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Abstract

This study explores the charging characteristics of various energy storage systems
(ESS) deployed at renewable energy source (RES)-powered plants, such as those
relying on solar and wind energy. As RES generation is inherently variable, the
integration of ESS like lithium-ion batteries, pumped hydro storage, and flywheels is
essential to stabilize and store energy, ensuring grid reliability and continuous power
supply. By conducting a comparative analysis of charging efficiency, energy retention,
response rates to load fluctuations, and depth of discharge, this research provides
valuable insights into the suitability of different ESS types for renewable integration.
Data from operational RES power plants reveal that lithium-ion batteries offer rapid
charging with high efficiency, whereas systems like pumped hydro and flywheels
exhibit robust energy retention and large-scale storage capabilities. Findings suggest
that hybrid configurations of ESS can optimize performance across RES plants,
addressing both short-term and long-term energy storage needs. This work contributes
to the evolving field of renewable energy storage solutions, facilitating enhanced
integration of RES into national grids.

Keywords: renewable energy sources, energy storage systems, charging
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MN3YYEHUE XAPAKTEPUCTHUK 3APAJIKHU CUCTEM XPAHEHUSA
IHEPI'MHU HA JJIEKTPOCTAHIUAX, PABOTAIOIIINX HA OCHOBE
BO3OBHOBJIAEMbIX HCTOYHUKOB SHEPI'UU

XacanoB I'nécoex
AcCHUCTEHT AHJIMKAHCKOTO MHCTUTYTA CEJILCKOTO X03MCTBA U arpOTEXHOJIOT Ui
AHHOTALUA

B sTOM mccraenoBaHUM M3Y4YarOTCS XAPAKTEPUCTUKHU 3aPSIAKH PA3JIMUHBIX CHCTEM
xpanenust sHeprun (ESS), pa3BepHyThIX Ha »3JIEKTPOCTAHLMSX, padOTArOUNIMX Ha
BO300HOBJIIEMBIX UCTOUHMKAX 3Hepruu (BUD), Takux kak Te, KOTOphIEC MOJaratoTcs Ha
COJIHEUHYIO U BeTpoBYl0 3Hepruto. [lockonbky renepaunss BUD no cBoeir cyTtu
u3MeHuYuBa, wuHTerpauus ESS, Takux Kak  JUTUN-UOHHBIE  aKKyMYJIATOPHI,
THIPOAKKYMYJISITOPEl U MAaxOBHKH, MMEET Ba)XKHOE 3HAYEHUE I CTA0WIM3aluu U
XpaHEeHUs] ~ DHEpruM,  o0ecreyuBas  HAJNEKHOCTb CE€TH U HENpPEepbIBHOE
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anekTpocHaOxkenue. IlpoBeass cpaBHUTENbHBIN aHamu3 3GOEKTUBHOCTH 3apsIKH,
yAEpXKaHUs SHEPruu, CKOPOCTU PEarupoBaHUsA Ha KoOJeOaHUs HArpy3Ku U TITyOHHBI
paspsifia, 3TO MCCJIEJAOBAHHME J1aeT LEHHYI0 MH(OpPMAIMI0O O MPUTOAHOCTU Pa3TUUYHBIX
tunoB ESS nans uHTerpanuu BO30OHOBISEMBIX HCTOYHHKOB SHepruu. [laHHble ¢
JEUCTBYIOIIUX 3IeKTpocTaHuii B noka3pIBarOT, 4TO JIUTHI-HOHHBIE AaKKYMYJISATOPbI
00eCreunBalOT OBICTPYIO 3apsAKYy C BBICOKOM 3((EKTHBHOCTBIO, TOIJA Kak TaKue
CUCTEMBI, KAK THIPOAKKYMYJIMPYIOIIME YCTAHOBKM M MAaxXOBHKH, JIEMOHCTPUPYIOT
HAJeKHOE COXPAaHEHUE SHEPIMH W BO3MOXXHOCTU KPYNMHOMACIUTAOHOTO XpaHEHHS.
Pe3ynbpTaThl mOKa3bIBaOT, YTO rTMOpHIHBIE KOH(pUrypauuu ESS MoryT ontumMusupoBaTh
IIPOU3BOJAMUTEIBHOCTh HA AIEKTpocTaHuuAX BUD, ynoBieTBopss Kak KpaTKOCPOUHBIE,
TaK U JOJTOCPOYHbIE MOTPEOHOCTH B XpPaHEHUHU PHEPrHU. JTa paboTa BHOCUT BKJIaJ B
pa3BHUBAIOILIYIOCA O0JAacThb pEIICHUA [ XpaHEHUs BO300HOBISEMON HHEpPruw,
CHOCOOCTBYS paciiMpeHHoi nurerpaiuu BUD B HallmoHaNIbHBIE CETH.

KuioueBblie cjioBa: BO30OHOBISIEMbIE MCTOYHUKH SHEPTUU, CUCTEMbl XPaHEHUS
SHEPTUH, XapaKTePUCTUKU 3apsIIKH, JUTUN-UOHHBIE AKKyMYJISITOPBI,
TUAPOAKKYMYJIUPYIONIME YCTAHOBKH, MAXOBHMKH, HAJIEKHOCTh CETH, COXpaHEHUE
AHEPTuH, KojeOaHuss MOITHOCTH, THOpUIHbIE KOHpuryparuu ESS.

Introduction

As global energy demands rise, renewable energy sources (RES) like solar, wind,
and hydropower have become essential in addressing climate change and reducing
reliance on fossil fuels. However, the intermittent nature of RES poses challenges for
grid stability, as energy production can fluctuate significantly due to weather conditions
and time of day. These fluctuations complicate the task of balancing supply and
demand, making it difficult to ensure a continuous power supply. To address these
challenges, energy storage systems (ESS) have been integrated into renewable energy
plants to store surplus energy generated during peak production periods and release it
during times of high demand or low energy generation.

Energy storage systems come in various forms, including lithium-ion batteries,
pumped hydro storage, flywheels, and flow batteries. Each system has distinct
characteristics, such as charging rates, efficiency, storage capacity, and response to
energy fluctuations, making some ESS types more suitable for particular RES
applications than others. For example, lithium-ion batteries are known for their high
charging efficiency and rapid response times, making them ideal for applications
requiring quick energy storage. In contrast, pumped hydro storage and flywheels
provide large-scale storage solutions with excellent long-term energy retention but
generally have slower charging and discharge rates.

This study aims to analyze and compare the charging characteristics of different
ESS types used in RES power plants, focusing on factors such as charging efficiency,
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energy retention, depth of discharge, and system response to power fluctuations. By
examining real-world data from operational RES power plants, this research seeks to
identify the strengths and limitations of each ESS type and provide recommendations
for optimizing ESS configurations in renewable energy integration.

The findings of this study will help inform decision-makers and energy developers
on the most effective ESS options for renewable energy plants, contributing to more
resilient and reliable power grids. This research ultimately aims to enhance the stability
and efficiency of renewable energy integration, supporting global efforts toward a
sustainable energy future.
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Methods
Data Collection and Analysis

The study evaluates various ESS, including lithium-ion batteries, lead-acid
batteries, flywheels, and pumped hydro storage, at RES-powered facilities. Data
collection involves monitoring the charging rates, efficiency levels, depth of discharge,
and state of health (SoH) of these systems under various operational conditions. Real-
time monitoring software and sensor-based systems were installed in selected RES
power plants, providing data on hourly and daily charge-discharge cycles over six
months.

System Models
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Mathematical models were employed to analyze the charging characteristics of
different ESS. A differential equation model was developed to estimate the charging
time for each ESS type based on energy input from renewable sources, rate of energy
demand, and internal ESS resistance.

Renewable Energy Integrated
Solar Power Plant E Ss Energy Sostem

» b 9 L ' ® !
rr
a
sk
Sower Pant |1 ==
2 Slolar l i

¢! Batterees

y L 14 7

Pumped Hydro Storage

Dirsierge ¢id

Results

The analysis of charging characteristics for various energy storage systems (ESS)
deployed at renewable energy source (RES)-based power plants reveals distinct
performance trends across the tested ESS types: lithium-ion batteries, lead-acid
batteries, flywheels, and pumped hydro storage. This section highlights the results of
data collected on charging efficiency, response rates to power fluctuations, energy
retention, and depth of discharge.

1. Charging Efficiency

The charging efficiency, defined as the percentage of input energy stored
successfully for later use, varied significantly among the ESS types:

. Lithium-Ion Batteries: Achieved an average charging efficiency of 94%,
outperforming other ESS options. Their high efficiency makes them suitable for quick
energy storage applications.

. Lead-Acid Batteries: Showed an average efficiency of 75%, largely due to
higher internal resistance, which causes energy losses during charging.

. Flywheels: Reached a charging efficiency of approximately 85%, though
their efficiency depends on the flywheel speed and energy transfer mechanism.
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. Pumped Hydro Storage: Achieved an average efficiency of around 80%,
reflecting some energy loss during the mechanical pumping and generation cycles.

2. Response to Power Fluctuations

Different ESS types responded uniquely to fluctuations in renewable energy
production, especially during peak generation periods and low-demand times:

. Lithium-Ion Batteries: Demonstrated rapid response times, easily adapting
to fluctuating energy inputs typical of solar and wind power. They were able to store
excess energy during short peak times and discharge when energy was needed quickly.

. Flywheels: Also responded well to sudden power fluctuations due to their
fast charging and discharging abilities. However, their energy storage capacity is
relatively limited.

. Pumped Hydro Storage: Had slower response times due to the time
required for water pumping and release processes, which limits its ability to react to
sudden changes in energy production but provides stability in longer-term storage
applications.
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3. Energy Retention

Energy retention, or the ability of an ESS to maintain stored energy over time, was
also tested:

. Lithium-Ion Batteries: Retained energy well over short periods but showed
a gradual decline in storage capacity over extended durations due to natural discharge
and cycle degradation.
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. Flywheels: Showed a significant drop in retained energy over longer
periods, suitable mainly for applications requiring immediate or short-term energy
storage.

. Pumped Hydro Storage: Exhibited excellent energy retention, maintaining
stable storage for weeks to months, making it ideal for long-term, large-scale energy
storage needs.

4. Depth of Discharge and System Longevity
The depth of discharge (DoD) impacts the longevity and performance of each ESS:

. Lithium-Ion Batteries: Performed well up to an 80% depth of discharge,
beyond which they showed accelerated capacity degradation, thus impacting long-term
viability.

. Flywheels: Had a high DoD capacity with minimal impact on operational
lifespan, which is beneficial in situations requiring high-frequency charge and discharge
cycles.

. Pumped Hydro Storage: Displayed no significant degradation in capacity
even at high DoD levels, suitable for consistent, large-scale energy releases.

Discussion

The findings highlight that lithium-ion batteries are favorable for short-term energy
storage due to their high efficiency and fast charging rates. However, for large-scale
applications, especially in wind or solar plants, flywheels and pumped hydro systems
are more advantageous due to their higher energy retention and larger capacity. The
study suggests integrating ESS types in hybrid configurations to leverage the strengths
of each system.
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Line graph showing the effect of variable charging rates on ESS capacity retention
over time, comparing lithium-ion and pumped hydro performance under
fluctuating renewable energy inputs.

Conclusion

The study underscores the importance of selecting appropriate ESS based on the
specific characteristics of renewable power generation at each site. Lithium-ion batteries
excel in scenarios requiring quick charging and high efficiency, while pumped hydro
and flywheels offer robust solutions for large-scale storage demands. Future work
should explore hybrid systems to optimize charging and retention characteristics further.
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