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ABSTRACT

This study investigates the spatial and temporal dynamics of wind and solar energy generation across the continental United States, focusing
on energy availability, reliability, variability, and cooperation. Using data from the National Renewable Energy Laboratory, we analyze the
performance of wind turbines and photovoltaic systems, revealing distinct patterns in energy production and reliability. The classification of
wind and solar zones based on energy availability and reliability provides valuable insights for renewable energy planning and grid
integration strategies. Overall, this methodology contributes to understanding wind and solar interactions, which will lead to informing
effective renewable energy deployment and grid integration efforts.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0235459

I. INTRODUCTION

U.S. distribution grids now include significant numbers of
small-scale wind turbine (WT) generators1 in addition to the more
commonly found photovoltaic (PV) systems. According to a 2023
report, about 1.104 gigawatts (GW) or 90000 turbines were actively
producing power on distribution networks in 2022.2 PV, wind’s
counterpart, represents a much larger market; by 2022, the United
States reached a total of about 38GW of PV on distribution grids.3

WT integrations are significantly less than PV due to various factors
including regulations4 and other factors.5 However, optimistic projec-
tions of WT integrations exist—by 2035 behind-the-meter installa-
tions will reach 919 GWs.6

Although WT and PV systems provide many benefits, the over-
saturation of these generators on distribution grids will cause electric
power systems (EPSs) to suffer. Adding distributed generators (DGs)
of any kind causes voltages to increase and if left unmanaged customer
equipment could be damaged. In some locations, overgeneration will
require excessive congestion management.7 To avoid grid performance
issues and the need to curtail renewable generators, this work proposes
an analysis methodology that considers different facets of their
outputs.

The methodology, presented here, quantifies and groups loca-
tions based on the renewable energy generation availability, reliability,
variability, and cooperative operations. The method’s threshold-based

parser quantifies locations across a region or country using the follow-
ing metrics:

• Availability: The amount of energy produced by solar or wind
resources over an entire year.

• Reliability: The consistency or day-to-day variability of solar and
wind resources.

• Variability: Natural changes in renewable energy resource out-
puts at intra-day intervals.

• Coincidence: The complementary characteristics of wind and
solar resources that improve or hinder the integration of the
renewable resources.

The evaluation of these metrics provides benefits to industry and
the research community. With this knowledge, energy planning and
policy developers will make informed strategies for promoting distrib-
uted generation developments, setting renewable energy targets, and
implementing supportive polices and incentives. It will also help grid
planners and operators anticipate the characteristics and potential vari-
ability of renewable energy generation in different regions. Not only
will they be prepared, but utilities can take an active approach to opti-
mize the deployment of wind and solar resources so that they comple-
ment each other and/or directly support the electric grid’s needs.

This paper begins by introducing the evaluation approach. It then
describes the resources and data useful for studying WT and PV
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system operations across the United States. To highlight the methodol-
ogy, this work compares WT and PV system models that each have a
capacity of 8.9 kWs. The simulations generated year long, 1 h interval
simulations results for locations at 60 km spatial resolution. Data
assessments of these results included computations of total energy gen-
eration, day-to-day variability, hour-to-hour variability, and the corre-
lation coefficient for the two resources’ time series signals at each
location.

Up until know, the classification of regions’ potential to host
wind resources, solar resources, or both has not been assessed to this
degree. This paper offers a unique perspective into the interplay
between wind and solar resources so that decision makers can evaluate
a complete spectrum of operational consequences and opportunities.

II. BACKGROUND

Published studies examine the impacts and challenges associated
with wind and solar grid connections. These studies examine large-
scale installations8,9 and small, or micro-wind turbine implementa-
tions.10 It is clear that the integration of wind and solar resources, both
independent of one another and together, presents various challenges.
A review paper highlights issues associated with the integration of the
two resources.11 Or, WTs alone will also cause similar issues,12,13

including uncertainty, and voltage instability.
Utilities use various techniques to plan for future renewable

energy grid integration levels and scenarios. Most often, it involves
production simulations, power flow calculations, stability analysis, and
a reliability evaluation.14 The preparatory evaluations also often
include economic assessments.15 And, before a utility grants an inter-
connection permit, a hosting capacity assessment must indicate that its
impact will not be detrimental.

Hosting capacity approaches represent a common method for
studying and estimating the impacts of renewable energy generators
on distribution grids.16,17 These studies subject distribution electric
power systems (EPSs) to various implementations,18 including deter-
ministic,19 stochastic,20 and time series simulations.21 However, little
to nothing is done to evaluate the interplay between wind and solar
resources as described in this paper.

Studies have examined the impacts of wind and solar on bulk
resources system operations.22 And, published work focuses on hybrid

power plant operations.23,24 However, little has been done to quantify
the coincident and non-coincident generation of wind and solar
resources on distribution grids and how it varies spatially across the
country.

The cooperative dynamics of wind and solar resources provide
decision makers with information regarding their most dominant
resource, the potential for the two resources to work together, and sit-
uations where the two resources could cause grid issues. One interest-
ing study evaluated the correlations between large-scale solar and wind
resources for future scenarios in Sweden.25 Other studies used correla-
tions for co-locating solar and wind resources.26,27 Another study used
spatial-temporal correlations to create a data-driven forecasting meth-
odology.28 These papers provide interesting examples of when and
how wind and solar resources can be evaluated to see how they could
potentially work together or against each other. This paper adds to
these publications but presents a method for assessing correlations
across a larger spatial area. It also evaluates other performance factors,
such as availability, consistency, and variability to ultimately identify
the dominant resource for a particular location.

III. EXPERIMENT METHODOLOGY

This experiment examines the interplay between PV and WT
operations with the objective of classifying regions based on their perfor-
mance, dynamic nature, and interplay. The overall approach, described
in Fig. 1, begins with the acquisition of spatial-temporal weather data.
To emulate the most basic operations of WTs and PV systems, the
models require irradiance, ambient temperature, and wind speed as
inputs. A PVWatts model and a wind power curve emulated the two
resources for a full year at 1 h intervals.

After simulating the two resources, four analysis procedures char-
acterize their performance at each location. The first assessment quan-
tifies the overall availability over an entire year, for each resource by
calculating the annual energy output. The second and third assess-
ments characterize the locations’ reliability, from day to day, and vari-
ability on an hourly basis. The final analysis compares the time series
signals of the WT and PV systems at each location to estimate coinci-
dent operations with the intent of quantifying how the two system
types interact on an hourly basis. The results from each of the assess-
ments produce representations useful for classifying each location.

FIG. 1. This block diagram describes analysis methodology used herein. The approach includes the gathering of spatial-temporal data, simulation of PV and wind resources
across the country, and evaluation of the renewable energy resources to estimate their availability, consistency, and stability.
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A. Spatial-temporal data

National Renewable Energy Laboratory (NREL)’s Highly Scalable
Data Service (HSDS) provides access to the Wind Integration National
Dataset (WIND).29 These meteorologic datasets include 2� 2 km2 grid
cells at 1 h intervals for years between 2007 and 2013. To avoid exten-
sive computations, not required to provide evidence of the methods’
effectiveness, the analysis down-sampled the 2� 2 km2 spatial grid cells
to be 60� 60 km2.

B. Test renewable energy system models

An estimate of a WT’s operational behavior leveraged an existing
Python library called windpowerlib.30 Other research work leveraged
this package to assess wind energy, including Ref. 31. For this imple-
mentation, the Python library estimates power based on published
data and provides the power curve for a Bergey Excel 10 8.9 kW
turbine.32 The top plot in Fig. 2 depicts this turbines power curve.

To emulate the behavior of a grid connected PV array, this
work used a PVWatts model developed by the NREL.33 The model
computes power (P) by considering solar radiation and temperature
inputs, as described in the following equation:

Pdc ¼
Gpoaeff

1000
Pdc0ð1þ cpdcðTcell � Tref ÞÞ; (1)

where Gpoaeff is the plane of array irradiance in units of W/m2, Tcell is
the module temperature, Tref is the reference temperature of 25 �C,
Pdc0 is the system’s nameplate rating in direct current (DC), and cpdc is
the temperature coefficient in units of 1/C. For this implementation,
the PV system’s rated capacity matches that of the WT system
(8.9 kW). Figure 3 provides a depiction of this PV system’s power out-
put at different module temperatures and irradiance conditions.

C. Analysis methodology and objectives

1. Define resource availability

The availability of the wind and solar natural resources directly
impacts WTs and PV generator outputs in each geographic location.
To produce power, WTs depend on the wind speed, which varies by
the season and geographic locations. PV generation depends on the
time of day and seasonal changes.

Interpretation of the spatial resource simulation results involved
separation of the locations into the following categories:

(1) High wind, low solar: Locations with abundant wind resources
but relatively low sunlight;
Hypothesis—coastal regions or windy plains.

(2) High solar, low wind: Locations with ample solar irradiance but
limited wind resources.
Hypothesis—desert regions or sunny plains.

(3) Balanced wind and solar: Locations with moderate to high levels
of both wind and solar resources. These regions offer a balanced
mix of renewable energy potential.

2. Day-to-day reliability and hour-to-hour variability

Measuring the day-to-day and hour-to-hour changes of the two
resources provides an overview of each location’s daily reliability and quan-
tifies intra-day intermittent generation behaviors. Generation resources
with high reliability, on a day-to-day basis, provide operators with confi-
dence that they can support their near-term loads. In addition to day-
ahead preparations, operators must maintain a balance between supply
and demand at all times throughout the day. At higher frequencies, inter-
mittency poses challenges associated with the optimal allocation of resour-
ces and for grid stability. In preparation, utilities rely on accurate forecasts
that anticipate electrical demands. In areas with high penetrations of
renewable energy, forecasts of the generation sources provide essential
information. Often, forecasts get it wrong and compensating for the uncer-
tainty requires utilities to employ various integration strategies, such as on-
demand DER grid services, energy storage, and demand response services.

Relying on grid services to compensate for the uncertainty requires
significant investments. In some cases, the high cost of implementing grid
services—such as those providing active support to the strained grid
through reactive power or other functions—or adding new resources,
such as voltage regulators, makes these investments economically unfeasi-
ble and poses risks to the grid stability. These added risks and costs often
lead utilties to avoid investments or reject permit applications for renew-
able energy projects within their territories. To avoid such decisions, reli-
able and stable generation resources or mix of resources will minimize
economic and performance related risks.FIG. 2. Depiction of the 8.9 kW wind turbine model’s power curve.

FIG. 3. 8.9 kW PV array’s power vs irradiance and temperature.
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Quantifying both the daily reliability and intra-day variability for
the two resources across the United States begins with computing the
change rate (CR),

CRiðtÞ ¼ xt � xt�1

Dt
; (2)

where x represents the change rate variable. This variable, x, depends
on the evaluation type and in this work there are two: (1) day-to-day
reliability, where x represents the daily energy (Ed) and t signifies the
time step in days, and (2) hour-to-hour variability, where x is the
hourly energy (Eh) and t signifies the time step in hours.

Dt is the change in time, which for both cases is 1 since the day-
to-day reliability examines changes from one day to the next and the
hour-to-hour variability assessment compares values from one hour to
the next.

To quantify and compare each location’s reliability and variabil-
ity, this work computed a normalized daily variance. This type of nor-
malization, often referred to as the Coefficient of Variation (CV)
describes the spread or dispersion of the data in a manner useful for
comparing datasets that have different scales or units. This assessment
normalized the CR at each location by comparing the variation [or
standard deviation (r)] with the country’s average energy (E), which
in this case is the average across the continental United States,

CVi ¼ rCR; i
E

� �
� 100%: (3)

This comparison of each location’s CR standard deviation with E
across all locations quantifies both the spatial and temporal consis-
tency and variability. This relative variability assessment defines the
fluctuations in energy production with respect to the average level of
production. The results provide a temporal understanding of each
location’s dynamics. When mapped, the spatial patterns indicate
regional tendencies.

Further qualification of the daily reliability results involves group-
ing the locations into the following categories:

(1) Consistent wind, inconsistent solar: Location where stable wind
generation patterns exist, but the solar PV generation changes
due to cloud cover occur often.

(2) Consistent solar, inconsistent wind: Location characterized by
stable PV generation but unstable wind generation.

(3) Consistent solar and wind: Location where both wind and solar
generation provide reliable day-to-day energy for the grid.

(4) Inconsistent wind and solar: Location were both wind and solar
generation exhibit substantial changes, leading to unpredictable
energy output.

For the intra-day generation evaluation, this work characterizes
the different location’s hour-to-hour variability within the following
zones:

(1) Continuous wind, intermittent solar: Location where wind has
relatively stable and predictable behavior but solar generation
experiences high fluctuations.

(2) Continuous solar, intermittent wind: Location where solar gen-
eration has stable operations but wind does not.

(3) Continuous wind, continuous solar: A location where both wind
and solar generation have smooth and predictable behavior.

(4) Intermittent wind, intermittent solar: Both wind and solar gen-
eration experience high fluctuations in their output.

3. Coincident operations

The simultaneous or non-simultaneous generation of electrical
power from the two resources influences grid operations. Clearly, PV
generation systems only produce power during the day when sunlight
is available. WTs generate power during both daylight and nighttime
hours, resulting in either simultaneous or non-simultaneous operations.

The integration of PV systems andWTs on distribution grids has
advantages and disadvantages. As a benefit, utilities can diversify their
renewable energy portfolios and not rely on a single resource type.
Having the two resources work together could lead to stability and
smoothing benefits; each resource could experience variability inde-
pendently and their combined output may lead to a more stable and
predictable output signal that reduces any challenges associated with
generation variability.

In a negative sense, simultaneous generation of power from PV
system and WTs could cause issues in some distribution grids. In loca-
tions where infrastructure has not been sized to handle the extra power
flows, the power generated by the PV system and WTs could cause
thermal overloading. Or the excessive power injections, if left unmiti-
gated, could cause voltages to rise and remain above the ANSI limits
for too long and cause damage to connected equipment and machines.

To understand how power from wind and solar resources inter-
act, this work proposes that each time series generation signal be evalu-
ated. The evaluation leverages the Python NumPy correlation
coefficient package,34 which computes the Pearson coefficient matrix,
R, for the two one-dimensional arrays X and Y,

R ¼ covðX;YÞ
rX � rY : (4)

The formula for computing the covariance [covðX;YÞ] is

covðX;YÞ ¼ 1
n� 1

Xn
i¼1

ðXi � XÞðYi � Y Þ; (5)

where n is the size of the dataset, Xi and Yi represent single data points
within the set, and X and Y are the average values for X and Y,
respectively.

Computing the standard deviations of both X and Y for Eq. (4)
involve the same process but for the respective signals, as shown in the
following equation:

rX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn
i¼1

ðXi � XÞ2
s

;

rY ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn
i¼1

ðYi � Y Þ2:
s (6)

Interpreting the results from this coincident operation’s evalua-
tion entails a review of the correlation coefficients. Each of the loca-
tions fell within one of the three following categories:

(1) Positive correlation: Locations where the wind and solar genera-
tion outputs tend to coincide.
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(2) Negative correlation: Locations where the wind and solar out-
puts have an inverse relationship and tend to produce power at
different times in the day.

(3) No correlation: Locations where the two generation types do
not correlate. At these locations, the wind and PV power will do
both—produce power together and separately.

4. Wind and solar zone categorization

The criteria below describe the methodology for determining four
distinct zones for the annual energy availability, day-to-day reliability, and
hour-to-hour variability evaluations. The zone determination involves cal-
culating and comparing statistical metrics, such as the median and first
quantile, for both wind energy [windðxÞ] and PV energy [PVðeÞ].

zone(x)¼
f
Zone1 if wind(x) > median(wind(x)),

PV(e) > median(PV(e)),
Zone2 if wind(x) >¼ median(wind(x)),

PV(e) <¼ quartile1(PV(e)),
Zone3 if wind(x) <¼ quartile1(wind(x)),

PV(e) >¼ median(PV(e)),
Zone4 otherwise.

g

IV. DEMONSTRATION RESULTS
A. Annual energy availability

The spatial-temporal WT and PV system model outputs vary
across the continental United States. The variation in energy genera-
tion includes seasonal differences. For example, PV energy production
increases from a low in the winter months to high in the spring and
summer. In contrast, the WT average energy production was largest in
the spring. The next closest was winter and then fall. The lowest
amount of energy production occurred in the summer months for the
simulated WTs. PV proved to be a more dominant resource in terms
of overall energy production. For each season, the energy production
of the PV system had higher outputs than that of the comparable WT.

Spatially, there exist very few locations where the WT’s energy
exceeded that of the PV system, as shown in Fig. 4. Some notable
observations include the following: (1) very small amounts of wind
and PV energy were produced in the southeast and northwest; (2)
along the Pacific Northwest coast not much energy came from PV sys-
tem or wind; and (3) the Midwest had slightly more PV energy pro-
duction but both wind and PV energy were not estimated to be high.

B. Day-to-day reliability

The reliability of each resource depends on its the consistency of
day-to-day energy outputs throughout the year. Consistency refers to
the degree of stability over time, where lower day-to-day CV indicates
higher consistency, thus suggesting a more reliable source for energy.
Locations with higher CV experience less consistency and more signifi-
cant day-to-day changes in energy production.

To quantify each variability for each resource, the assessment
computed the CV for each location in the continental United States.

Overall, the WT outputs had a much higher CV, and a more complete
comparison of the seasonal average is shown in Table I.

Figure 5 depicts how each location’s WT variations compared
with the PV systems over the entire year. States along the west coast
(i.e., California, Oregon, and Washington) and in the southeast had
the lowest CV for wind energy production. Wind conditions in the
Rocky Mountain states produced much higher daily CV.

Energy from the sun proved to have lower daily CVs across the
continental United States in comparison to wind. The bottom of Fig. 5
shows that the southwest region had the lowest daily variance, which
increased to the north, northeast, and east. Florida, however, exhibited
low CV values that were comparable with states in the southwest.

C. Hour-to-hour variability

The results from the second change rate analysis, i.e., hour-to-
hour variability, showed evidence of more consistency across seasons
compared with the daily-to-day CV results. Table II describes the aver-
age seasonal results for the WT and PV systems during the four
seasons.

Figure 6 illustrates the hourly CV for wind and PV systems. For
WTs, the western United States exhibited high hourly variability, with

FIG. 4. This figure depicts the annual energy in different locations across the United
States for the WT and PV resources.

TABLE I. Day-to-day coefficient of variation for wind and PV systems.

Season Wind CV (%) PV CV (%)

Winter 99.2 31.1
Fall 105.4 24.9
Spring 85.1 21.8
Summer 71.7 14.6
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slightly lower CVs in-between Texas and North Dakota. The lowest
values are observable in the eastern states with the exception of the
higher CV values within the northeastern states and around the
Appalachian Mountains.

For PV operations, high hourly CV was observed in the Colorado
and New Mexico mountains and along the Gulf of Mexico, while the
lowest CVs appeared in the northern states and California’s Central
Valley. These patterns align with solar variability zones identified
through satellite-derived methodologies.35

D. Correlation coefficients

The analysis of coincident operations at each location involved a
calculation of the correlation coefficients between the temporal signals
of the WT and PV resources. Figure 7 illustrates these correlations for
each season within a single year. Positive correlation coefficients indi-
cate that PV and wind power generation occurs simultaneously, while
negative coefficients suggest that their production times differ.
Correlation coefficients near zero signify both concurrent and non-
concurrent power production.

During the winter months, correlation coefficients reveal more
non-concurrent generation between wind and PV systems compared

to other seasons. In the fall, similar patterns are observed, except for a
band of concurrent operations across Kansas, Nebraska, and Iowa.
Figure 7 shows that in the spring and summer, significant coincident
operations occur primarily in states east of the Mississippi, with less
non-concurrent generation in the western states compared to winter
and fall. Red-shaded areas indicate coincident wind and solar.

While simultaneous generation can be advantageous in areas
with high daytime loads, it can present challenges for grid operators,
such as congestion, resource curtailment, and infrastructure stress. In
regions with non-concurrent wind and PV generation, the grid bene-
fits from the complementary nature of these resources, reducing gener-
ation variability and operational challenges. In this case, the need for
expensive energy storage systems or backup power plants is reduced,
ultimately lowering overall system costs.

V. WIND AND SOLAR ZONES
A. Energy availability and reliability

Using the criteria described earlier, Fig. 8 shows the four zones
that segregate energy availability by the dominance of each resource.
Zone 1, covering the southwest, has high wind and solar availability.
Zone 2, with high wind and low solar availability, is in the northern-
most regions. Zone 3, in Florida and parts of California, has low wind
and high solar availability, while Zone 4, representing low wind and
solar availability, covers much of the eastern United States.

Annual resource availability did not always align with day-to-day
reliability. For instance, the southwest consistently has high wind and
solar availability on an annual basis, but PV system produced more
reliable electrical power on a day-to-day basis compared to wind out-
put, as indicated by Fig. 9. The Midwest shows consistent wind and
solar availability, though a patch of inconsistent wind and solar avail-
ability stretched from south to north through the middle of the coun-
try. Also, in the eastern United States, consistent wind but inconsistent

FIG. 5. This figure depicts the day-to-day coefficient of variance for wind and PV
generation.

TABLE II. Hour-to-hour coefficient of variation for wind and PV systems.

Season Wind CV (%) PV CV (%)

Winter 16.4 47.4
Fall 21.7 50.2
Spring 23.3 41.3
Summer 71.7 14.6

FIG. 6. This figure depicts the hour-to-hour coefficient of variance (CV) for both
wind and PV resources.
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PV outputs commonly occur, except along the coastal Northeast and
in Florida.

B. Power variability

On an hourly timescale, PV and WT power outputs can remain
stable with infrequent drastic changes. Figure 10 shows that this stability
occurs in Zone 1, covering the Midwest, parts of Texas, California, and
some locations in the Northwest. The Southeast generally experiences
stable wind but variable solar availability, while the Southeast coastline
falls into Zone 4, where both wind and solar outputs are variable.

The Southwest states are also in Zone 4, characterized by variable
wind and solar availability, with more frequent hourly changes than
Zone 1. Zone 3 includes Washington, Montana, and parts of the
Northeast, where PV output is stable, but wind output varies.

FIG. 7. This figure depicts the correlation coefficients for locations across the United States for the winter, fall, spring, and summer seasons. Positive correlation coefficients
indicate concurrent PV and wind generation, while a negative correlation coefficient symbolizes the opposite. Correlations near zero suggest locations experience both concur-
rent and non-concurrent generation.

FIG. 8. This map depicts the four zones that delineate regions by the dominant
resource by available annual energy.

FIG. 9. This map illustrates the zones that represent the day-to-day consistency
and reliability of each resource.

FIG. 10. This map depicts the hourly variability of power from the wind turbines and
the PV systems.
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VI. DISCUSSION

This methodology provides a framework, along with examples,
for how decision makers can gain critical insights into the operations
of WT and PV systems. Example use cases include the following:

(1) Energy availability and reliability: Defining the long-term tem-
poral patterns of wind and solar energy can guide the optimal
siting of wind and solar generators for consistent energy
production.

(2) Variability and cooperation: Grid operators, seeking to manage
and mitigate variability of renewable energy, can use this to
design hybrid system that maintains a balanced system that
reduces the need for backup generation.

(3) Informed policy and strategy development: This methodology
supports evidence-based policy making by offering a clearer
understanding of renewable energy dynamics, facilitating the
development of effective policies and strategies.

Overall, the paper enhances understanding of renewable energy’s
geographical and temporal characteristics, enabling decision makers to
craft more effective renewable energy deployment and grid integration
strategies.

VII. CONCLUSIONS

This experiment conducted an in-depth analysis of the interplay
between wind and solar resources across the continental United States.
The findings provide valuable insights into the spatial and temporal
energy availability, reliability, power variability, and cooperation
between these two sources.

The results reveal diverse energy landscapes across different
regions, with distinct patterns in energy production and reliability.
Photovoltaic (PV) systems generally exhibit higher energy output and
greater reliability than wind turbines (WTs), particularly in sun-rich
regions like the Southwest. WTs demonstrate higher variability, espe-
cially in areas with complex terrain, such as the Rocky Mountains.
Hourly variability analysis reveals fluctuations in power output for both
WTs and PV systems, with differences observed between seasons. PV
systems tend to have lower hourly variability, while WTs show signifi-
cant variability in regions within high wind zones. This underscores the
importance of understanding temporal dynamics to anticipate genera-
tion challenges and opportunities.

Evaluation of coincident operations between wind and solar
resources indicates varying degrees of correlation across regions and
seasons. While positive correlations suggest simultaneous generation
of power from both resources, negative correlations highlight the
potential to leverage complementary characteristics. For instance, in
regions where wind power peaks during nighttime and PV dominates
during the day, the grid can benefit from reduced generation variability
and more consistent overall power output. Grid operators in such
regions could prioritize investments in hybrid systems, advanced
inverters, or energy storage to optimize this synergy, reducing the need
for expensive backup generation or over-reliance on fossil fuel-based
peaking plants. Additionally, dynamic load control and demand
response programs can align consumption with resource availability,
making the grid more resilient and cost-efficient.

The classification of wind and solar zones based on energy avail-
ability, reliability, and cooperation provides valuable insights for
renewable energy planning and grid integration. For example, regions

with non-synchronized generation patterns could explore hybrid
renewable energy projects to stabilize outputs, while areas with high
coincident generation may require advanced grid infrastructure to
manage potential congestion or overgeneration.

Grid operators can also leverage non-complementary WT and
PV operations, where the two resources consistently generate power at
the same time. In areas where this occurs, the installation and opera-
tions of the two resources provide redundant power generation for
reliability and resilience in situations where generators fail or the natu-
ral resource is not available. Also, the concurrent, day time operations
of the two generation resources can provide essential electrical power
for grids that support large commercial and industrial demands.

In conclusion, this experiment contributes to the understanding
of wind and solar interactions, providing actionable information for
effective renewable energy deployment and grid integration strategies.
Future work will benefit from assessments that incorporate regional
load profiles, economic feasibility analyses, and transmission con-
straints to further refine these strategies. By expanding on the interplay
between wind and solar resources, this research lays the groundwork
for a more sustainable and resilient energy future.

VIII. FUTURE WORK

While the current study provides valuable insights into the spatial
and temporal dynamics of wind and solar energy, several important
topics merit further investigation:

(1) Energy storage integration: Exploring the role of energy storage
technologies (e.g., batteries, pumped hydro, and thermal stor-
age) could provide solutions to mitigate the variability of renew-
able energy sources and align generation with demand.

(2) Economic considerations: Incorporating Levelized Cost of
Energy (LCOE) and Return on Investment (ROI) calculations,
as well as comparing the costs of renewable and nonrenewable
energy sources, would make the findings more actionable for
investors and policymakers.

(3) Advanced grid simulations: Simulating grid behavior under scenar-
ios like high renewable penetration or extreme weather events
would help validate the robustness of the proposed classifications.

These future directions build upon the methodology presented
here, offering opportunities to address the broader implications of
renewable energy deployment.
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