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Abstract

The integration of renewable energy sources into the existing power grid presents numerous chal-
lenges due to their inherent intermittency and variability. Energy storage systems play a crucial role
in mitigating these challenges by enabling the efficient and reliable integration of renewable energy.
Simulation techniques provide a powerful tool for modeling and analyzing energy storage systems,
allowing for the assessment of their performance under various operating conditions. This abstract
provides a concise overview of the simulation of energy storage systems for renewable energy in-
tegration. It explores different types of energy storage technologies, their advantages, limitations,
and applications. The abstract also emphasizes the importance of simulation in understanding the
dynamic behavior of energy storage systems and optimizing their performance. Additionally, it
highlights future research directions, including advanced modeling techniques, integration of multi-
ple storage technologies, optimal sizing and placement, control strategies, and real-time simulation
for hardware-in-the-loop testing. The simulation of energy storage systems for renewable energy
integration is crucial for advancing the transition to a sustainable and resilient energy future.

Introduction: Renewable energy sources, such as solar and wind power, are rapidly gaining
momentum as viable alternatives to conventional energy generation methods. To address this is-
sue, energy storage systems (ESS) have emerged as a critical component for effectively integrating
renewable energy sources into the grid. Simulation techniques play a crucial role in this process,
enabling engineers and researchers to model and analyze the behavior and performance of different
energy storage technologies under various operating conditions. This report aims to explore the
significance of simulating energy storage systems for renewable energy integration, using advanced
simulation tools and techniques to gain valuable insights into system behavior, assess the impact of
different parameters, optimize system design, and inform decision-making processes for sustainable
energy management.

Background Theories: The integration of renewable energy sources with energy storage sys-
tems involves several technical and economic considerations. One of the key theories behind this
integration is the concept of time-shifting, which allows excess energy generated from renewable
sources to be stored and used during periods of low generation or high demand. Another important
theory is the concept of grid stability, which refers to the ability of the power grid to maintain a
balanced supply-demand relationship. Energy storage systems can play a crucial role in enhanc-
ing grid stability by providing additional capacity during peak demand periods and mitigating the
variability of renewable energy generation. Additionally, economic theories, such as levelized cost of
energy (LCOE) and net present value (NPV), are commonly used to evaluate the cost-effectiveness
of integrating energy storage systems with renewable energy sources. These theories provide a solid
foundation for understanding the principles and benefits of simulating energy storage systems for
renewable energy integration.
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Importance of Energy Storage Systems for Renewable Energy Integration:
Numerous studies emphasize the crucial role of energy storage systems in enabling the effective
integration of renewable energy sources into existing power grids. Energy storage addresses the
intermittent nature of renewables, allowing surplus energy to be stored and released when needed,
thus providing grid stability, enhancing reliability, and maximizing renewable energy utilization.

Renewable energy source (RES): The renewable energy source in the design above is solar
photovoltaics (PV) use for power generation. Solar cells also called PV convert sunlight directly to
electricity. The power generated from solar highly depend on the amount of sun light. Maximum
generation is usually achieved during peaks of day light, if sufficient enough, excess generation is
stored in energy storage devices such as lithium ion batteries for later use during off peak hours
usually in the early morning and late in the evening to mid-night. Considering a renewable source
rated at 3 kW, roof mounted system with the area of the solar cells approximately 20 m2 with an
efficiency of 15%. The power from the PV system is determined using a linear model based on the
irradiance level. The equation representing the simplified model is given in [4]: P Voutput(t) =
GHI(t) × S × P Vη (1)

where GHI(t) is the global horizontal irradiation in W/m2 , S is the total area for the PV modules
in m2 and PVη is the efficiency of the PV modules. The PV generator is connected to the system
via a DC to AC inverter with maximum power point tracking and constant efficiency. The change
in efficiency of the inverter depending on the input and required output are not considered. The
generation of electricity for PV is also temperature sensitive and that is also not considered in
this project. This however does not significantly hamper the system and this simplification has
been applied successfully in previous works including [4, 9]. The PV system was implemented
and simulated using the System Advisor Model (SAM) developed and distributed by the National
Renewable Energy Lab (NREL) [9]. A detailed residential PV model was developed. The PV
generator size was chosen to cover our peak load requirement of 2.5 kW while being reasonably
priced and having a footprint that can easily fit on the rooftop of an average-sized house. The
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SAM simulation, using the GHI data for the south side of Tallahassee, provided the expected power
production from the PV generator for the period of a year. This is shown in Figure 2 along with
the expected AC production

Simulation Techniques for Energy Storage Systems: Simulation techniques play a crucial
role in analyzing and evaluating the performance of energy storage systems (ESS) for renewable
energy integration. Various simulation techniques are employed to model and simulate the behavior
of energy storage systems under different operating conditions. This section provides a brief overview
of the commonly used simulation techniques and their benefits and limitations. Such as Analytical
Simulation, numerical solution, experimental solution
Modeling Approaches for Energy Storage Systems: Modeling approaches are essential for under-
standing and analyzing the behavior of energy storage systems (ESS) used in renewable energy
integration. Different modeling approaches are employed to represent the characteristics and per-
formance of various energy storage technologies. Here are the key modeling approaches commonly
used for energy storage systems
Battery energy storage systems (BESS)
Pumped hydro storage (PHS)
Compressed air energy storage (CAES)
Flywheel energy storage systems (FESS)
Thermal energy storage systems (TESS)
Power-to-Gas (P2G) systems

Hybrid Renewable Energy Source: In order to maximize energy production and improve system
efficiency, hybrid renewable energy sources combine various renewable energy technologies. Hybrid
systems can get around the constraints of individual technologies and offer a more dependable and
consistent power supply by merging multiple sources like solar, wind, hydro, or biomass. These
systems make use of solar electricity during the day, wind power during windy periods, and hydro
or biomass power as needed. They do this by using the complimentary nature of diverse renewable
sources. Synergy between many energy sources increases energy production and lessens reliance on
a single technology. Due to their capacity to increase grid stability, increase energy reliability, and
support a more robust and sustainable energy infrastructure, hybrid renewable energy sources are
becoming more and more popular.

The power and energy management system (PEMS): The PEMS in the system design
serve as control for energy flow and conversion from RES, grid and energy storage. It contains
the power electronics required to interface the power systems and the load. The PV generator is
connected to the AC bus via an inverter and the energy storage device is connected the AC bus via
a bi-directional controller as shown if Figure 1.
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Net metering is in effect to account for excess flow of power to the grid and the meter is smart
to monitor the power usage of different components. Two DC-DC boost converters and a single
inverter is use in the power and energy management system. This is due to the differences in the
output of the PV and the storage device voltage. This PV array converter also function as maximum
power point tracking (MPPT). The power flow in the circuit is been monitored and controlled by
the operation mode control logic which is embedded in the PEMS.

Renewable Energy Statistics: The use of renewable energy has increased dramatically, making
it a significant player in the world’s energy market. Renewable energy today makes up a sizeable
fraction of the entire energy mix, with a rising share of worldwide electricity output. With numer-
ous installations totaling gigawatts of capacity worldwide, solar power has emerged as the market
leader, closely followed by wind power. Investments in renewable energy have increased significantly
financially as a result of the lowering costs of renewable technology. With a large drop in carbon
dioxide emissions as a result of this increase in deployment, we are getting closer to a cleaner and
more sustainable energy future.

Results: Positive outcomes came from the simulation of energy storage devices for the integra-
tion of renewable energy. Direct connections of renewable energy sources to the grid caused grid
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instability, the curtailment of excess energy, and restricted flexibility prior to the incorporation of
energy storage devices. Energy storage technologies were integrated into the grid, which improved
grid stability and decreased power supply variations. As extra energy could be stored and used
when needed, minimizing reliance on non-renewable sources, the storage devices allowed for greater
penetration of renewable energy. Energy storage system integration also improved grid flexibility by
enabling more effective handling of swings in renewable energy and optimizing energy dispatch. The
simulation showed that energy storage devices are essential for enabling the efficient, dependable,
and long-term integration of renewable energy into the power grid.

Conclusion and Future Work: The simulation of energy storage systems for renewable energy
integration plays a crucial role in enabling the widespread adoption of renewable energy sources.
Through the use of advanced simulation tools and techniques, researchers and industry professionals
can accurately model and analyze the performance of energy storage systems, identify optimal config-
urations, and evaluate their impact on the overall renewable energy integration process.Throughout
this report, we have explored various types of energy storage systems, including batteries, pumped
hydro storage, compressed air energy storage, and thermal energy storage. We have discussed their
respective advantages, limitations, and applications in the context of renewable energy integration.
Although significant progress has been made in the simulation of energy storage systems for re-
newable energy integration, there are still several avenues for future research and development.
Advanced Modeling Techniques, Integration of Multiple Energy Storage Technologies, Optimal Siz-
ing and Placement can be done in future
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