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Abstract—Wind energy is an abundant renewable resource that
can support decarbonization of energy supply. It is, therefore,
essential to conduct a comprehensive assessment of wind energy
potential for effective transmission network planning and integra-
tion. This work introduces a spatial-temporal assessment method-
ology for wind energy name plate-rated power capacity that
considers the locations of electrical substations and transmission
lines. This methodology applies Geographic Information System
(GIS) land cover data to define siting exclusions for wind turbine
installations. The correlation between generated wind power and
estimates of power system load, as well as capacity factor, on a
sub-regional basis for specific latest generation low and very low
wind speed turbines, is estimated. A case study for the proposed
methodology is conducted for the Commonwealth of Kentucky,
USA with state-of-the-art wind turbines, land cover data from the
National Land Cover Database (NLCD), and publicly available
spatiotemporal wind data from the NASA EarthData Pathfinder
dataset. The results indicate the availability of suitable land
for wind turbine deployment, which can contribute to fulfilling
the regional annual energy requirement, even with the example
restricted sitting exclusion scenario in which turbines must be
within 10km distance of a substation.

Index Terms—wind energy, GIS, spatiotemporal variability,
load matching, substation, transmission network

I. INTRODUCTION

Wind energy has emerged as an integral component in
the global generation mix, offering a promising solution to
reduce greenhouse emissions [1–3]. According to the 2024
Global Wind Report, new wind power installations in 2023
reached approximately 117GW, including 10.8GW offshore
and 106GW onshore developments [4]. With the rapid growth
of the wind energy industry, an accurate and comprehensive
assessment of its potential provides scientific insights for
policymakers to identify suitable sites for wind farm projects.
Spatiotemporal wind energy potential assessment considers
both spatial and temporal variations in wind characteristics.

Recent studies have focused on the relevance of advanced
methodologies, including machine learning, spatial optimiza-
tion, and spatiotemporal analysis, to accurately estimate wind
energy potential across regions [5, 6]. Siyal et al. assessed the
wind energy potential available in Sweden using a GIS-based
approach [7]. Within the reference, the technical potential
for onshore wind energy is estimated by considering system

performance, topographic limitations, environmental factors,
and land use constraints. The results show that Sweden has
sufficient wind energy and enough land area for developing
wind farm projects.

The authors in [8] analyzed the impact of land use and
turbine technology on wind energy potential. Among the three
siting regimes studied, exclusions related to infrastructure
setbacks were found to have the greatest impact on wind
energy potential. The main influencing factors on captured
energy include larger rotor diameters and increased turbine
tip heights for greater wind speed per location, even with
associated infrastructural setbacks from transporting very large
components. Similar work was undertaken in [9] and further
extended to quantify the cost of intermittency of wind power.

The complementarity between solar PV and wind energy
resources may be utilized to enhance DER generation and
integration to meet the demand in a region [10]. Jain et
al. utilized geospatial and multi-year hourly meteorological
datasets to estimate geographical and techno-economic renew-
able energy potential [11]. It was found that solar and wind
had complementary relations in the example region and thus
demonstrated the feasibility of hybrid generation to ensure a
reliable source of green energy.

This work extends the study from the same research group,
which developed an approach to assess the spatiotemporal
capacity potential of DERs with applied EOFs and max-p
unsupervised learning techniques to identify zones of similar
output power [12]. This continued study adds further contribu-
tions through wind farm site exclusions based on transmission
line and electrical substation proximity in an effort to fill
a gap in the academic literature for wind energy potential
assessment methods that consider both natural resources and
existing infrastructure. Capacity factor on a sub-regional basis,
defined by coordinate grid cells, for specific latest generation
low and very low wind speed turbines, is estimated in this
work. Estimates for the correlation between wind power and
power system loads, which indicates the necessity for energy
storage systems, are also provided.

The contents are organized as follows: data processing and
the proposed assessment methodology in the second section,
while the third section describes the example regional spa-
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Fig. 1. Spatial distribution of wind speed at 50m for the example region of Kentucky, at a selected time of day (a), obtained from the open source NASA
EarthData Pathfinder dataset. Land cover types and facilities excluded from the land cover data (b), in determining suitable land for wind turbine deployment.

tiotemporal case study from public, freely available sources.
In the sequence, the fourth section analyzes the results, and
the final section summarizes the most important conclusions,
contributions, and proposals for further research.

II. DATA PROCESSING AND ASSESSMENT TECHNIQUES

Hourly wind data with a spatial resolution of 50km by 50km
at an altitude of 50m shown in Fig. 1(a), was obtained from the
open source NASA Earthdata Pathfinder MERRA-2 reanalysis
climate dataset [13]. The data is extrapolated to determine
wind speed at hub height of a turbine as described in [14]:

UZhub
(t, x, y) = UZr

(t, x, y)

(
Zhub

Zr

)α

, (1)

where UZhub
is the wind velocity at turbine hub height, Zhub,

and UZr the velocity at the reference measurement height, i.e.
50m in this case. The friction coefficient, α, is set to the land
cover type of the maximum area within a grid cell.

Availability of land for wind farm deployment, which de-
pends on land use type, plays a crucial role in harnessing
wind power [15]. To determine suitable locations, the study
excluded specific land cover types and facilities, all of which
are detailed in 1(b). Data from the National Land Cover
Database [16], with classifications for each 30m by 30m
grid cell, was utilized as illustrated in Fig. 2(a). Land cover
types and facilities such as bodies of water, roads, highways,
railways, protected forests, airports, urban areas, transmission
lines, and electrical substations were excluded, together with
a buffer zone sized for safety and industry practices.

The site exclusions also included military facilities, moun-
tainous, and high-elevated areas without buffer zones because
these areas were assumed not have narrow winding shape,
unaccounted for privacy needs, or electrical safety concerns.
It is essential to consider the spacing of wind turbine arrays
when determining the number of turbines to be deployed on
available lands. The layout becomes relevant in decreasing the
wake effect, which may reduce energy output and increase the
material fatigue for turbines sited downstream [14]. In this
study, turbine spacing rules described in [17] were employed.

The wind turbine output power varies by wind speed at
hub height, and therefore, manufacturers present a power-
speed curve for individual turbines, as illustrated in Fig. 3,

to show this variation and represent the effectiveness of their
turbines. A power-speed curve was applied in this work to
approximate the annual wind energy production of constituent
turbines within a wind farm by grid cell with latitude x and
longitude y as:

Eactual(x, y) =

∫ T

0

Pw(Ux,y(t)) dt, (2)

where Eactual(x, y) is the energy production of a single
turbine in a grid cell, T the period, and Pw(Ux,y(t)) the
turbine output power as a function of time-varying wind speed,
according to the turbine power-speed curve. Following the
expected variety in output power, the actual energy generated
is a fraction of the maximum possible energy output, which
is defined as the capacity factor [17] and was calculated as
follows:

CF (x, y) =
Eactual(x, y)

PR × 8760
, (3)

where CF (x, y) is the capacity factor of a grid cell, Eactual

the actual energy delivered in the considered grid cell, and PR

the turbine’s rated power.
The correlation between wind power generation and electric

network loading indicates the requirement of an energy storage
system [18]. The Pearson correlation coefficient was employed
in this work to quantify load matching, i.e. the capacity of
wind energy generation to meet demand, and was calculated
as follows:

A = T

T∑
t=1

(PwtPLt)−
(

T∑
t=1

Pwt

)(
T∑

t=1

PLt

)
, (4)
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t=1

P 2
wt −

(
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)2
T T∑
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P 2
Lt −

(
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)2
 , (5)

LM =
A√
B
, (6)

where LM is the load matching metric, T the timespan, Pw

the generated wind power, and PL the demand.
The wind speed scaling, land coverage exclusions, spatial

turbine output power and energy, capacity factor, and load
matching metric calculations form a procedure for detailed



Fig. 2. Land cover data for the Commonwealth of Kentucky (a), with the legend of the land cover types (b). The friction coefficient, utilized in extrapolating
wind speed to hub height, is related to land cover type. Maps illustrating the application of relaxed (a) and restricted (b) wind turbine siting exclusions to the
study region. Available land after applying the relaxed exclusions is about 77 × 103 km2 and 59 × 103 km2 for restricted exclusions, which are approximately
73% and 55%, respectively, of the regional total land area.

Fig. 3. Power speed curves of example wind turbines of varying wind speed
classes by different manufacturers, showing fluctuations in power output due
to changes in wind speed.

wind power potential assessment based on public, freely
available data. Following wind potential estimates, energy
storage sizing for a region may be approximated based on
annual imbalances. Specifically, the deficit in supply and
excess wind energy generation for the considered region, were
also analyzed in this study and calculated as:

PIM =

{
deficit if PL − Pw < 0

excess if PL − Pw > 0,
(7)

where PIM is the power imbalance, PL the demand, and Pw

the generated wind power.

Table I
SUMMARY OF TURBINE SITING EXCLUSIONS AND BUFFER ZONE LIMITS

Exclusion Buffer Zone Scenarios
Description [m] Relaxed Restricted
National roads,
railways, and
highways

300 ✓ ✓

Water bodies 300 ✓ ✓
Urban areas 1000 ✓ ✓
Transmission lines
and substations 200 ✓ ✓

Airports 2500 ✓ ✓
Military
installations - ✓ ✓

Administrative
forests 1000 ✓ ✓

Slope > 25% - ✗ ✓
Mountainous areas - ✗ ✓
Proximity to sub-
stations and trans-
mission lines

- ✗ ✓

Elevation > 1000m - ✗ ✓

III. CASE STUDY: ASSESSING WIND ENERGY POTENTIAL
IN KENTUCKY, USA

In this section, the proposed method is applied to the
Commonwealth of Kentucky in two subcases of different sit-
ing exclusion considerations, including relaxed and restricted
scenarios. The relaxed exclusion applies buffer zones to bod-
ies of water, urban areas, airports, national roads, railways,
highways, administrative forests, electrical substations, and
transmission lines.



Fig. 4. Available land for wind turbine deployment based on relaxed (a) and restricted (b) turbine siting exclusions for the example land region of Kentucky.
The relaxed scenario shows significant land availability and increased turbine deployment, leading to higher energy output in contrast to the restricted case,
which highlights the limitations imposed on land use.

Table II
SUMMARIZED RESULTS OF WIND ENERGY POTENTIAL ASSESSMENT OF KENTUCKY UNDER TWO TURBINE SITING EXCLUSIONS

Exclusion Scenario
Available Land

[km2]
Kentucky Land

[%]
Turbine Count

[unit]
Power Capacity

[GW]
Annual Energy

[GWh]
Relaxed 76.90 × 103 73 22 × 103 99 186
Restricted 58.95 × 103 55 17 × 103 76.5 138

In addition to the relaxed exclusions, further limitations
are applied to form a restricted scenario, which includes
mountainous areas, slope above 25%, and a requirement that
turbines must be within 10km of an electrical substation. A
summary of the exclusions with the applied buffer zones for
the considered scenarios is presented in Table I. The available
land after each exclusion scenario is shown in Figs. 2(c) and
2(d). Under the relaxed scenario, around 73% of Kentucky’s
total land is available, while 55% remains available in the
restricted scenario.

Within this example case, the 4MW Vestas V163 turbine,
designed for low wind speeds according to IEC standards,
was selected with a hub height of 140m. In this study, the area
required by a turbine is estimated based on a rectangular array
of 3 rotor diameters within a row and 5 diameters between
rows [17]. As per the criteria detailed in [19], barren land,
shrub/scrub, herbaceous, hay/pasture, and cultivated crops are
chosen as suitable land cover types for onshore wind deploy-
ment. The available land and the total number of deployable
wind turbines for the relaxed and restricted exclusion scenarios
are visualized in Fig. 4(a) and (b), respectively. Also shown
in Fig. 4 is the annual energy output for the example V163
turbine under both siting scenarios. Results for the subcases
are summarized in Table II including, available land, turbine
count, turbine unit count, power capacity, and annual wind
energy generation.

Power imbalance and correlation between wind turbine
generation and electrical loads for the considered region is
illustrated in Fig. 5. For use with the described procedure,

Fig. 5. Seasonal correlation between wind power generation and electrical
load within the grid cell with the maximum generation. The variability
and range of power deficits, depicting magnitudes and instances of supply
imbalances, are also shown.

publicly available aggregated hourly demand data obtained
from the U.S. Energy Information Administration [20] was
disaggregated based on the population density of each defined
grid cell. The hourly power deficit, which is the difference
between generated power and system load, identifies peak
imbalances and critical periods of the day needing grid stabil-
ity management by system operators. Correlation coefficient
across seasons, reveals important insights into how wind en-
ergy generation can effectively match the variation in demand
throughout the year. Alternate sources like energy storage
systems can be employed by utilities to store or deliver energy
during mismatch periods.



Fig. 6. Capacity factor for the Vestas V163 (IEC IIIb) turbine across
defined grid cells in the example region of Kentucky, US, illustrating regional
variations in wind energy potential. Point-specific capacity factors, derived
from weather stations (A, B, C, D, E, and F) located in the study area, is also
shown.

For the example region, a moderate correlation was found
for both seasons and across the day, the strongest occurring
at night times during the summer. Night-time wind generation
at this location serves to complement solar PV output that
is most available during the day to meet load imbalances or
charge energy storage systems after high imbalances in the
evening.

The spatial distribution of capacity factors across grid cells,
derived from low spatial and temporal resolution average
wind speeds, are illustrated in Fig. 6. The apparent estimates
obtained are generally low, demonstrating the limitations of
utilizing low-resolution data. Site-specific capacity factors,
also shown in Fig. 6, estimated with high-resolution data
collected from six weather stations [21], present significantly
higher values - ranging from about 20% to 40%.

IV. DISCUSSION

The complementarity between wind energy and solar PV,
creates a more reliable renewable energy portfolio that can ef-
fectively support grid decarbonization [22, 23]. An estimation
of wind energy generation capability may motivate legislation
and utilities to consider the technology in their service areas
[24, 25]. Spatiotemporal wind energy assessment has a very
important role in the initial definition of viable sites for wind
turbine installations.

The potential for wind energy generation is inherently
represented by the combination of weather resources, i.e. high
and low wind speeds, and the availability of wind turbine
technology. Recent developments of large rotor diameter and
high tip height turbines [26–29], significantly enhance efficient
energy generation in low and very low wind speed areas.
These technological advancements have increased wind en-
ergy generation potential across regions previously considered
unsuitable for such installations.

In applying the proposed method in this paper to other
regions, turbines have to be definitely selected based on
international wind classification standards [30] that correspond
to the region’s wind speed class. The Delta Wind project [31],
with about 40 Vestas V150 low wind speed turbines, sited
in Mississippi - a low wind speed region, exemplifies recent
expansion of wind energy developments.

To support wind energy integration, a robust power sys-
tem grid, with sufficient transmission capacity, is important
[32]. The proximity of prospective sites to existing electrical
substations and transmission lines, and the capacity to host in-
creased generation and demand have to be incorporated in the
assessment framework. In addition to technical considerations,
national and local regulations on wind turbine siting, designed
to address issues including, land use policies, environmental
impact, noise restrictions, flight zones, assess restricted areas,
and visual impact, must be adhered to.

V. CONCLUSION

The proposed spatiotemporal wind energy potential assess-
ment for transmission network integration is based on the
application of publicly available data to define specific wind
turbine siting exclusions in determining suitable locations.
An important criterion is the restriction of turbines to within
defined distances from transmission lines and electrical sub-
stations. This ensures feasible proximity to existing infras-
tructure, hence minimizing transmission losses and additional
infrastructural costs.

Within the proposed methodology, generated energy and
sub-regional capacity factors for specific latest generation low
and very low wind speed turbines are estimated, highlight-
ing regional variations in wind energy potential over time.
Furthermore, the exemplified correlation between wind power
generation and electrical load across seasons provides insights
into aligning generation and demand. Such metrics become
vital to policymakers, who must make informed decisions
on wind power projects based on economic viability and
environmental impact. A regional case study in Kentucky,
USA of the widely applicable proposed framework, illustrated
the availability of suitable land for wind turbine deployment
and potential contribution to fulfilling the regional annual
energy requirement.
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