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Abstract: This comprehensive research presents an in-depth investigation into the optimization of hybrid Wind-Solar-Battery
(WSB) energy systems for enhanced grid stability and reliability in coastal regions, with specific focus on Mediterranean climate
conditions. The study develops a sophisticated dynamic energy management model that integrates probabilistic forecasting,
state-of-charge optimization, and grid frequency regulation strategies to evaluate system performance across multiple operational
scenarios. The model incorporates time-dependent renewable generation profiles, battery degradation dynamics, and realistic
grid integration constraints representing typical coastal microgrid applications. Validation against experimental data (2021-
2024) demonstrates high accuracy with root-mean-square error (RMSE) values below 5.2% for both power output and state-of-
charge predictions. Extensive parametric studies were conducted to assess the impact of critical operational variables including
wind speed (4-12 m/s), solar irradiance (200-1000 W/m?), battery capacity (100-500 kWh), and load demand variability (20-
100% of rated capacity) on system performance metrics. Results indicate that the optimized WSB configuration achieves a
grid stability index of 98.7% under peak variability conditions, representing a 41% improvement over standalone renewable
systems operating under identical conditions. The renewable penetration reaches 89.5% through intelligent energy management,
while battery cycle life extends by 32% across the operational spectrum. Optimal battery dispatch was systematically identified
through model predictive control, balancing grid support against degradation costs. The study introduces a novel multi-objective
performance index combining grid stability, economic factors, and battery health, providing a holistic assessment tool for WSB
system deployment. Comparative analysis with conventional hybrid systems reveals that WSB systems offer 25-38% higher grid
support capability and 18-27% better economic returns over a 15-year lifecycle in coastal regions. The research concludes with
practical implementation guidelines and policy recommendations for integrating WSB systems into existing grid infrastructure.
The developed model serves as a robust tool for system sizing, energy management optimization, and reliability prediction,
contributing significantly to the advancement of resilient renewable energy systems in coastal environments.

Keywords: Wind Energy, Solar Energy, Battery Storage, Hybrid Systems, Grid Stability, Coastal Microgrids,
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1. Introduction while abundant in coastal areas, exhibit complementary
characteristics that can be leveraged through intelligent
The global transition toward renewable energy integration ~ hybridization with energy storage systems. — However,

faces significant challenges in maintaining grid stability, ~optimal integration requires sophisticated control strategies
particularly in coastal regions with high renewable potential  that address both technical and economic constraints.
but variable generation patterns. Wind and solar resources, Conventional renewable energy systems often operate as
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independent units without coordinated control, leading to grid
instability during periods of high variability. The intermittent
nature of wind and solar resources creates frequency regulation
challenges, voltage fluctuations, and reliability concerns for
grid operators. Energy storage systems, particularly battery
technologies, offer potential solutions but require careful
optimization to balance performance with degradation costs.

The integration of wind turbines, photovoltaic panels,
and battery storage into hybrid Wind-Solar-Battery (WSB)
systems offers an innovative solution to these limitations.
By coordinating generation, storage, and dispatch through
advanced energy management systems, WSB systems can
provide stable power output, grid support services, and
enhanced reliability. The battery component enables temporal
energy shifting, while intelligent control maximizes renewable
utilization and minimizes grid impact.

In coastal regions characterized by consistent wind patterns
(typically 5-8 m/s annual average) and moderate solar
resources (1600-2000 kWh/m?/year), WSB systems present
particular advantages. These regions often experience
correlated renewable generation patterns that can be optimized
through predictive control. = However, the optimization
of WSB systems for such environments requires careful
consideration of multiple interacting parameters including
forecasting accuracy, battery chemistry characteristics, and
grid code requirements.

The selection of appropriate control strategies is critical
for WSB system performance. Various control approaches
have been developed for hybrid renewable systems,
including classical proportional-integral-derivative (PID)
control, fuzzy logic control, and model predictive control
(MPC). PID controllers are widely used due to their
simplicity and robustness, but they may not adequately
handle the nonlinearities and constraints inherent in hybrid
systems. Fuzzy logic controllers offer improved handling of
uncertainties through rule-based inference, yet they require
expert knowledge for rule definition and may lack optimality
guarantees. Model predictive control has emerged as a
particularly suitable approach for WSB systems due to its
ability to handle multiple constraints, incorporate forecasts,
and optimize over a future horizon. Unlike conventional
controllers that react to disturbances, MPC anticipates future
conditions through the use of predictive models, making it
especially valuable for managing the inherent variability of
renewable generation. The ability to explicitly handle state
constraints, such as battery state-of-charge limits, and to
optimize multiple conflicting objectives makes MPC well-
suited for the complex coordination required in WSB systems.

This research addresses several critical gaps in current
WSB technology deployment in coastal regions.  First,
while numerous studies have investigated hybrid system
performance, comprehensive analyses integrating probabilistic
forecasting with battery health management remain limited.
Second, existing optimization approaches often prioritize
either economic or technical performance without adequately
considering their interplay under real grid conditions.
Third, practical implementation guidelines considering both

grid stability requirements and battery lifecycle costs are
insufficiently developed for coastal applications.

The primary objectives of this study are: (1) to develop
and validate a comprehensive dynamic model for WSB system
performance prediction under coastal climate conditions; (2)
to conduct extensive parametric optimization focusing on grid
stability as the key performance indicator; (3) to identify
optimal control strategies and sizing parameters for maximum
system reliability; and (4) to provide practical implementation
guidelines for WSB deployment in coastal microgrids.

This paper is organized as follows: Section 2 provides
a detailed literature review of recent advancements in
hybrid renewable-storage systems. Section 3 describes the
mathematical modeling approach, system configuration, and
validation methodology. Section 4 presents and discusses
the simulation results, including parametric analyses and
optimization outcomes. Section 5 summarizes key findings
and provides recommendations for future research and
implementation.

2. Literature Review

Recent years have witnessed significant advancements in
hybrid renewable-storage systems, driven by improvements
in forecasting algorithms, battery technologies, and control
strategies. This section reviews contemporary research (2020-
2024) relevant to WSB system performance, with particular
emphasis on coastal applications and grid stability.

2.1. Hybrid System Architectures and Control Strategies

The architecture and control of hybrid renewable systems
have evolved significantly. Zhang et al. [1] conducted
a comprehensive review of wind-solar-battery systems,
identifying that modern configurations can achieve renewable
penetrations exceeding 85% with proper control.  Their
analysis revealed that hierarchical control structures with
model predictive control (MPC) provide the best performance
for grid-connected applications. However, they noted that
real-time implementation under rapidly changing coastal
conditions requires further investigation.

Martinez et al. [2] experimentally demonstrated that
coordinated control in Mediterranean coastal sites could
reduce grid frequency deviations by 65-72% compared
to uncoordinated systems. Their work highlighted the
importance of forecasting accuracy, noting that 24-hour
ahead predictions with 85% accuracy could improve system
economics by 22-28%.

Advanced battery management techniques have been
explored by several researchers. Chen et al. [3] investigated
adaptive battery sizing algorithms based on renewable
variability patterns, reporting a 15-20% reduction in required
storage capacity through intelligent dispatch. However, they
noted that battery degradation under partial cycling conditions
requires more sophisticated health-aware control.
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2.2. Forecasting and Uncertainty Management

Accurate forecasting is essential for WSB system
optimization. Singh et al. [4] developed a novel probabilistic
forecasting framework that achieved prediction intervals
with 90% confidence for both wind and solar generation.
Their model incorporated numerical weather prediction
data, historical patterns, and machine learning corrections,
providing a robust framework for operational planning.

Machine learning approaches have gained popularity for
renewable forecasting. A recent study by Wang et al.
[5] employed long short-term memory (LSTM) networks to
predict coastal wind patterns 48 hours ahead with mean
absolute percentage error (MAPE) below 8.5%. Their results
indicated that ensemble methods combining physical and data-
driven models provide the most reliable forecasts.

Uncertainty quantification methods have also shown
promise. Garcia et al. [6] combined stochastic optimization
with chance constraints to manage forecasting errors in hybrid
systems. Their approach maintained grid stability with 95%
probability while minimizing operating costs, particularly
relevant for coastal regions with weather fronts.

2.3. Grid Integration and Stability Analysis

Grid integration studies have identified critical stability
metrics for hybrid systems. Thompson et al. [7] introduced
a comprehensive stability index incorporating frequency
deviation, voltage regulation, and power quality factors. Their
analysis for islanded microgrids identified optimal inverter
control parameters that maintain stability during renewable
transitions.

Recent work by Kim et al. [8] developed a multi-timescale
control framework for WSB systems, addressing both fast
frequency response (seconds) and energy management (hours).
Their field tests in Korean coastal communities demonstrated
92% reduction in diesel generator run-time through optimal
storage dispatch.

Climate-specific integration studies have revealed important
regional variations. Research focusing on Mediterranean
islands by Papadopoulos et al. [9] found that WSB systems
with synchronous condensers could provide virtual inertia
equivalent to 15-20% of conventional generation. Their
economic analysis indicated payback periods of 6-8 years for
community-scale systems.

2.4. Battery Technologies and Degradation Management

Battery innovations continue to drive hybrid system
improvements. Rodriguez et al. [10] investigated lithium-
iron-phosphate (LFP) versus lithium-nickel-manganese-cobalt
(NMC) chemistries for coastal applications, reporting that
LFP provided 40% longer cycle life despite lower energy
density. This finding significantly impacts lifecycle costs in
high-cycling applications.

Degradation-aware control represents another promising

area. Liu et al. [11] developed a health-conscious energy
management system that reduced battery degradation by 28%
while maintaining grid support capability. Their experimental
prototype extended battery life to 12 years in cycling
applications, though computational complexity remains a
challenge.

Second-life battery applications have shown particular
promise for coastal microgrids. Recent studies by Anderson
et al. [12] demonstrated that retired electric vehicle batteries
could provide grid services at 40% lower cost than new
batteries, though standardization and safety require further
development.

2.5. Research Gaps and Contributions

Despite these advancements, several research gaps
persist. First, comprehensive optimization studies specifically
integrating probabilistic forecasting with battery health
management for coastal conditions are limited. Second,
integrated analyses considering both grid stability and
economic viability under realistic uncertainty conditions are
insufficient. Third, standardized testing and performance
prediction methodologies for WSB systems in coastal regions
require further development.

This research contributes to addressing these gaps by:
(1) developing a validated performance model specifically
calibrated for coastal climate conditions; (2) conducting
holistic optimization considering multiple stability and
economic metrics; (3) providing practical implementation
guidelines based on comprehensive parametric analysis; and
(4) establishing a framework for lifecycle evaluation of WSB
systems in coastal microgrids.

3. Methodology

3.1. System Configuration and Description

The WSB system investigated in this study employs a
grid-connected configuration optimized for coastal microgrid
operation. The system components include: (1) three 100-
kW horizontal-axis wind turbines with 24m rotor diameter and
cut-in speed of 3 m/s; (2) 300-kW monocrystalline PV array
with 21% efficiency at STC; (3) 400-kWh lithium-ion battery
storage with bi-directional inverter; (4) S00-kVA grid-forming
inverter with black-start capability; (5) supervisory control and
data acquisition (SCADA) system with real-time monitoring;
and (6) weather station with anemometers, pyranometers, and
temperature sensors.

The system operates in grid-forming mode with capability
to transition to islanded operation during grid outages. The
energy management system implements model predictive
control with rolling horizon optimization, considering
forecasts, state-of-charge, and grid conditions. The battery
storage provides multiple services including frequency
regulation, voltage support, and energy arbitrage.
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3.2. Mathematical Modeling Framework

The developed model integrates generation forecasting,
storage dynamics, and grid interaction through coupled
differential equations. The following assumptions guide the
modeling approach:

1) Quasi-steady-state operation for 15-minute intervals

2) Linearized battery degradation model

3) Perfect power electronic conversion efficiency

4) Negligible transmission losses within microgrid

5) Forecast errors following normal distribution

6) Grid codes compliant with IEEE 1547-2018

3.2.1. Wind Power Model
The wind turbine power output follows:

0 v < Vg
P v3—v3, <
L vy v <o
Py(v) = Tvi-vi 4 " (1)
P, U LU < Vg
0 UV 2 Vg

where v is wind speed at hub height, corrected for coastal shear
effects.

3.2.2. Solar Power Model
The photovoltaic power output considers temperature
effects:

Pp'u - GApvnpv[l - 5Tef(Tc - Tref)} (2)

with cell temperature T, = T, + G %(1 — Npy)-

3.2.3. Battery Storage Model
The battery state-of-charge dynamics:

Py(t)At
nePe(t) At — L0 X
Cbat ( )

SOC(t + 1) = SOC(t) +

with degradation cost:
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3.2.4. Grid Stability Metrics
Frequency deviation index:

1 T
FDI — \/ = /O (f(£) = from)2dt )

Voltage regulation index:

V(t) — Vaiom

VRI = max x 100% (6)

teT nom

Overall stability index:
FDI VRI
Sl—loo%—OGXm—O4Xm (7)
3.2.5. Multi-objective Optimization

The control problem formulation:
min oy Cop + a2(100 — ST) + a3Ccq )
s.t. I:)load(t) = Pw (t) + va (t) + Pbat(t) + Pgrid(t) (9)
SOCpin < SOC(t) < SOC 4z (10)
| Pyria(t)| < Pgrid’ (1
IAf()] < Afmaz (12)

where u represents control variables, weights c; sum to 1.

3.3. Simulation Parameters and Validation

The simulation employs parameters detailed in Table 1,
calibrated for coastal microgrid operation.

Table 1. System Parameters for Coastal WSB Model.

Parameter Symbol Value Unit
Wind Turbine Rated Power Py 100 kW
PV Array Capacity Py, 300 kW
Battery Capacity Chat 400 kWh
Inverter Capacity Srom 500 kVA
Wind Cut-in Speed e 3.0 m/s
Wind Rated Speed @y 10.5 m/s
Wind Cut-out Speed Veo 25 m/s
PV Temperature Coefficient Bref 0.0041 1/°C
Battery Round-trip Efficiency Mrt 92 %
Minimum SOC SOCpsm 20 %
Maximum SOC SOC e 95 %
Grid Frequency Limits Afmaz +0.5 Hz
Voltage Regulation Limits AViaz =£5 %
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Model validation was performed against experimental summarizes validation outcomes, demonstrating excellent
datasets from operational coastal microgrids.  Table 2  agreement.

Table 2. Model Validation Results.

Parameter Experimental Predicted RMSE MAPE

Wind Power (kW) 682 66.9 4.8% 5.2%

Solar Power (kW) 142.3 145.1 3.2% 3.5%

Battery SOC (%) 64.8 632 2.1% 23%

Frequency Deviation (Hz) 0.18 0.19 6.5% 7.1%
3.4. Simulation Procedure and Parametric Studies Parametric studies investigated:

1) Wind speed variability: 4-12 m/s

2) Solar irradiance: 200-1000 W/m?

3) Load variability: 20-100% of rated capacity

4) Battery capacity: 100-500 kWh

5) Forecast accuracy: 70-95%

Annual simulations used Typical Meteorological
Year (TMY) data for Alexandria, Egypt, representing
Mediterranean coastal conditions.

The simulation framework implements:

1) Input meteorological and load data (15-minute
resolution)

2) Generate probabilistic forecasts using LSTM ensemble

3) Solve optimization problem with rolling horizon

4) Implement control actions with safety constraints

5) Calculate performance metrics and update state

6) Aggregate results for analysis period (1 year)

4. Results and Discussion

4.1. Performance Under Varied Wind Conditions

120 I T T T T y . N
—-— Wind Turbine
100 |- | —— Complementary Solar

80 |-

60 -

40 |

A

Power Output (kW)

20

| | | |

3 4 5 6 7 8 9 10 11 12
Wind Speed (m/s)

Figure 1. Wind turbine power output and complementary solar generation under varying wind speeds

Figure 1 illustrates the complementary characteristics of  m/s. Solar generation remains relatively stable during typical
wind and solar resources in coastal regions. As wind speed  daytime hours, providing base power that complements wind
increases from cut-in to rated speed (3-10.5 m/s), wind variability. This complementarity reduces overall system
power increases cubically, reaching rated capacity at 10.5  variability by 42% compared to standalone systems.
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Table 3. Battery Dispatch

Optimization Results.

SOC (%) Charge Power (kW)  Discharge Support Power (kW)  Frequency Support  Voltage Support  Degradation Cost ($/cycle)  Stability Index (%)
20-30 150-200 0-50 High Medium 0.85 94.2
30-50 100-150 50-100 High High 0.62 96.8
50-70 50-100 100-150 Medium High 0.48 98.7
70-90 0-50 150-200 Low Medium 0.71 95.4

4.2. Battery Dispatch Optimization

Table 3 presents optimal battery dispatch strategies across
different state-of-charge ranges. Results indicate that the
50-70% SOC range provides the best balance between grid

4.3. Grid Stability Performance

support capability and degradation costs, achieving stability
index of 98.7% at degradation cost of $0.48 per equivalent
cycle. Higher SOC ranges prioritize energy arbitrage but

reduce frequency support capability, while lower SOC ranges
increase degradation costs due to deeper cycling.

S)
=
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Q
=
Q 1
= 1
o 1
2 i
8 1
S \ | — With WSB Control
4961 - N ) \|--- Without Storage | |
v | \ N \ LN I
0 4 8 12 16 20 24
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Figure 2. Grid frequency regulation with and without WSB system control

Figure 2 demonstrates the frequency regulation capability of
the optimized WSB system. With intelligent battery dispatch,
frequency deviations remain within £0.3 Hz throughout the
24-hour period, compared to £0.8 Hz without storage support.

4.4. Forecasting Accuracy Impact

The most significant improvements occur during morning and
evening transition periods when renewable generation changes
rapidly and load patterns shift.

Table 4. Impact of Forecasting Accuracy on System Performance.

Forecast Accuracy (%) Renewable Utilization (%)  Battery Cycling (cycles/day)  Grid Import (%) Operating Cost ($/day) Stability Index (%)
70 76.2 1.8 284 142.6 91.3
75 78.9 1.6 25.1 1382 92.8
80 824 1.4 21.8 132.7 94.5
85 85.7 1.2 183 126.4 96.2
90 88.9 1.1 14.6 118.9 97.8
95 91.2 0.9 11.2 112.3 98.6
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Table 4 quantifies the critical importance of forecasting
accuracy for WSB system performance. As forecast accuracy
improves from 70% to 95%, renewable utilization increases
by 15 percentage points, battery cycling decreases by 50%,
grid import reduces by 60%, operating cost drops by 21%,

4.5. Seasonal Performance Analysis

101

and stability index improves by 7.3 percentage points. These
results highlight the economic value of improved forecasting,
with each percentage point of accuracy improvement worth
approximately $1.2/day in reduced operating costs for the
studied system.

100 T T T T T T T T T T T T
—e— With Forecasting
_ - w- Without Forecasting
X
= 90 B
g
g
g
g 80 .
2
s RIS
% 70 . - LN <. |
2 - .
w - .
-
60 | | | &l | \1 | | | | |
S X Q (V]
SR O S R S A SO
Month

Figure 3. Monthly renewable penetration with and without predictive control

Figure 3 shows seasonal variations in renewable penetration
for the coastal site. Summer months (May-August) achieve the
highest penetration (88-92%) due to consistent solar resources
and moderate winds. Winter months (December-February)

4.6. Economic Analysis

show lower penetration (76-81%) but still significantly higher
than conventional systems. Predictive control provides
consistent 12-15 percentage point improvement across all
seasons, demonstrating its year-round value.

Table 5. Economic Comparison of WSB System Configurations.

Configuration Capital Cost ($) Annual O&M ($) Battery Life (years) LCOE ($/kWh) Payback Period (years)
WSB Basic 850,000 25,000 8.2 0.152 9.8

WSB Optimized 920,000 21,500 10.8 0.138 8.2

Wind Only 600,000 18,000 N/A 0.185 12.4

Solar Only 550,000 15,000 N/A 0.162 10.6

Diesel Generator 350,000 85,000 N/A 0.324 4.1

Table 5 presents comprehensive economic analysis results.
The optimized WSB system shows superior lifecycle
economics despite higher initial capital cost, achieving
levelized cost of energy (LCOE) of $0.138/kWh compared
to $0.185/kWh for wind-only and $0.324/kWh for diesel

generation. The payback period of 8.2 years is competitive
with conventional renewables, while providing significantly
enhanced grid services. Battery life extension from 8.2 to
10.8 years through health-aware control contributes $45,000
in lifecycle savings.
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4.7. Sensitivity Analysis
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Figure 4. Sensitivity of stability index to key parameter variations

Figure 4 presents sensitivity analysis results for three
critical parameters. Forecasting accuracy shows the strongest
positive correlation with stability, with each 10% improvement
providing approximately 3 percentage points stability increase.

4.8. Comparative Grid Services Analysis

Battery capacity shows moderate positive correlation, with
diminishing returns beyond 20% oversizing. Load variability
shows negative correlation, though its impact is mitigated by
the control system’s adaptability.

Table 6. Grid Services Provided by WSB System.

Service Type Capacity (kW) Availability (%) Value ($/year) Equivalent Conventional
Frequency Regulation 150 98.7 42,500 200-kW gas turbine
Voltage Support 120 99.2 28,300 150-kVAr capacitor bank
Black Start 400 100.0 15,800 500-kW diesel unit
Spinning Reserve 200 95.4 36,200 250-kW quick-start gen
Energy Arbitrage 300 91.8 52,700 N/A

Table 6 quantifies the multiple grid services provided by
the WSB system, with total annual value exceeding $175,000.
Frequency regulation and energy arbitrage provide the highest
monetary value, while black start capability provides critical
reliability value despite lower direct revenue. The system’s
ability to provide multiple services simultaneously represents
a key advantage over single-service assets, increasing overall
utilization and economic return.

4.9. Reliability Assessment

Figure 5 compares reliability metrics across different
system configurations. The WSB system achieves loss of
load probability (LOLP) of 1.2%, significantly lower than
wind+storage (4.8%), solar+storage (3.6%), diesel backup
(8.5%), or grid-only (6.2%). This superior reliability stems
from resource complementarity, predictive control, and multi-
service capability, making WSB systems particularly valuable
for critical coastal infrastructure.
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Figure 5. Loss of load probability for different system configurations
Table 7. Environmental Benefits of WSB System Deployment.
Impact Category WSB System Conventional Mix Reduction (%)
CO2 Emissions (tCO2/year) 423 285.6 85.2
SOx Emissions (kg/year) 8.5 124.3 93.2
NOx Emissions (kg/year) 12.8 98.7 87.0
Water Consumption (m3/year) 156 1240 87.4
Land Use (hectares) 2.8 42 333

4.10. Environmental Impact Assessment

Table 7 quantifies the environmental benefits of WSB
system deployment. The system reduces greenhouse gas
emissions by 85% compared to the conventional grid mix,
with even greater reductions in local air pollutants. Water
consumption savings are particularly significant in coastal
regions where freshwater may be limited. The compact
footprint reduces land use by one-third compared to separate
renewable installations.

Figure 6 analyzes control system performance as a function
of optimization horizon. Stability index improves with longer
horizons up to 24 hours, then plateaus due to decreasing
forecast accuracy. Computational time increases linearly with
horizon length, while effective forecast accuracy decreases
beyond 12-24 hours. The optimal trade-off occurs at 12-24
hour horizons, providing 93-96% of maximum stability with
reasonable computation time.

5. Conclusion

5.1. Key Findings

1. Grid Stability Enhancement: The optimized WSB
system achieves stability index of 98.7% under typical coastal

conditions, representing 41% improvement over standalone
renewable systems and demonstrating superior grid support
capability. 2. Optimal Control Strategy: Model predictive
control with 12-24 hour horizons and health-aware battery
management provides optimal balance between stability,
economics, and equipment life. 3. Economic Viability:
Levelized cost of energy $0.138/kWh with payback period of
8.2 years, superior to conventional renewables and providing
multiple revenue streams from grid services. 4. Environmental
Benefits: 85% reduction in greenhouse gas emissions and 87%
reduction in water consumption compared to conventional
generation. 5.  Reliability Improvement: Loss of load
probability reduced to 1.2%, significantly enhancing energy
security for coastal communities.

5.2. Technical Recommendations

1. System Design: Implement hierarchical control
architecture with model predictive control at 15-minute
intervals and faster secondary control for frequency regulation.

2. Battery Management:  Utilize health-conscious
algorithms maintaining SOC between 50-70% for optimal
balance between performance and degradation.
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Figure 6. Control system performance versus optimization horizon

3. Forecasting Integration: Combine numerical weather
prediction with machine learning techniques to achieve 85-
90% forecast accuracy for optimal scheduling. 4. Grid
Interface: Employ grid-forming inverters with black-start
capability and seamless transition between grid-connected and
islanded modes.

5.3. Practical Implementation Guidelines

1. Site Assessment: Conduct detailed resource assessment
focusing on wind-solar complementarity and load correlation
in coastal locations. 2.  System Sizing: Size battery
storage based on variability management requirements
rather than simple energy shifting, typically 1-1.5 hours
of system capacity. 3. Monitoring Systems: Implement
comprehensive SCADA with cybersecurity measures and
real-time performance tracking. 4. Maintenance Protocols:
Establish predictive maintenance schedules based on
equipment condition monitoring rather than fixed intervals.

5.4. Policy Recommendations

1. Market Design: Develop electricity markets that
recognize and compensate multiple grid services provided
by hybrid systems. 2. Standards Development: Establish
interoperability standards for hybrid system components and
communication protocols. 3. Financial Incentives: Provide
targeted incentives for systems demonstrating superior grid
support capabilities. 4. Research Funding: Prioritize research
in forecasting accuracy, battery degradation modeling, and
multi-objective optimization.

5.5. Limitations and Future Work

1. Long-term Degradation: Extend battery degradation
models to include calendar aging effects and non-linear
capacity fade. 2. Extreme Events: Investigate system
performance during extreme weather events common in

coastal regions. 3. Multi-microgrid Coordination: Explore
coordination strategies between multiple WSB systems in
regional networks. 4. Hydrogen Integration: Investigate
hybrid systems incorporating hydrogen storage for longer-
duration energy shifting. 5. Real-world Validation: Conduct
multi-year field trials to validate model predictions and refine
control algorithms.

In conclusion, this research demonstrates that Wind-
Solar-Battery hybrid systems represent a technologically
mature and economically viable solution for coastal grid
stability. Through intelligent optimization and appropriate
implementation, these systems can significantly contribute
to renewable integration, grid resilience, and sustainable
development in coastal regions worldwide.
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Abbreviations

WSB Wind-Solar-Battery

MPC Model Predictive Control

PID Proportional-Integral-Derivative
RMSE Root-Mean-Square Error

MAPE Mean Absolute Percentage Error
LSTM Long Short-Term Memory

SOC State of Charge

DOD Depth of Discharge

FDI Frequency Deviation Index

VRI Voltage Regulation Index

SI Stability Index
LCOE Levelized Cost of Energy
LOLP  Loss of Load Probability



International Journal of Energy and Environmental Science 2026; 11(4): 95-105 105

SCADA  Supervisory Control and Data Acquisition

™Y Typical Meteorological Year

LFP Lithium-Iron-Phosphate

NMC Lithium-Nickel-Manganese-Cobalt
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