 42 kW, with a capacity factor ranging
from 20%-29%, and an annual energy production (AEP) between
45.3 MWh (Kimmirut) and 1791.8 MWh (combined tidal and
wind AEP for Site 3 at Naujaat).

Site 3 in Naujaat was identified as a suitable location for the
deployment of both tidal and offshore wind energy, with capacity
factors of 28% and 38%, respectively. The combined annual
energy production was estimated at approximately 1791.8 MWh.
Other areas suggested for further exploration, due to their poten-
tial for wind and tidal stream energy based on MERACAN atlas,
including Cape Dorset, Kinngait, Rankin Inlet, and Chesterfield
Inlet. Moreover, this methodology could be replicated in other
regions dependent on fossil fuels or reliant on hydraulic systems,
such as tropical areas, even where tidal stream and wind veloci-
ties are lower and access to field data is limited, as was done in
this investigation.

The navigational, environmental, or socio-economic constraints
are present in the area; we acknowledge that these factors will
ultimately influence the practical developability of the identified
sites for maritime spatial planning. However, a techno-economic
evaluation and marine spatial planning analysis were not in-
cluded in the present study, but represent important next steps
for future research to determine the deployment and site prioriti-
sation.
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