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Abstract

Offshore wind development in the Binh Thuan-Phu Quy offshore domain requires regional,
multi-variable preliminary metocean screening that extends beyond wind-resource map-
ping alone. This study presents a 32-year integrated wind-wave-bathymetry screening
of four representative offshore wind sites in the Binh Thuan-Phu Quy offshore domain,
Vietnam, using hourly ERAS reanalysis data (1993-2024) and GEBCO 2025 bathymetry. The
sites span four water-depth classes: shallow nearshore (BT01, 27 m), bottom-fixed (BT02,
49 m), transitional (BT03, 81 m), and floating-suitable (BT04, 161 m). For the IEA Wind
15 MW reference turbine at 150 m hub height, mean wind speed increases from 7.71 ms~!
at BTO1 to 9.75 ms~! at BT04, gross single-turbine capacity factor from 46.7% to 62.2%, and
gross annual energy production from 61.4 to 81.7 GWhyr~!. Along the selected BT01-BT04
sequence, mean significant wave height increases from 1.06 m to 1.49 m, with P95 H; rising
from 2.15 to 3.27 m. The northeast monsoon (November—March) dominates both wind
and wave energy at all sites, whereas the mildest sea states occur during the April-May
transition months. These conditions identify April-May as having the lowest monthly
mean sea states; monthly means alone do not define operational weather windows. Inter-
annual variability of annual gross capacity factor is moderate, with coefficients of variation
of 9.8-10.2%. The integrated screening matrix shows that wind resource, energy yield,
water depth, and wave exposure increase together along the selected four-site sequence,
without implying a causal depth relationship or a domain-wide trend: the highest-yield
site requires a floating substructure under the most exposed conditions, whereas the most
benign site yields the least energy. All reported values are gross, reanalysis-based screening
indicators rather than bankable resource estimates. From a sustainability perspective, the
framework supports balanced early-stage planning by considering energy yield together
with depth and marine exposure, while its open, long-term datasets provide reproducible,
comparatively low-cost decision support for data-scarce emerging offshore wind markets.
It does not quantify lifecycle, ecological, social, or economic sustainability.

Sustainability 2026, 18, 7971

https:/ /doi.org/10.3390/su18157971


https://crossmark.crossref.org/dialog?doi=10.3390/su18157971&domain=pdf&date_stamp=2026-08-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3853-2059
https://orcid.org/0000-0002-8026-3761
https://doi.org/10.3390/su18157971

Sustainability 2026, 18, 7971

2 of 24

Keywords: offshore wind resource; metocean screening; ERA5 reanalysis; wave climate;
monsoon seasonality; sustainable offshore wind planning

1. Introduction

Offshore wind has moved from a niche technology to a mainstream component of
global power-system decarbonization. According to the Global Wind Energy Council,
cumulative installed offshore wind capacity worldwide reached approximately 75 GW
by the end of 2023, with deployment increasingly extending beyond the North Sea into
East and Southeast Asian waters [1-3]. This expansion has been accompanied by rapid
turbine upscaling: commercial offshore turbines in the 14-16 MW class are now entering
service, and openly documented reference designs such as the International Energy Agency
(IEA) Wind 15 MW and 22 MW turbines provide common benchmarks for resource and
design studies [4-6]. Because individual projects now represent multi-billion-dollar capital
commitments, robust early-stage characterization of the offshore environment has become
a prerequisite for project planning, and long-term hourly metocean databases—covering
wind resource, wave climate, and bathymetry—are routinely required to support site
screening, gross energy-yield estimation, foundation-type selection, and project prepara-
tion [1,7].

Reliable offshore wind resource characterization rests on a small set of interrelated
metrics. Mean wind speed and its vertical extrapolation to hub height [8], wind power
density (WPD), and turbine-specific capacity factor (CF) jointly determine gross energy
yield, while the two-parameter Weibull distribution remains the standard statistical model
for the wind-speed frequency distribution in energy applications [9,10]. Equally important
are the temporal dimensions of the resource: monsoon-driven seasonality controls the intra-
annual distribution of production, and interannual variability of the wind climate translates
directly into uncertainty in annual energy production (AEP) and project revenue [11]. Cap-
turing these low-frequency signals requires records substantially longer than the few years
typically available from measurement campaigns or limited-period mesoscale simulations;
multi-decadal assessments, such as the 55-year analysis of the southern Chinese coast by
Wen et al. [12], have demonstrated the value of long records in constraining interannual
and decadal variability. In practice, atmospheric reanalyses—and the fifth-generation
reanalysis of the European Center for Medium-Range Weather Forecasts (ECMWEF), ERAS,
in particular [13,14]—have become widely used as a basis for such long-term assessments,
offering consistent hourly wind and wave fields over several decades, with documented
skill and known limitations for wind-energy applications [15,16].

Wind-only assessments are nevertheless insufficient for offshore wind development
decisions. Water depth determines the applicable foundation technology—monopile, jacket,
or floating substructure—and exerts a dominant influence on capital cost, with floating
concepts required beyond roughly 60-80 m depth at substantially higher present-day
cost [7,17,18]. The wave climate governs structural loading, installation and access condi-
tions, vessel accessibility, and the fraction of time during which operation and maintenance
activities can be performed; significant wave height and wave period, therefore, enter
directly into logistics planning and availability estimates. Long-term ERA5-based wave
climatologies for the broader region show pronounced monsoonal modulation of the
wave field [19], implying that the seasons of highest energy production may coincide
with the most restricted marine access. Recognizing these couplings, recent site-selection
frameworks explicitly combine wind resource with water depth, wave exposure, and other
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spatial constraints in multi-criteria analyses [20-22]. An integrated wind-wave-bathymetry
perspective is, therefore, a minimum requirement for meaningful early-stage screening.

Sustainable offshore wind development requires more than maximizing wind speed
or energy yield. Water depth, indicative foundation demand, wave exposure, installation
constraints, marine access, and maintenance conditions should be considered early so that
limited survey and planning resources are not directed toward poorly matched locations.
Integrated open-data screening can support transparent and resource-efficient prioritization
in data-scarce markets, while remaining only a precursor to environmental, socio-economic,
lifecycle, techno-economic, and marine-spatial assessments.

Vietnam has been widely identified as a promising offshore wind market in Southeast
Asia, owing to its long coastline, monsoon-driven wind climate, and extensive shallow-
to-deep offshore areas suited to a range of bottom-fixed and floating technologies [2,3,7].
National power planning—the Power Development Plan VIII (PDP8) and its 2025 revision—
provides policy motivation for offshore wind development in Vietnam, setting national
ambitions of tens of gigawatts of installed capacity over the coming decades [23,24]; such
planning targets, however, do not by themselves supply the regional metocean evidence
that early-stage project screening requires. Within Vietnamese waters, the south-central
offshore region—particularly the offshore waters of the former Binh Thuan coastal re-
gion and the waters surrounding Phu Quy Island—has been repeatedly identified in the
scientific literature as a promising area for early commercial-scale development, owing
to consistent monsoonal winds, a moderate continental-shelf gradient, and proximity to
major load centers in southern Vietnam [25-28]. A growing body of studies underpins
this assessment, but each addresses only part of the information required for site screen-
ing. Using 10 km Weather Research and Forecasting (WRF) simulations validated against
observations from Phu Quy Island and other coastal locations, Doan et al. [25] reported
very high offshore wind speeds near Phu Quy Island; however, the study was limited
to a comparatively short simulation period and considered wind only. Numerical sim-
ulation of the offshore wind potential along the southern coast is further described by
Doan et al. [29] with a similar wind-only scope. At the national level, Quang et al. [26]
applied cross-calibrated multi-platform satellite winds with an 8 MW reference turbine,
and Tuy et al. [27] combined WRF downscaling with Sentinel-1 satellite-derived winds to
map optimal sites and estimate annual energy production; both provide valuable national-
scale zoning but operate at coarse spatial granularity relative to project needs, rely on
now-superseded turbine classes, and include neither wave climate nor bathymetric charac-
terization. Regional climate-projection studies [30,31] address future resource evolution
rather than present-day engineering screening. Most recently, a 3 km WRF-based national
atlas [28] quantified theoretical and technical offshore wind potential, yet remains a wind-
resource product without integrated wave or foundation-depth information. Wave-energy
studies for the central Viethamese coast [32] treat the wave field in isolation from wind
development. In summary, the existing literature is characterized by limited temporal
coverage, national rather than representative-coordinate focus, wind-only assessment,
and the limited integration of wave and bathymetric information within a single integrated
regional screening framework.

Consequently, although several studies have investigated offshore wind resources in
Vietnamese waters, a multi-decadal, development-oriented database that integrates wind
resource, wave climate, and bathymetric characteristics at representative engineering sites
in the Binh Thuan-Phu Quy offshore domain remains unavailable in the peer-reviewed
literature—particularly one referenced to a current-generation 15 MW turbine and modern
global bathymetry.
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This study addresses that gap. Specifically, it aims to: (i) develop a long-term
(1993-2024) hourly offshore wind and wave database for the Binh Thuan-Phu Quy offshore
domain from ERAS5 reanalysis [13]; (ii) characterize the spatial and temporal variation of
wind speed, wind power density, significant wave height, and peak wave period across
the domain, including monsoon seasonality and interannual variability; (iii) evaluate four
representative offshore locations spanning shallow, bottom-fixed, transitional, and floating
depth classes—characterizing the wind-speed distribution through Weibull statistics and
wind roses, and computing gross CF directly from the hourly time series with the power
curve of the IEA Wind 15 MW reference turbine [4], with sensitivity to selected reference
turbine sizes [5,33,34] and (iv) integrate wind resource, wave climate, and 2025 bathymetry
from the General Bathymetric Chart of the Oceans (GEBCO) [35] into a metocean screening
matrix that links water depth to indicative foundation classes and supports early-stage
prioritization of development areas.

This study does not introduce a new analytical method: the wind- and wave-resource
metrics, Weibull fitting, and gross capacity-factor calculations all follow established, widely
used approaches. Its contribution is an integrated, regional, long-term wind-wave-
bathymetry preliminary screening workflow, applied consistently across four representative
depth classes in the Binh Thuan-Phu Quy offshore domain—a data-scarce setting in which
wind, wave, and bathymetric information have rarely been brought together within a
single representative-coordinate assessment. Beyond its immediate use for offshore wind
planning and site screening in one of Vietnam's priority development regions, the resulting
database and screening workflow provide a basis for subsequent, more detailed studies on
extreme metocean conditions and environmental contours, wind—-wave—current misalign-
ment, wake effects and farm-level energy yield, and marine spatial planning. The study
deliberately does not perform extreme-value analysis, ocean-current characterization, en-
vironmental contour estimation, or formal design-load-case development following the
standards of the International Electrotechnical Commission (IEC) for fixed and floating
offshore wind systems [36,37]; these remain necessary follow-up steps for any site pro-
gressing beyond the early-stage, screening-level assessment presented here (Section 4).
Its sustainability contribution is, therefore, limited to transparent, resource-efficient early
decision support: the screening matrix exposes yield—depth—exposure trade-offs but does
not measure sustainability outcomes.

The paper is organized as follows. Section 2 describes the study domain, data sources,
and analytical methodology. Section 3 presents results for each objective. Section 4 discusses
the scientific contribution, key trade-offs, and limitations of the screening. Section 5
summarizes the main findings.

2. Data and Methods
2.1. Study Area and Representative Screening Sites

The study domain extends from 9.5 to 11.5° N and 108.2 to 109.6° E across the Binh
Thuan-Phu Quy offshore region, encompassing the offshore waters between the south-
central mainland coast and Phu Quy Island (Figure 1). The domain covers an area of
approximately 220 km x 155 km, spanning the inner continental shelf adjacent to the
mainland coast, the waters surrounding Phu Quy Island, and the transition to intermediate-
depth offshore waters. The atmospheric and oceanographic conditions of the domain
are dominated by the East Asian monsoon system, alternating between a northeast (NE)
monsoon phase during boreal winter and a southwest (SW) monsoon phase during boreal
summer, with transition periods of shifting or weakened winds [38,39].

Four representative screening sites were selected to span a depth gradient from the
inner continental shelf to waters suitable for floating offshore wind (Table 1):
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e BTO01 —10.75° N, 108.35° E; water depth 27 m; shallow nearshore depth class.
e BT02—10.15° N, 108.30° E; water depth 49 m; bottom-fixed depth class.

e BT03—9.95° N, 108.70° E; water depth 81 m; transitional depth class.

e BT04—10.40° N, 109.30° E; water depth 161 m; floating-suitable depth class.

Table 1. Representative screening sites and GEBCO 2025 water depth. Sites were selected to span
four foundation-class depth bands. BT02 and BT03 map to the same nearest ERA5 0.5° wave grid cell;
wave statistics at all four sites are obtained by bilinear interpolation over the surrounding valid (non-
land-masked) ocean grid cells to provide coordinate-specific estimates (Section 2.7); interpolation
does not increase ERA5’s native resolution. Phu Quy Island is a geographic reference location for the
domain; its meteorological station data are not used in this study.

Site Lat(°N) Lon(°E) Role Depth (m) Depth Class

BTO1 10.75 108.35 Shallow nearshore 27 Shallow (<30 m)

BT02 10.15 108.30 Bottom-fixed offshore 49 Bottom-fixed (30-60 m)
BT03 9.95 108.70 Transitional depth 81 Transitional (60-100 m)
BT04 10.40 109.30 Floating-suitable 161 Floating (>100 m)

Phu Quy  10.52 108.93 Geographic reference ~ Not applicable  Island

Study area and representative screening sites

22°N 4

r 1000

18°N 4

o

14°N r —1000

East Viet Nam Sea
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GEBCO elevation (m; negative below mean sea level)
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Figure 1. Study domain and bathymetry. (a) Regional map showing the location of the Binh Thuan—
Phu Quy offshore domain off the south-central coast of Vietnam; the red rectangle marks the detailed
study area. (b) Zoomed bathymetric map of the study area based on GEBCO 2025, showing the four
representative screening sites BT01-BT04 and Phu Quy Island as a geographic reference. Contour
lines at 30, 60, and 100 m indicate indicative foundation-depth classes. Negative elevation values
represent water depth below mean sea level.

Sites were positioned to fall within the ERA5 wind analysis bounding box, to avoid
land-contaminated ERA5 wave cells where possible, and to span the spatial and bathymetric
gradient from nearshore to open-ocean offshore conditions. The selection was constrained
to representative points located within broad, locally coherent bathymetric zones rather
than isolated seabed features, so that the extracted GEBCO depth is indicative of the
surrounding depth class rather than a single grid-cell anomaly. At the native 0.5° ERA5
wave grid resolution, BT02 and BT03 fall in the same nearest wave grid cell; wave statistics
for all four sites are, therefore, obtained by bilinear interpolation over the surrounding valid
ocean grid cells (Section 2.7) rather than simple nearest-cell snapping. These are coordinate-
specific estimates from the native coarse field, not resolved local conditions. The Phu Quy
Island location (10.52° N, 108.93° E) is shown as a geographic reference on the study domain
map (Figure 1); it is not a development screening site, and station observations from this
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location are not used in this study. These sites are designated representative screening sites;
they do not constitute a final site selection.

2.2. ERAS5 Reanalysis Data

Wind and wave data were sourced from the ERA5 global atmospheric reanalysis [13],
produced by ECMWF under the Copernicus Climate Change Service (C3S). ERAS provides
hourly estimates of atmospheric and ocean-wave variables with native horizontal resolution
of approximately 31 km; single-level products are distributed on regular grids of 0.25°
(atmosphere) and 0.5° (waves). Although the complete ERA5 record extends from 1940
to the present [14,40], this study uses the period 1 January 1993 to 31 December 2024—a
continuous hourly record of 32 years—to ensure consistency with the post-1993 era of
comprehensive satellite ocean-altimeter data assimilation.

The following ERAS5 variables were extracted over the full study domain and at each
representative screening site:

*  Zonal (uqg, u190) and meridional (v19, v199) wind components at 10 m and 100 m above
the surface (0.25° grid; hourly; 1993-2024).

*  Significant wave height (Hs), peak spectral wave period (Tp,), mean wave period (Tm),
and mean wave direction (MWD) (0.5° grid; hourly; 1993-2024).

The data sources are summarized in Table 2.

Table 2. Data sources used in this study. NREL: National Renewable Energy Laboratory; DTU:
Technical University of Denmark; IEA: International Energy Agency.

Dataset Variables Resolution Period Source

ERAD5 atmosphere U10, V10, 4100, U100 0.25°, hourly 1993-2024 ECMWF

ERA5 waves Hs, Tp (ppld), Tm (mwp), MWD  0.5°, hourly 1993-2024 ECMWF

GEBCO bathymetry Elevation 15 arc-sec Static GEBCO 2025
Power curves P(V),5/10/15/22 MW Not applicable Not applicable NREL; DTU/IEA

ERAS5 has been widely evaluated against in-situ wind and wave measurements and
is commonly used for offshore energy screening studies [15,16]. In an evaluation us-
ing regional buoy observations, Wang and Wang [41] reported correlation coefficients of
0.87-0.93 between ERAS significant wave heights and in-situ buoy data. These published
evaluations support the use of ERA5 for preliminary screening, but they do not replace
site-specific validation. The uncertainty of ERA5-derived hub-height wind speeds in this
domain, and the interpretation of published WRF validation results near island stations,
are discussed in Section 4.5.

Wind speed magnitude at each reference height is computed as follows:

Vio(t) = \/ u%o(t) + v%o(t)r Vioo(t) = \V ”%oo(t) + v%oo(t) 1)

Wind direction (meteorological convention: direction from which the wind blows,
measured clockwise from north) is computed from the ERA5 10 m wind components
as follows:

0(t) = [atanZ(—um(t), —v10(t)) - ? + 360] mod 360° )

The same meteorological-direction convention and equation were applied to 1199 and
v100 when 100 m wind directions were required for the seasonal classification.

2.3. GEBCO 2025 Bathymetry

Bathymetric information is taken from the GEBCO 2025 grid, produced by the Nippon
Foundation—-GEBCO Seabed 2030 Project [35]. The GEBCO 2025 grid provides a continu-
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ous global terrain model on a 15 arc-second (/=460 m at the equator) latitude-longitude
grid. For this study, the GEBCO 2025 data are subset to the bounding box 9.0-12.0° N,
107.75-110.0° E (wider than the ERA5 analysis domain to avoid edge effects in visualiza-
tion). The bathymetry is used: (i) to determine the representative water depth at each
screening site; (ii) to support spatial visualization of the depth environment alongside wind
and wave resource maps (Figure 1) and (iii) to contextualize each site within a depth class
relevant to foundation technology. Water depths at the four screening sites are taken from
the GEBCO 2025 grid at the exact site coordinates (Table 1).

2.4. Wind Speed, Wind Direction, and Hub-Height Extrapolation

Hub-height wind speed at each screening site was derived from ERA5 wind compo-
nents in two steps. First, a time-varying power-law shear exponent was computed at each
site from hourly ERA5 wind speeds at 10 m and 100 m:

_ InfVigo(#) / Vao(#)]

a(t) In(100/10) ®)

Values of o were quality-controlled by excluding time steps where Vjg or Vg9 were
below 0.5 ms ™!, and by replacing a values outside the range [—0.20, 0.60] with the monthly
median value at the same site. Site-specific time-varying a« values are used rather than a
fixed constant, following the global analysis of Jung and Schindler [8]. Second, hub-height
wind speed for turbine hub height H was computed as follows:

o\
Vhao (£) = Vioo(t) (100) (4)
For the IEA Wind 15 MW reference turbine (hub height 150 m), H = 150 m. Hub
heights for the sensitivity turbines are NREL 5 MW: 90 m; DTU/IEA 10 MW: 119 m; and
IEA 22 MW: 170 m. This extrapolation is an ERA5-based, coordinate-specific power-law
approximation for screening purposes; it is not an IEC-compliant power-performance
measurement and does not resolve local stability, turbulence, or mesoscale coastal effects.
Alpha QC diagnostics were tabulated annually, by calendar month, and by season,
including the fractions with Vig < 0.5ms™!, Vjgg < 0.5ms~!, & < —0.20, & > 0.60, and the
total fraction replaced. Four extrapolation cases were compared: (A) the baseline hourly
alpha with bounds [—0.20,0.60] and monthly-median replacement; (B) fixed a = 0.10;
(C) fixed « = 1/7 and (D) hourly alpha with alternative bounds [—0.10,0.40] and the same
replacement logic. For each case and coordinate, mean wind at 150 and 170 m and gross
CF/AEP for the IEA 15 and 22 MW references were recomputed. These cases quantify
sensitivity to the extrapolation method; they are not probabilistic confidence intervals.

2.5. Weibull Distribution and Wind Power Density

A two-parameter Weibull probability density function was fitted to the hub-height
wind speed time series at each site using maximum-likelihood estimation with the location
parameter fixed at zero [9,10]:

fi = E(2)" o] (2 >

where v is wind speed (ms~!), k is the dimensionless shape parameter, and c is the scale
parameter (m s 1.
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WPD was computed from the hourly hub-height wind speed time series as follows:
1 73
WPDys = 5P Vb (6)

and from the fitted Weibull distribution as follows:

WPDy = %pc?’ F(l + i) @)
where p = 1.225 kg m 2 is standard air density and I is the gamma function. The Weibull-
based estimate (Equation (7)) serves only as an internal cross-check on the quality of the
distributional fit. All WPD values reported in this paper are computed directly from the
hourly time series (Equation (6)), and all energy calculations (Section 2.6) operate on the
hourly hub-height wind speed time series with turbine power curves; the fitted Weibull
distribution is not used in any energy computation.

2.6. Turbine Power Curves and Gross AEP/CF Calculation

Hourly gross power output was computed by linearly interpolating hub-height wind
speed against the published power curve P(V) of each reference turbine. For wind speeds
below cut-in and above cut-out, turbine power was set to zero; between tabulated power-
curve points, linear interpolation was applied, and power was capped at the rated value
where applicable. Four power curves were used:

e NREL 5 MW, hub height 90 m [33]

e DTU/IEA 10 MW reference turbine, hub height 119 m [34]

e JEA Wind 15 MW, hub height 150 m [4]—manuscript baseline
e JEA Wind 22 MW, hub height 170 m [5]

Gross AEP and gross single-turbine CF were computed from the full ERA5 record

as follows:
Z P Vhub (£:)] At
p="<V T , AEPpean = P (8760 hyr 1), )
i
icy
P AEP
CFgross = = een ©9)

Prated B Prated (8760 hyr_l) ‘

Here, V is the set of valid hourly samples, At; = 1 h, and Pyateq is the turbine rated
power (MW). Mean power P is calculated from all valid hourly records and is normalized
to 8760 hyr~! to obtain mean annual AEP. Hours from leap years, therefore, contribute
valid samples to the long-term mean power but do not increase the fixed 8760 h annual
normalization. All capacity factors reported in this paper are gross, single-turbine values.
They exclude wake losses, electrical transmission losses, turbine availability derating,
curtailment, and long-term degradation. They represent an upper-bound, resource-based
indicator for a single turbine; they are not estimates of wind-farm-level output.

2.7. ERA5 Wave Data and Land-Masking

ERA5 wave fields are computed on a 0.5° grid. In this coastal domain, nearest-grid-
point extraction is sensitive to the ERA5 wave land-sea mask, and BT02 and BT03 share the
same nearest valid ocean grid cell (10.2° N, 108.5° E). Simple nearest-valid-cell snapping
would, therefore, assign identical wave statistics to BT02 and BT03 and cannot establish
a local site-to-site wave gradient. For the baseline, wave statistics at each coordinate are
obtained by bilinear interpolation over the surrounding 0.5° grid cells: land-masked corner
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cells (all-NaN) are dropped and the remaining bilinear weights are renormalized among
the valid ocean corners. Where all four surrounding cells are land-masked, the nearest valid
ocean cell is used instead. A dedicated quality-control comparison also evaluated nearest-
valid-cell and inverse-distance weighting over valid surrounding corners. Nearest extrac-
tion assigns identical statistics to BT02 and BT03, whereas bilinear and inverse-distance
estimates differ; consequently, their separation is extraction-method dependent, not re-
solved island sheltering or refraction. Interpolation provides coordinate-specific estimates
from the native coarse field and cannot resolve local island sheltering, coastal refraction,
or bathymetric wave transformation. For transparency, the four enclosing grid coordinates,
land /ocean validity, corner mean and P95 Hg, original bilinear weights, and weights renor-
malized after land masking were retained. Three extraction methods were compared: the
nearest valid ocean cell; masked bilinear interpolation and inverse-distance weighting of
valid enclosing ocean cells, using inverse squared coordinate distance. Method-dependent
ranges and rank changes were reported rather than selecting the method that produced a
desired site separation. The peak spectral wave period (T,, ERA5 variable pp1d) is used at
all four sites; the mean wave period (T, ERA5 variable mwp) would be used as a fallback at
any site where pp1d is entirely missing (all-NalN) across the interpolated cells, but this did
not occur for any of the four sites under bilinear interpolation.

Wave statistics reported include the following: long-term mean H, 95th-percentile H;
(P95 H;), maximum Hg, mean peak or mean wave period, MWD, and interannual coefficient
of variation (COV) of annual mean Hs. The 95th-percentile H; is a long-term climate
indicator derived from the full 1993-2024 record. It is not an extreme design condition;
estimation of return-period wave heights requires separate extreme-value analysis and is
reserved for follow-up studies.

2.8. Monsoon Seasonality and Interannual Variability

A data-driven seasonal classification was adopted based on monthly circular wind-
direction statistics derived from hourly ERA5 wind data at the four screening sites over
1993-2024. For each calendar month and site, the circular mean meteorological wind
direction and resultant vector length R € [0, 1] were computed from ERA5 100 m wind
components using the convention in Equation (2). Months were grouped according to the
combination of mean direction sector and directional persistence observed consistently
across the four sites. November-March showed persistent northeasterly flow and were
classified as the NE monsoon; June-September showed persistent southwesterly to west-
southwesterly flow and were classified as the SW monsoon; April, May, and October
showed weaker or shifting directional persistence and were classified as transition months.
The BT04 resultant lengths provide an offshore reference example of this separation, with
R > 0.80 during the core NE monsoon, R > 0.71 during the SW monsoon, and R < 0.55
during transition months. This classification yields the following:

¢ NE monsoon: November-March (months 11, 12, 1, 2, 3)
*  SW monsoon: June-September (months 6, 7, 8, 9)
e  Transition: April, May, and October (months 4, 5, 10)

The classification derivation and its site-specific justification are presented in
Section 3.5. Monthly climatologies of hub-height wind speed, gross capacity factor,
and significant wave height were computed by averaging across all 32 years of the
1993-2024 record. Seasonal statistics were computed by aggregating hourly ERA5 data
within each season. For annual statistics, an enforced threshold of at least 8000 valid
hourly records per calendar year was applied. For monthly statistics, each year-month
was required to contain at least 75% of its expected hourly records. Periods below either
threshold were retained in the completeness records and explicitly flagged and masked
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from the corresponding aggregate, rather than being silently dropped. All site-years and
site-year-months in the 1993-2024 analysis satisfied these thresholds.
Interannual variability was characterized by COV of annual means, computed
as follows:
CcoV = Jannual 1000, (10)

Hannual

where 0,nya1 1S the interannual standard deviation of annual means and #pnyq is the long-
term mean of those annual values. COV was computed for annual mean hub-height wind
speed, annual gross CF, annual wind power density, and annual mean H; at each site over
the 32-year ERAS record. Monotonic trends were tested using the two-sided Mann-Kendall
statistic, with Sen’s slope and its 95% confidence interval. Pettitt’s rank-based test was used
to screen for a single change point. Significance was assessed at « = 0.05. These diagnostics
are distinct from COV: COV measures interannual dispersion, whereas the tests address
monotonic change and an abrupt distributional shift, respectively.

2.9. Integrated Metocean Screening Framework

The final step of the workflow combines the outputs above into a compact integrated
metocean screening matrix for sites BT01-BT04. Each site is characterized by water depth
and indicative foundation class, long-term mean hub-height wind speed, gross capacity
factor IEA 15 MW baseline), interannual dispersion of production (COV of gross CF),
and mean and 95th-percentile Hs. The screening matrix supports early-stage engineering
prioritization. It does not constitute a final site selection and does not claim bankable
resource estimates or design-ready metocean conditions. All computations were performed
in Python 3.11.9 using xarray, NumPy, SciPy, pandas, matplotlib, and cartopy, with
inputs drawn from publicly available ERA5 [13] and GEBCO 2025 [35].

2.10. Combined Screening-Sensitivity Framework

The four wind-extrapolation cases were cross-compared with the three wave-extraction
methods at each coordinate. The assessment reports ranges of mean Vj,, gross 15 MW
CF and AEP, mean and P95 H, together with separate wind-resource and wave-exposure
ranks. Rank invariance and BT02-BT03 order exchanges were checked explicitly. No
weighted multi-criteria score was introduced, and the resulting method-based ranges are
not presented as a formal total uncertainty budget.

3. Results
3.1. Study Domain and Bathymetry

Across the Binh Thuan-Phu Quy offshore domain, bathymetry shows a systematic
depth gradient from the inner shelf to deeper offshore waters (Figure 1). GEBCO 2025
bathymetry confirms water depths of 27 m (BT01), 49 m (BT02), 81 m (BT03), and 161 m
(BT04) at the four representative screening sites (Table 1), spanning four distinct foundation-
class categories: shallow (<30 m), bottom-fixed (30-60 m), transitional (60-100 m), and
floating-suitable (>100 m). The four sites, therefore, provide a representative depth-gradient
sequence from shallow nearshore to floating-depth conditions within the same regional
wind-wave setting. This sequence allows first-order comparisons of wind resource, wave
exposure, gross energy yield, and foundation-depth implications across depth classes,
while recognizing that the sites are screening points rather than an optimized develop-
ment transect.

3.2. Spatial Wind Resource at Hub Height

Mean hub-height wind speed at 150 m increases along the selected BT01-BT04 se-
quence, from 7.71 ms~! (BT01, 27 m) to 9.75 ms~! (BT04, 161 m; Table 3; Figure 2),
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with BT02 (9.04 ms™') and BT03 (9.30 ms~!) at intermediate depths. This pattern is
reported as co-variation across the selected coordinates and is not interpreted as an in-
dependent effect of water depth, distance from shore, or coastal exposure. Wind power
density (WPD) at 150 m, computed directly from the hourly time series (Equation (6)),
follows the same gradient, from 452.6 Wm~2 (BT01) to 957.5 Wm™~2 (BT04). Weibull
maximum-likelihood fits yield shape parameters k = 2.18-2.34 and scale parameters
¢ = 8.67-10.98 ms~! (Table 3); these fitted parameters characterize the wind-speed distri-
bution and serve as a distributional cross-check only—all WPD, AEP, and CF values in this
paper are computed directly from the hourly time series (Section 2.6). Mean time-varying
power-law shear exponents (& = 0.056-0.076) decrease with distance from shore, consistent
with the reduced influence of coastal surface roughness over deeper open-ocean water;
these exponents are ERA5-derived, screening-level estimates and are not interpreted further
in terms of local boundary-layer stability.

Table 3. Wind resource statistics and gross single-turbine energy yield for the IEA Wind 15 MW
reference turbine (hub height 150 m, rated power 15 MW). WPD, AEP, and CF are computed directly
from the hourly hub-height time series (Equations (6) and (8)); Weibull k and ¢ are distributional fit
parameters reported for reference. All CF and AEP values are gross (no wake, electrical, or availability
losses). COV = interannual coefficient of variation of annual gross CF.

Site thb k c WPD AEP CF COVCF
(ms™1) (ms™1) Wm~2)  (GWhyr 1) (%) (%)
BTO01 7.71 2.34 8.67 452.6 61.4 46.70 10.23
BT02 9.04 2.28 10.19 748.5 75.6 57.52 9.88
BT03 9.30 2.18 10.48 843.2 77.0 58.56 10.18
BT04 9.75 2.21 10.98 957.5 81.7 62.20 9.83

(a) Mean hub-height wind speed (150.0 m) (b) Mean wind power density (150.0 m)
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Figure 2. Climatological mean hub-height (150 m) wind speed over the study domain (1993-2024),
derived by coordinate-specific power-law extrapolation from ERA5 10 m and 100 m wind components.
Open nodes and cell boundaries show the native 0.25° atmospheric grid; symbols indicate the
representative coordinates. The continuous display is visual interpolation and does not imply finer
physical resolution. Mean hub-height wind speeds at BT01-BT04 are 7.71, 9.04, 9.30, and 9.75 m s 1
respectively, (Table 3).

3.3. Gross Energy Yield: IEA 15 MW Baseline

Gross single-turbine AEP (IEA Wind 15 MW; hub height 150 m) increases along the
selected sequence, from 61.4 GWhyr~! (BT01) to 81.7 GWhyr~! (BT04; Table 3). Gross
single-turbine capacity factor likewise increases along this sequence from 46.70% (BT01)
through 57.52% (BT02) and 58.56% (BTO03) to 62.20% (BT04). This CF and AEP gradient
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directly follows the hub-height wind-resource gradient of Section 3.2. Notably, BT02 and
BTO03 differ by only about one percentage point in gross CF and 1.4 GWhyr~! in gross AEP
despite belonging to different depth classes (49 m bottom-fixed versus 81 m transitional)—a
contrast with direct screening implications that is taken up in Section 3.9. Monthly gross
CF profiles (Figure 3) show a clear northeast monsoon peak at all sites. Interannual COV of
gross single-turbine CF is 9.8-10.2% (Table 3). All values are gross, single-turbine indicators;
loss mechanisms and their interpretation are addressed in Section 4.

Monthly gross capacity factor — IEA 15 MW reference turbine

A -8— BTO01 NE: Nov-Mar 2
90 BT02 SW: Jun-Sep
—A— BTO03 Transition: Apr, May, Oct
-9- BT04

80 1

/

70 A ‘/
'Q,
—
60 A
o—

&
A,
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_ \\//
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Month

'@,

Gross capacity factor (%)
O ¢

Figure 3. Monthly gross single-turbine capacity factor at BT01-BT04 for the IEA Wind 15 MW
reference turbine (hub height 150 m), computed from ERA5 hourly hub-height wind speed over
1993-2024. Background shading indicates the NE monsoon (blue, November-March), SW monsoon
(red, June-September), and transition months (grey, April, May, October). Values are gross upper-
bound indicators (single turbine, no losses).

3.4. Wave Climate at the Representative Screening Sites

Mean significant wave height (Hs), derived from bilinear interpolation of ERA5 wave
fields to each coordinate, increases along the selected BT01-BT04 sequence from 1.06 m
at BT01 to 1.49 m at BT04 (Table 4; Figure 4). This pattern describes the values obtained
at the four selected coordinates and is not interpreted as a resolved regional or local
wave gradient. BT02 and BT03 share the same nearest valid ERA5 0.5°wave grid cell
(10.2° N, 108.5° E); nearest-valid-cell extraction would, therefore, have produced identical
wave statistics for these two sites and cannot resolve a local wave-gradient difference.
Bilinear interpolation over the surrounding valid-ocean grid cells instead produces distinct
coordinate-specific estimates for BT02 (mean Hs = 1.22 m) and BT03 (mean Hs = 1.39 m).
The 95th percentile of Hy (P95) ranges from 2.15 m (BT01) to 3.27 m (BT04). Maximum
recorded H; over the 1993-2024 period reaches 6.34 m at BT04; this is the largest hourly
ERADS value in the analysed record and should not be interpreted as an extreme return-
period estimate. Mean peak wave period also increases along the selected sequence,
from 5.96 s at BT01 to 6.86 s at BT04. Because the sites differ simultaneously in location,
exposure, and surrounding bathymetry, the present ERA5 analysis does not attribute this
variation to an individual physical mechanism. Taken together, the larger wave-climate
indicators at the more exposed coordinates have screening-level implications rather than
constituting quantified engineering or design results. Their effects on marine access,
station-keeping, and structural loading would need to be established through subsequent
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operability and design-stage assessments. P95 H; is used throughout as a climate-state
indicator; it is not a return-period design wave height. Interannual COV of annual mean
H; is 5.8-6.5%, indicating limited interannual dispersion on multi-year timescales.

Table 4. Wave climate statistics at the four representative screening sites (ERA5, 1993-2024), obtained
by bilinear interpolation of ERA5 wave fields to each site coordinate. Hs: mean significant wave
height; P95: 95th-percentile Hs; Hs max: maximum recorded Hs; Tp: mean peak spectral wave period;
NE Hg: NE monsoon mean (November-March); SW Hg: SW monsoon mean (June-September).
P95 H; is a climate-state indicator, not an extreme design value.

Site H P95 H, Hg max TP NE H, SW H;
(m) (m) (m) (s) (m) (m)
BT01 1.06 2.15 3.82 5.96 1.40 0.89
BT02 1.22 2.61 4.84 6.26 1.67 0.97
BTO03 1.39 3.08 591 6.65 1.92 1.07
BT04 1.49 3.27 6.34 6.86 2.03 1.19
(a) Mean Hs (b) P95 Hs
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Figure 4. Wave climate at the four representative screening sites (ERA5, 1993-2024, bilinear inter-
polation). Mean annual significant wave height (Hs) is 1.06, 1.22, 1.39, and 1.49 m at BT01-BT04,
respectively. P95 H; is a climate-state indicator; it is not an extreme structural design value. Native
0.5° wave nodes and cell boundaries are overlaid, with crosses for land-masked nodes. Interpolation
supplies coordinate-specific estimates from the coarse field and does not resolve island sheltering,
coastal refraction, or bathymetric wave transformation.

3.5. Monsoon Seasonality

Figure 5 shows the monthly circular mean meteorological wind direction and direc-
tional persistence (resultant length R) at all four sites over the ERA5 1993-2024 record.
The figure reveals a clear three-season structure at all sites. November to March are char-
acterized by persistent winds from the northeast sector (R > 0.80 at BT04), identifying
these months as the core northeast (NE) monsoon season. June to September are character-
ized by persistent winds from the southwest to west-southwest sector (R > 0.71 at BT04),
identifying these months as the southwest (SW) monsoon season. April, May, and Octo-
ber show substantially weaker directional persistence (R < 0.55 at BT04), with shifting
mean directions, and are, therefore, classified as transition months. This data-driven three-
season classification is consistent across all four sites and is used in all subsequent seasonal
analyses (Section 2.8).
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Monthly resultant wind direction at BTO1-BT04
Arrow direction: circular mean FROM direction; length proportional to resultant length x mean hub-height speed

Jan (NE) Feb (NE) Mar (NE)
N N N
NW NE NW NE NW NE
E
SwW SE Sw SE SwW SE
S S S
Apr (Transition) May (Transition) Jun (SW)
N N N
NW NE NW NE NW NE
E
SW SE Sw SE SwW SE
S S S
Jul (SW) Aug (SW) Sep (SW)
N N N
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Oct (Transition) Nov (NE) Dec (NE)
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m— BTO1 m— BTO03 NE: Nov-Mar Transition: Apr, May, Oct
BT02 === BT04 SW: Jun-Sep

Figure 5. Monthly resultant wind direction at BT01-BT04 based on ERA5 hourly wind data for
1993-2024. Arrow direction represents the circular mean meteorological wind direction (FROM
convention); arrow length is proportional to the product of resultant length R and mean hub-height
wind speed. A longer, more aligned arrow indicates stronger directional persistence. The figure
shows a persistent northeast monsoon regime from November to March, a southwest monsoon
regime from June to September, and transition conditions with weaker, shifting winds in April, May,
and October.

The NE monsoon (November—March) is the energetic season for both wind resource
and wave forcing: it dominates wind energy and wave conditions simultaneously at all sites.
Mean hub-height wind speed during the NE monsoon is Vj, = 9.15-12.02 ms~! across
BT01-BT04, versus Vi, = 7.52-9.32 ms—! during the SW monsoon (June-September),
a NE/SW ratio of 1.22-1.37 depending on site. Mean significant wave height during the
NE monsoon is 1.40-2.03 m versus 0.89-1.19 m during the SW monsoon, a NE/SW Hg
ratio of approximately 1.6-1.8 across the four sites (Table 4). At BT04, NE monsoon mean
H; = 2.03 m versus SW monsoon mean Hg = 1.19 m. The SW monsoon is, therefore,
markedly milder than the NE monsoon in both wind forcing and sea state. Transition
months (particularly April and May) exhibit the lowest wave heights of the year: mean
Hj at BT04 drops to 0.88 m in April and 0.77 m in May, below any SW monsoon month.
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These are candidate periods for subsequent threshold- and persistence-based operability
assessment; operability is not quantified here against vessel-specific access thresholds.
Figure 6 illustrates the seasonal wind-wave pattern at BT03 as a representative transitional-
depth site.

Monsoon wind and wave climatology at BT03 (1993-2024)
(a) Monthly wind speed at 150 m

(c) Wind rose at 150 m
N
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Figure 6. Monsoon wind and wave climatology at BT03, selected as a representative transitional-
depth site. Monthly mean hub-height wind speed, monthly mean significant wave height, wind rose,
and wave rose are computed from ERA5 data over 1993-2024. Bar colors indicate the NE monsoon
(blue, November-March), SW monsoon (red, June-September), and transition months (grey, April,
May, October), consistent with the data-driven seasonal classification described in Section 3.5. Wind
and wave roses use the meteorological “from” direction convention.

3.6. Method-Based Sensitivity of Wind and Wave Screening

The baseline alpha replacement fraction is 0.22-0.51% across BT01-BT04; no calendar
month required fallback beyond its site-specific monthly median. Across the bounded-
hourly baseline, fixed « = 0.10, fixed « = 1/7, and alternative [—0.10,0.40] bounded-hourly
cases, mean 150 m wind speed is 7.71-7.89, 9.04-9.31, 9.30-9.59, and 9.75-10.06 ms!
at BT01-BT04, respectively. Gross 15 MW CF ranges are 46.70-48.63%, 57.52-59.72%,
58.56-60.72%, and 62.20-64.24%. The wind-resource order BT04-BT03-BT02-BT01 is invari-
ant, so BT01 and BT04 remain clearly separated and the BT02-BT03 wind order is retained
under these method cases.

Wave extraction is more consequential for the intermediate coordinates. Across nearest-
valid, masked-bilinear, and inverse-distance methods, mean H; ranges from 1.06-1.17 m
(BT01), 1.22-1.28 m (BT02), 1.28-1.39 m (BT03), and 1.49-1.55 m (BT04); P95 ranges are
2.15-2.40, 2.61-2.75, 2.75-3.08, and 3.27-3.44 m. BT01 and BT04 remain invariant endpoint
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cases. BT02 and BTO03 are identical under nearest-valid extraction but separate under the
two weighted methods; their wave-exposure distinction is, therefore, extraction-method de-
pendent. Supplementary Tables S1-S5 provide the alpha quality-control diagnostics, wind-
extrapolation sensitivity, wave-grid corners and interpolation weights, wave-extraction
method comparison, and combined screening scenarios. These are method-based sensitiv-
ity ranges, not statistical confidence intervals or a formal uncertainty budget; published
ERADS validation provides separate context rather than bounds on the present estimates.

3.7. Interannual Variability

Annual mean hub-height wind speed and gross single-turbine CF show moderate
interannual variability over the 1993-2024 ERA5 record (Figure 7). COV of annual mean
Vhub 18 5.5-6.6%; COV of annual WPD is 10.6-13.7%; COV of annual gross single-turbine
CF is 9.8-10.2% (Table 3) and COV of annual mean H; is 5.8-6.5% (Figure 7). The roughly
twofold amplification of the WPD COV relative to the wind-speed COV follows directly
from the cubic dependence of power density on wind speed, which magnifies relative wind-
speed anomalies. The 9.8-10.2% COV of annual gross CF indicates moderate interannual
production variability at screening level; it characterizes interannual dispersion of the
resource, not bankable revenue certainty.

(a) Annual mean wind speed at 150 m
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Figure 7. Interannual variability at BTO1-BT04 over 1993-2024. (a) Annual mean hub-height (150 m)
wind speed. (b) Annual gross single-turbine capacity factor for the IEA Wind 15 MW reference
turbine. (c) Annual mean significant wave height. Dashed lines indicate the 32-year mean per site.
Interannual COV of annual gross CF is 9.8-10.2%; COV of annual mean Hj is 5.8-6.5%.
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3.8. Long-Term Trends and Change-Point Diagnostics

No statistically significant monotonic trend was detected at « = 0.05 in annual mean
Vb, annual gross 15 MW CF, or annual mean H; at any coordinate (Mann—Kendall
p = 0.530-0.860, 0.711-0.948, and 0.910-0.962, respectively). Sen slopes were small and
all 95% confidence intervals included zero. Pettitt tests likewise detected no significant
change point (p > 0.554 for wind, p > 0.737 for CF, and p > 0.901 for waves). The com-
plete tau, slope, confidence-interval, candidate-year, and p-value results are reported in
Supplementary Table S6. These findings support only the statement that no monotonic
trend or single change point was detected over 1993-2024; they do not prove stationarity.

3.9. Integrated Metocean Screening

Table 5 synthesizes the preceding results into an integrated screening matrix for the
four representative sites. Under the present site configuration, gross single-turbine CF,
gross AEP, and wave exposure all co-vary along the selected sequence, without implying
an independent depth effect or domain-wide trend. BT04 achieves the highest gross
single-turbine CF (62.20%) and gross AEP (81.7 GWhyr~!), but is simultaneously the
deepest site (161 m, floating-suitable) and the most wave-exposed (mean Hy = 1.49 m, max
Hs = 6.34 m). BT04 should, therefore, not be read simply as the “best” site: it is the highest-
yield option but also the one with the greatest expected technical demand, requiring a
floating substructure in the most exposed conditions. Conversely, BT01 should not be read
simply as the “worst”: its gross yield is the lowest (CF 46.70%), but it offers the most benign
marine environment (27 m depth, mean Hs = 1.06 m) and may carry nearshore logistical,
cable-length, and grid-connection advantages that lie outside the scope of this screening.
The BT02-BTO03 pair illustrates a further screening insight: their gross CF values differ by
only about one percentage point (57.52% versus 58.56%), while their depths (49 m versus
81 m) place them in different foundation classes. At such small gross-yield differences,
foundation, geotechnical, and cost considerations may become more influential than the
small difference in gross wind-resource indicators. Within the indicators considered here,
no representative site combines the highest gross yield with the lowest water-depth and
wave-exposure constraints; the screening matrix makes this coupling explicit.

Table 5. Integrated metocean screening matrix for the four representative sites. CF: gross single-
turbine capacity factor (IEA Wind 15 MW, 150 m hub). COVcg: interannual coefficient of variation of
annual CF. Foundation class based on GEBCO 2025 water depth. The matrix supports early-stage
engineering prioritization only; no final site selection is made. The wind-resource ordering is invariant
across the tested extrapolation cases. The BT02-BT03 wave-exposure distinction is extraction-method
dependent and is not interpreted as robustly resolved.

Depth Vi CF COVcg Hs P95H,

Site (m) ms-1) (%) %) (m) (m) Foundation Class

BT01 27 7.71 46.70 10.23 1.06 2.15 Fixed (monopile)

BT02 49 9.04 57.52 9.88 1.22 2.61 Fixed (monopile/jacket)

BTO03 81 9.30 58.56 10.18 1.39 3.08 Transitional (jacket/semi-sub)
BT04 161 9.75 62.20 9.83 1.49 3.27 Floating

3.10. Reference-Turbine Sensitivity

Gross single-turbine capacity factor and AEP for the four reference turbines are sum-
marised in Table 6. This comparison should be interpreted as a reference-turbine sensitivity
rather than as a pure turbine-size scaling exercise, because the four designs differ simulta-
neously in rated power, hub height, specific power, rated wind speed, and power-curve
shape. Consequently, differences in CF cannot be attributed to rated capacity alone.
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The lower-rated NREL 5 MW and DTU/IEA 10 MW turbines yield gross CF ranges
of 38.05-56.63% and 38.07-56.31%, respectively, whereas the IEA 15 MW baseline yields
46.70-62.20%. These differences reflect the combined influence of hub height and turbine-
specific power-curve characteristics rather than a simple capacity effect. By contrast,
the gross CF of the IEA 22 MW reference turbine differs from that of the IEA 15 MW
turbine by less than one percentage point at all four coordinates. At BT04, the two values
are effectively identical, with 62.17% for the IEA 22 MW turbine and 62.20% for the IEA
15 MW turbine.

Although gross CF differs by less than one percentage point between the selected
IEA 15 MW and 22 MW reference turbines, gross single-turbine AEP increases substan-
tially because of the higher rated capacity. At BT04, for example, AEP increases from
81.74 t0 119.81 GWh yr‘l, while CF remains nearly unchanged. This comparison is lim-
ited to gross single-turbine performance under the present ERA5-derived wind condi-
tions and does not constitute a wind-farm-scale technical or economic assessment of
turbine upscaling.

Table 6. Gross single-turbine capacity factor (CF, %) and AEP (GWh yr—!) for four reference turbines at
each screening site. IEA 15 MW is the manuscript baseline. All values are gross indicators (no losses).
Hub heights: NREL 5 MW =90 m, DTU 10 MW =119 m, IEA 15 MW =150 m, IEA 22 MW =170 m [5].

Site NREL 5 MW DTU 10 MW IEA 15 MW IEA 22 MW
CF/AEP CF/AEP CF/AEP CF/AEP
BTO1 38.05/16.66 38.07/33.35 46.70/61.36 47.24/91.03
BT02 51.11/22.39 50.80/44.50 57.52/75.58 57.61/111.03
BTO03 52.62/23.05 52.23/45.75 58.56/76.95 58.61/112.96
BT04 56.63/24.80 56.31/49.33 62.20/81.74 62.17/119.81

4. Discussion
4.1. Contribution Relative to Previous Vietnam Offshore Wind Studies

Previous assessments of offshore wind potential along the Vietnamese coast — national
atlas products [28], WRF-based dynamical downscaling [25,27], and satellite-derived re-
source mapping—have established that the Binh Thuan-Phu Quy offshore domain holds
high wind potential, but they characterize the resource at regional scale and in a single
variable. What they do not provide is the multi-variable information that early engineer-
ing screening actually requires: how wind yield, water depth, wave exposure, seasonal
operating environment, and interannual variability combine at specific candidate loca-
tions. The contribution of this study is, therefore, not another national-scale wind atlas,
but a regional preliminary screening workflow evaluated at representative coordinates
that combines wind yield, bathymetry, wave exposure, monsoon seasonality, and interan-
nual variability at representative locations, using a consistent 32-year hourly ERA5 record,
GEBCO 2025 bathymetry, and modern IEA reference turbine power curves. No claim is
made of being the first assessment of offshore wind potential in the region; the advance lies
in the integration and the regional, development-oriented screening framing; coordinate
extraction does not add spatial information to the native ERA5 fields.

4.2. Sustainability Implications for Early Offshore Wind Planning

Maximizing wind yield alone is not a sufficient sustainability-oriented planning crite-
rion. The selected sequence demonstrates why yield should be considered alongside water
depth, indicative foundation demand, and marine exposure: the highest-yield coordinate is
also the deepest and most exposed. Transparent early screening can direct limited surveys
and planning effort toward better-matched alternatives and thereby support resource-
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efficient decision making. The open ERA5-GEBCO workflow is reproducible and compara-
tively low cost, which is useful in data-scarce emerging markets, and it provides inputs
for later environmental, socio-economic, marine-spatial, lifecycle, and techno-economic
assessment. The present study does not quantify lifecycle emissions, ecological effects,
social acceptance, or project economics.

4.3. Coupled Energy-Yield, Wave-Exposure and Foundation-Depth Trade-Off

Along the selected BT01-BT04 sequence, wind resource, gross energy yield, water
depth, and wave exposure increase together. Because location, distance from shore, coastal
exposure, and depth vary simultaneously, this co-variation is not interpreted as a causal
effect of depth or as a domain-wide relationship. Gross CF rises from BTO01 (46.7%, 27 m)
through BT02 (57.5%, 49 m) and BT03 (58.6%, 81 m) to BT04 (62.2%, 161 m), while P95 Hy
increases from 2.15 m to 3.27 m; the largest hourly ERA5 Hg in the analyzed period also
increases from 3.82 m to 6.34 m, although this record maximum is not a return-period design
value. The practical consequence is that different, equally legitimate screening criteria
select different sites. A wind-only ranking selects BT04 unambiguously. A ranking that
gives greater weight to water-depth class, wave exposure, and near-term deployability may
instead favor the shallower, less exposed sites, since at 161 m water depth BT04 requires a
floating substructure—with substantially higher expected capital expenditure than bottom-
fixed structures [7]—under the most exposed wave climate of the four representative sites.
Gross capacity factor alone is, therefore, not a sufficient basis for site prioritization in this
domain; the integrated screening makes the yield-depth—exposure trade-off explicit rather
than allowing a single wind-resource metric to conceal it.

The BT02-BT03 comparison sharpens this point. The two sites are nearly indistin-
guishable in resource terms—gross CF of 57.5% versus 58.6% and gross AEP of 75.6 versus
77.0 GWhyr~!—yet BTO03 lies at 81 m depth against 49 m at BT02, implying a different in-
dicative foundation class and greater depth-related design uncertainty. The screening-level
implication is that the small gross-yield gain from BT02 to BT03 should not be interpreted as
sufficient evidence for preferring the deeper site without further foundation, geotechnical,
grid-access, and cost assessment. In such cases, the choice between candidate sites may
be controlled more by foundation cost, geotechnical conditions, grid access, and construc-
tion logistics than by the small difference in gross wind-resource indicators. BT01, finally,
illustrates the opposite pole of the trade-off: it has the lowest gross yield of the sequence,
but also the shallowest water depth and the most benign wave climate, which may be
relevant where nearshore logistics, cable length, or grid connectivity are binding constraints.
The wave sensitivity further limits this comparison: BT02 and BT03 are identical under
nearest-valid extraction and separate only under weighted interpolation. Their intermedi-
ate wave ranking is, therefore, not robust, while the BT01-BT04 endpoint contrast persists
across all tested methods.

4.4. Monsoon Control of Production and Marine Operations

The NE monsoon (November—March) plays a dual role in this domain. It is the
season of maximum wind resource—NE/SW hub-height wind speed ratios of 1.22-1.37,
with monthly mean wind speed at BT04 reaching 12.02 ms~! and directional resultant
length R > 0.80 indicating a highly persistent regime—and simultaneously the season
of strongest wave forcing, with NE/SW H; ratios of approximately 1.6-1.8 (Table 4).
The months that generate the largest share of annual energy are, therefore, also the months
with the most energetic sea states and, plausibly, more constrained marine accessibility.
This coincidence implies that future design and operational studies should evaluate energy
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production, structural load cases, and access constraints in a seasonally coupled manner
rather than treating them as independent issues.

The SW monsoon (June-September) is markedly milder than the NE monsoon in
both wind forcing (R > 0.71 at BT04) and sea state, and the transition months (April,
May, and October) exhibit the weakest and least persistent wind forcing (R < 0.55 at
BT04) together with the lowest wave heights of the year—mean Hg at BT04 falls to 0.88 m
in April and 0.77 m in May. April and May have the lowest monthly mean sea states,
whereas October is classified as transitional by wind direction but is not assumed to be
climatologically equivalent. These monthly means do not constitute an operational weather-
window analysis: actual operability depends on vessel- and activity-specific exceedance
thresholds, persistence statistics, and logistics constraints, none of which are analyzed here.

4.5. Limitations and Interpretation of the Screening Results

The results must be interpreted within the scope of an early-stage screening built exclu-
sively on publicly available reanalysis and global bathymetry. No offshore meteorological
mast, floating LIDAR, wave buoy, ADCP/current-meter, or geotechnical dataset enters the
analysis, and no bias correction is applied to ERA5. Consequently, the reported mean wind
speeds, gross CF and AEP values, P95 wave heights, monsoon statistics, and depth-based
site classes should be interpreted as regional screening indicators, not as validated design,
financial, or bankable resource inputs.

Published station comparisons inform, but do not correct, this interpretation. Doan
et al. [25] validated a 10 km WRF simulation against six Vietnamese island stations
(2006-2015) and reported systematic positive near-surface wind-speed biases—largest
(3.5 ms~!) at Phu Quy Island—attributed mainly to unresolved small-island representation,
with much closer agreement against QuikSCAT over open water (mean bias approximately
0.84 ms~!). These findings indicate that gridded products can overestimate winds at
small-island stations while performing better over open water; they are used here solely for
uncertainty interpretation. Applying them as a deterministic correction to ERA5 hub-height
winds at the offshore screening sites BT01-BT04 would not be justified.

Three further boundaries define the scope. First, all CF and AEP values are gross,
single-turbine quantities based on reference power curves; they exclude wake, electrical,
availability, curtailment, degradation, and wind-farm layout effects, and the 46.7-62.2% CF
range should not be read as expected operational wind-farm capacity factors. Second,
P95 H; is a long-term climate percentile, not a return-period extreme. Third, the study
performs no extreme-value analysis, environmental contour development, ocean current
characterization, wind—-wave—current misalignment analysis, geotechnical assessment,
or formal IEC design load case definition for fixed or floating systems [36,37]. The Mann-
Kendall/Sen and Pettitt diagnostics detected no significant monotonic trend or single
change point, respectively. COV remains a dispersion metric and neither result proves
stationarity. Method-based sensitivity ranges, statistical confidence intervals for Sen slope,
and published ERAS validation context are not interchangeable. These analyses constitute
the necessary next stage for any site progressing from regional screening toward preliminary
engineering design.

5. Conclusions

This study presented a 32-year (1993-2024) integrated wind—-wave-bathymetry meto-
cean screening of four representative offshore wind sites (BT01-BT04) in the Binh Thuan-
Phu Quy offshore domain, Vietnam, based on hourly ERA5 reanalysis, GEBCO 2025
bathymetry, and reference turbine power curves. The analysis is an early-stage engineering
screening: it is not a bankable resource assessment and does not constitute a design basis.
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Along the selected BT01-BT04 coordinate sequence, mean hub-height (150 m) wind
speed increases from 7.71 t0 9.75 m s !, gross single-turbine capacity factor for the [EA Wind
15 MW reference turbine from 46.7% to 62.2%, and gross annual energy production from
61.4 to 81.7 GWhyr~!. Over the same sequence, mean significant wave height increases
from 1.06 to 1.49 m and P95 Hg from 2.15 to 3.27 m. For the selected IEA 15 MW and 22 MW
reference designs, gross CF differs by less than one percentage point; this reflects combined
hub-height and power-curve differences and is not a general turbine-upscaling assessment.

Along the selected BT01-BT04 sequence, wind resource, gross energy yield, water
depth, and wave exposure increase together; this co-variation is not a causal depth rela-
tionship or a domain-wide trend. BT04 is the highest-yield site but also the deepest (161 m,
floating-suitable) and the most wave-exposed, implying the most demanding combination
of water-depth and wave-exposure indicators among the four screening sites. BT01 is the
lowest-yield site but offers the shallowest water depth and the most benign wave climate.
BT02 and BT03 occupy intermediate positions with nearly identical gross capacity factors
(57.5% versus 58.6%) despite belonging to different depth and indicative foundation classes
(49 m versus 81 m). At such small yield differences, foundation, geotechnical, grid-access,
and cost considerations may become more influential than the small difference in gross
wind-resource indicators. Within the indicators considered here, no representative site com-
bines the highest gross yield with the lowest water-depth and wave-exposure constraints.

Seasonally, a data-driven classification identifies the northeast monsoon (November—
March) as the dominant season for both wind resource and wave forcing, the southwest
monsoon (June-September) as markedly milder, and the transition months (April, May,
October)—particularly April and May—as having the lowest wave heights of the year.
Monthly mean sea states do not define operational weather windows, which require
threshold-exceedance and persistence analysis. Interannual variability is moderate at
screening level: the coefficient of variation of annual gross capacity factor is 9.8-10.2% and
that of annual mean significant wave height is 5.8-6.5% across the four sites. No statistically
significant monotonic trend or Pettitt change point was detected for annual mean hub-
height wind, gross 15 MW CF, or annual mean H; at any coordinate over 1993-2024. This
does not prove stationarity.

The screening relies exclusively on reanalysis and global bathymetry, without off-
shore mast, LIDAR, buoy, current, or geotechnical measurements and without ERA5 bias
correction; all reported values are regional screening indicators. Progression from screen-
ing toward engineering design requires extreme-value analysis of wind speed and H,
environmental contour development, ocean current characterization, wind-wave—current
misalignment assessment, geotechnical investigation, and formal IEC design load case
development for fixed and floating systems. The central message for practice is that early
offshore wind prioritization in the Binh Thuan-Phu Quy offshore domain should integrate
wind yield, bathymetry, wave climate, monsoon seasonality, and interannual variabil-
ity, rather than relying on wind resource alone. From a sustainability perspective, this
open-data integration supports transparent and resource-efficient allocation of early survey
and planning effort, while lifecycle, ecological, social, and economic sustainability remain
outside the quantified scope and require dedicated subsequent assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18157971/s1, Table S1: Alpha quality-control diagnostics
by coordinate; Table S2: Wind extrapolation method sensitivity; Table S3: ERA5 wave-grid cor-
ners, validity, and interpolation weights; Table S4: Wave extraction method comparison; Table S5:
Combined method-based screening sensitivity and separate rankings; Table S6: Trend and change-
point diagnostics.
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