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ACCOUNTING CALENDAR AND CYCLIC AGEING FACTORS IN
DIAGNOSTIC AND PROGNOSTIC MODELSOF  SECOND-LIFE
EV BATTERIES APPLICATION IN ENERGY STORAGE SYSTEMS

Abstract. The rapid expansion of the electric vehicle market has significantly increased the demand for
lithium-ion batteries, posing challenges for manufacturers and policymakers regarding efficient use and
recycling. When these batteries reach the end of their primary lifecycle, their repurposing for secondary
applications such as energy storage becomes critical to addressing environmental and resource management
issues. This paper focuses on applying second-life batteries in energy storage systems, emphasizing the
importance of accounting for calendar and cyclic aging factors to optimize battery performance and
longevity. Calendar aging refers to the degradation that occurs over time due to chemical reactions within
the battery, even when it is not in use. This type of aging is influenced by temperature, state of charge (SOC),
and storage conditions. Cyclic aging, on the other hand, results from repeated charging and discharging
cycles, which cause mechanical and chemical changes within the battery, leading to capacity fade and
increased internal resistance. The combined effects of these aging processes necessitate the development of
high-precision diagnostic and prognostic models to manage the performance and longevity of second-life
batteries effectively. In Ukraine, the adoption of electric vehicles is accelerating, leading to an influx of used
electric vehicles. This situation necessitates the prompt development of strategies for repurposing these
batteries for energy storage applications. The complexities associated with final recycling processes make
secondary use an attractive interim solution. By repurposing used EV batteries, Ukraine can mitigate
immediate challenges related to battery waste and resource scarcity while supporting the transition to
renewable energy sources. This paper highlights the need for an integral degradation index (DI) that
combines calendar and cyclic aging factors with stochastic influences to provide a comprehensive measure
of battery health. Such an index is essential for optimizing battery management practices, including the
scheduling of charging and discharging cycles, to extend the operational life of secondary batteries. The
study also presents practical recommendations for implementing these models in various energy storage
scenarios, ranging from residential solar energy systems to industrial grid support and electric vehicle
charging stations. By adopting optimized battery management strategies, the potential for extending the
lifespan of secondary batteries and reducing operational costs is significant. This approach supports
sustainable energy practices and aligns with global efforts to promote renewable energy sources and circular
economy principles.

Keywords: Lithium-lon Battery, Electric Vehicle, Energy Storage, Battery Degradation, Calendar Ageing,
Cyclic Ageing, Integral Degradation Index, Remaining Useful Life, State of Health.

1. Introduction

The expansion of the electric vehicle market is increasing the demand for lithium-ion batteries, which
poses challenges for manufacturers and policymakers to use and recycle these resources. Once their primary life
cycle is complete, depleted batteries carry environmental and social risks due to toxic emissions. It is predicted
that by 2030, about 75 % of used batteries from electric vehicles can be used in energy storage systems, creating
opportunities for their reuse and contributing to sustainable resource management [1-4]. The importance of using
secondary electric vehicle (EV) batteries lies in the growing need for sustainable energy solutions. As the
adoption of electric vehicles increases globally, a significant number of batteries will reach the end of their
primary automotive life. Repurposing these batteries for energy storage systems (ESS) not only extends their

CuctemHi gocniaskeHHsn B eHepreTuui. 2024. 3(79) 21



lifecycle but also addresses critical issues such as resource efficiency, waste reduction, and the high costs
associated with manufacturing new batteries. This practice contributes to a circular economy, where resources
are reused and recycled, reducing the environmental impact of battery disposal.

In Ukraine, the development of electric transport is progressing rapidly [5-7], and the market is seeing an
influx of used electric vehicles [8, 9]. Consequently, the issue of secondary use of these batteries will arise sooner
than in many other countries. This urgency is compounded by the complexities associated with the final recycling
of batteries. By repurposing used EV batteries for energy storage, Ukraine can address immediate challenges
related to battery waste and resource scarcity while supporting the transition to renewable energy sources.
Estimated forecast of secondary EV batteries availability in Ukraine is represented in Fig. 1.

To this end, global automakers are implementing initiatives to repurpose used batteries for power systems,
which improves the integration of renewable energy sources and ensures efficient use of energy. In this context,
special attention should be paid to the analysis of the mechanisms of battery degradation, which determine both
calendar and cyclic aging. High temperatures and state of charge are critical factors contributing to the rapid
decline in battery efficiency and capacity, and understanding these processes is key to developing strategies for
their effective repurposing and utilization [10-13].
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Figure 1. Estimated forecast of secondary EV batteries availability in Ukraine

Accurate diagnostic and prognostic models for secondary energy storage systems are essential to
maximize the performance and lifespan of repurposed EV batteries [14-16]. These models must account for
factors such as calendar aging and cyclic aging, which significantly impact battery degradation. By considering
these factors, the models can provide a more precise prediction of the battery's remaining useful life (RUL) and
state of health (SOH). Such detailed modeling is vital for various applications, from residential and commercial
energy storage to grid stability and electric vehicle charging infrastructure. Developing and implementing these
advanced models is key to unlocking the full potential of secondary EV batteries, thereby supporting both global
and national energy sustainability goals.

The purpose of this article is to formalize an integral degradation index, which combines the effects of
both calendar and cyclic aging, is crucial for a comprehensive assessment. This index helps in optimizing usage
patterns and maintenance schedules, ensuring that the secondary batteries perform reliably and efficiently over
their extended lifecycle. develop diagnostic and prognostic models for optimizing the use of second-life EV
batteries in energy storage systems. The article focuses on considering factors such as calendar aging, cyclic
aging, and the introduction of an integral degradation index, which allows for more accurate assessments of the
RUL and SOH of lithium-ion batteries.
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2. Methods and Materials

There is a wealth of research dedicated to various aspects of lithium-ion batteries, both in EVs and
stationary energy storage systems. These studies cover a wide range of topics, including but not limited to, the
following:

Battery Chemistry and Materials: Research in this area focuses on the development and optimization of
electrode materials, electrolytes, and other components to enhance the performance, safety, and longevity of
lithium-ion batteries [17-21]. Innovations in battery chemistry, such as the use of advanced materials like silicon
anodes and solid-state electrolytes, aim to increase energy density and reduce degradation rates.

Battery Management Systems (BMS): Effective battery management systems are crucial for monitoring
and controlling the performance of lithium-ion batteries [18, 22—24]. Studies explore advanced BMS algorithms
that optimize charging and discharging cycles, balance cell performance, and extend battery lifespan. These
systems play a key role in ensuring the safety and reliability of batteries in both EVs and stationary applications
[25, 26].

Aging and Degradation Mechanisms: Understanding the aging and degradation processes in lithium-ion
batteries is critical for predicting their lifespan and performance [10, 27-30]. Research in this area investigates
the effects of cyclic and calendar aging, temperature, state of charge (SOC), depth of discharge (DOD), and other
operational factors on battery health. These studies provide insights into the physical and chemical changes that
occur over time, helping to develop better models for predicting battery life.

Thermal Management: Efficient thermal management is essential for maintaining the performance and
safety of lithium-ion batteries [10, 25, 26]. Studies examine various cooling and heating strategies, thermal
management materials, and system designs to prevent overheating, reduce thermal gradients, and improve
overall battery efficiency. Thermal management is particularly important in high-power applications like EVs
and large-scale energy storage systems.

Safety and Reliability: Ensuring the safety and reliability of lithium-ion batteries is a major focus of
research [13, 14, 27]. This includes studying the causes and prevention of thermal runaway, developing safer
battery designs, and implementing robust safety protocols. Research also explores diagnostic tools and
techniques for early detection of potential failures and anomalies in battery systems.

Recycling and Second-Life Applications: With the growing adoption of lithium-ion batteries, there is
increasing interest in sustainable end-of-life solutions. Studies on battery recycling aim to recover valuable
materials and reduce environmental impact [31, 32]. Additionally, research on second-life applications explores
the repurposing of used EV batteries for stationary energy storage, examining their performance, economic
viability, and environmental benefits [33-38].

Electrochemical Modeling and Simulation: Advanced modeling and simulation techniques are used to
predict the behavior of lithium-ion batteries under various conditions [39-45]. These models help in
understanding complex electrochemical processes, optimizing battery design, and improving performance.
Research includes both empirical and physics-based models, which are essential for developing accurate battery
management systems and diagnostic tools.

Energy Storage System Integration: Integrating lithium-ion batteries into broader energy systems, such as
renewable energy grids and microgrids, is a significant area of research [32-37]. Studies focus on optimizing
the performance of battery storage systems in combination with solar, wind, and other renewable energy sources.
This includes investigating energy management strategies, grid stability, and economic implications of battery
storage integration.

These diverse research efforts collectively contribute to advancing the technology and application of
lithium-ion batteries, ensuring their effective use in both electric vehicles and stationary energy storage systems.
In secondary applications, such as stationary energy storage systems, the ability to accurately assess and predict
battery life allows for efficient management of battery life, ensuring the stability of power supply and optimizing
the efficiency of systems.
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Understanding the operating modes and stressors that influence the acceleration of degradation (as shown
in Fig. 2) is critical for implementing tools to assess battery health and predict remaining useful life.
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Figure 2. Framework for Predicting State of Health and Remaining Useful Life of Repurposed EV Batteries

A widely accepted classification divides the main modes of degradation operating in lithium-ion batteries
into three: loss of lithium supply; loss of active material in the electrodes and an increase in the internal resistance
of the element [10, 14, 17]. It is mostly associated with the consumption of lithium ions due to adverse reactions
such as the formation of a solid electrolyte layer on the surface of the graphite negative electrode, electrolyte
decomposition reactions, or lithium degradation reactions [36, 37]. Such adverse reactions irreversibly consume
lithium ions, making them unavailable for subsequent charge/discharge cycles. The loss of active material in the
electrodes usually arises from a combination of factors. One of them is the structural degradation of electrodes
due to volumetric changes in active materials during cycling. This causes mechanical stress, which leads to
cracks in the particles and a decrease in the density of lithium storage sites. Other factors include the chemical
decomposition and dissolution of transition metals in the electrolyte and the modification of the solid electrolyte
layer [38, 39]. An increase in resistance can be caused by the formation of parasitic phases, such as a layer of
solid electrolyte on the surface of the electrode, as well as a loss of electrical contact within the porous electrode.

Several failure mechanisms have been identified as leading to second-stage degradation, including lithium
plating, electrode saturation, resistance increase, and mechanical deformation. Neural networks have been
employed to forecast this degradation phase, generally assuming that capacity loss determines battery lifespan
and that aging models hold true until the battery's SOH drops to 70 %.

Calendar Aging depends on time and storage conditions (temperature, SOC) [10, 49]. The calendar aging
model can be described by the following equation:

Eq
Qcatendar(t) = Kcatendar * €RT - t - f(S0C), (1)
where:

Qcatendar (t) — loss of capacity due to calendar aging; k.qienaqar— reaction rate constant; E, — activation
energy; R — universal gas constant; T is the temperature; t is the time; f(SOC) is a function that describes the
dependence on the SOC.

In summary, both temperature and SOC directly impact battery calendar aging. The resulting capacity
fade and resistance increase are non-linear over time, indicating a strong interaction between these factors and
the aging behavior.

Cycling Aging depends on the number of charge/discharge cycles, depth of discharge (DOD), charging
rate (C-rate), and temperature [49]. The cyclic aging model can be described by the following equation:

Eq
Qcycle(t) = kcycle ' (DOD)“ ' (Crate)[g T eRT - Ncycle(t)r (2)
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where: Qcy e (t) — loss of capacity due to cyclic aging; k.. — reaction rate constant for cyclic aging; DOD —
depth of discharge; Crate — charging/discharging speed; a and  — model parameters; N;y. (t) —the number
of charge/discharge cycles.

Additionally, high current peaks during charging or discharging can induce significant energy transfer,
which accelerates aging. These peaks can cause thermal and mechanical stress, leading to further degradation.

The proposed Integral Degradation Index (DI) takes into account not only calendar and cyclic aging, but
also random variables that simulate component in operating conditions, such as temperature, depth of discharge,
and others, and allows to obtain a more accurate estimate of the overall degradation of the battery, taking into
account various operational factors [46]. The inclusion of a stochastic component in the degradation index for
secondary batteries is crucial due to the unique characteristics and usage history of these batteries. Secondary
EV batteries have experienced diverse and often unpredictable usage patterns. This variability makes their
degradation behavior more complex and less predictable than that of new batteries. Unlike new batteries that
typically start their life under controlled and consistent conditions, secondary batteries have been subjected to
varied driving conditions, charging habits, and environmental exposures. These inconsistent operational
environments, including different temperatures, SOC, DOD, and charge/discharge rates, significantly impact the
degradation process. A stochastic component can account for these random and variable factors, providing a
more accurate and individualized assessment of the battery's current state.

Secondary batteries may exhibit unpredictable aging effects due to their complex history of cyclic and
calendar aging. The rate of degradation can vary significantly over time and may not follow a simple linear
pattern. Incorporating a stochastic element allows the degradation index to reflect these random aging effects,
improving the accuracy of RUL and SOH predictions. Moreover, the remaining capacity of secondary batteries
can vary widely due to the heterogeneous nature of their prior usage. Batteries with similar initial capacities may
degrade differently based on their usage history. The stochastic component helps address this variability,
providing a more realistic measure of the remaining capacity and the battery's ability to meet future energy
demands. This enhanced predictive accuracy is critical for optimizing battery management strategies, scheduling
maintenance, and planning for replacements. By reflecting the actual performance more closely, the stochastic
approach ensures that the degradation index is robust and applicable to real-world scenarios, thereby supporting
the efficient and reliable use of secondary batteries in energy storage systems.

Incorporating factors such as inconsistent operational environments, diverse usage histories, and
unpredictable aging effects, our integral degradation index is designed to provide an accurate and individualized
assessment of secondary batteries. This index reflects the random and variable factors impacting battery health,
enabling improved RUL and SOH predictions.

DI(T) = Qtotal(t) = Qcalendar(t) + Qcycle(t) + 4Q(t)

Eq Eq
= kcalendar “eRT -t 'f(SOC) + kcycle ' (DOD)“ ' (Crate)ﬁ “eRT - Ncycle(t) (3)
90  \? a0 z a0 z a0 2
+ — AT ——A ADOD —A
+ J ((?T ) * (asoc SOC) * (aDOD 0 ) * (acmte Cmfe)

where: Q:.:q:(t) — total loss of battery capacity, taking into account the factors of calendar and cyclic
aging; 4Q(t) — taking into account the uncertainty of the state/behaviour of secondary batteries under operating
conditions; AT, ASOC,ADOD, AC,,;. are random variables, respectively, temperature, state of charge, depth of

discharge, charge/discharge rate with a certain distribution (e.g., normal), derivatives represent
8Q 99 3Q  aQ
AT dSOC’ dDOD’ ACrqte

By integrating a stochastic component, we account for the complexities and variability inherent in the
prior usage of secondary batteries, ensuring a realistic measure of their remaining capacity and performance
capabilities. This approach enhances predictive accuracy, optimizes battery management strategies, and supports
the efficient and reliable application of secondary batteries in energy storage systems.

the sensitivity of the battery capacity to changes in each of these parameters.
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This indicator can be used to develop and adjust optimal battery charging and discharging modes,
minimizing the impact of adverse factors and extending the life cycle of the battery. In empirical battery aging
studies, data is usually collected under constant storage or cycling conditions. However, real-world applications
often involve variable conditions. Historical charging and discharging patterns, known as path dependency,
significantly impact battery performance and characteristics. Considering path dependency makes testing more
complex, requiring dynamic cyclic aging tests with fluctuating SOC, Depth of Discharge (DOD), temperature,
and discharge rates. Previous research indicates that path dependency is particularly relevant for lithium-ion
batteries under high C-rate conditions.

The Remaining Useful Life (RUL) of a battery is a critical metric that indicates how long a battery can
continue to operate effectively before it reaches a specified critical state of health (SOH). Knowing the initial

SOH and the critical SOH value, we can calculate the RUL using the following formula:

RUL = SOHO_S;)IHcritical (4)

where: SOH,, — the initial state of health of the battery when it starts its secondary use; SOH . iticq1 — the critical
state of health at which the battery is considered no longer effective for the intended application, DI — the
degradation index, which represents the rate of degradation per unit time.

The equation 4 helps to determine the number of years or cycles the battery can still be useful before
reaching the critical SOH.

Capacity Loss is an essential measure that shows the decrease in the battery's capacity over time due to
degradation. It can be calculated using the following formula:

Loss = SOHy, — (SOH, x (1 — DI x t)) (5)

The equation 5 calculates the difference between the initial capacity and the reduced capacity after a
certain period or number of cycles, indicating the extent of capacity loss due to degradation over time.

Remaining Cycles Estimation refers to the total number of full charge-discharge cycles a battery can

undergo before it reaches the end of its useful life. It can be determined using the degradation index:

SOHo—SOH critical (6)
DI XxDOD

In essence, the equation 6 can be understood as the remaining useful life (RUL) of the battery, determined

by the difference between the initial and critical SOH, divided by the product of the degradation index (DI) and
the depth of discharge (DOD). This approach allows for a more precise estimation of battery cycles by factoring
in how deeply the battery is discharged in each cycle and the overall rate of degradation.

These formulas are essential for evaluating the performance and longevity of secondary batteries in
various scenarios. They allow for precise calculations and predictions about the battery's useful life, capacity
loss over time, and the expected number of cycles, facilitating effective planning and management of battery
storage systems.

Cycles =

3. Results and discussions

The scenario approach in this work allows for a detailed study of the various operating conditions of
secondary batteries and the development of optimal strategies for their use. Each scenario is characterized by
unique technical and economic features that affect the battery's operating mode, aging, and residual capacity.
Taking these differences into account enables the creation of more accurate forecasting and management models,
which contribute to maximizing the efficiency of battery use in specific conditions.

In Table 1, the scenarios for the use of secondary electric vehicle (EV) batteries in various energy storage
applications are presented. Each scenario is characterized by specific calendar and cyclic aging factors, typical
battery capacities, and unique charging/discharging features. The scenarios range from residential self-
consumption to commercial and industrial energy storage, island installations, electric vehicle fast charging,
hybrid power systems for power and frequency regulation, and hybrid systems for local communities. This
detailed categorization helps to understand the different operational demands and aging characteristics that
secondary EV batteries must withstand, ensuring their optimal utilization and extended lifecycle in diverse
energy storage applications.
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Table 1. General Characteristics of Calendar and Cyclic Aging for Different Scenarios

Scenario Calendar Cyclic Typical Charging/Discharging Features
Aging Aging Battery
Capacity
(kwh)

Scenario 1 Residential ~ consumers | Low High 20-50 High cycle frequency due to daily
with rooftop PV charging/discharging cycles

Scenario 2 Commercial storage | Medium 50-100 Regular charging/discharging
systems with distributed dependent on generation and
generation consumption

Scenario 3 Grid storage with solar | Medium 500 Intensive use during the daytime
generation solar generation cycle

Scenario 4 Grid storage with wind | Medium | Medium 500 Variable cycles depending on
generation unpredictable wind generation

Scenario 5 Fast charging stations for | Low Very high | 200 Very fast charging/discharging to
electric vehicles provide high power

Scenario 6 Storage for frequency | High 100 Mostly maintaining grid stability
regulation with rare  charging/discharging

cycles

Scenario 7 Storage for power | High Medium 150 More frequent charging/discharging
regulation cycles for power regulation

Scenario 8 Storage for self- | Medium 200-300 | Combination of
sufficiency  of  local charging/discharging depending on
communities consumer needs and generation

In Table 2, the specific parameters for each scenario are outlined, including initial and final state of health,
initial depth of discharge, charge/discharge rate, and average state of charge. These parameters provide a detailed
view of the operational conditions and performance expectations for secondary EV batteries in various energy
storage applications. By understanding these parameters, it becomes possible to tailor the management and
maintenance strategies for each scenario, ensuring the effective and prolonged use of repurposed EV batteries in
different contexts.

Table 2. Scenario-Specific Parameters for Secondary EV Battery Application

Scenario Initial SOH (%) | Final SOH (%) Initial DOD C-rate Average SOC
(%) (%)
Scenario 1 80 40 85 C/20 50
Scenario 2 80 60 85 C/10 60
Scenario 3 80 60 70 C/5 70
Scenario 4 80 60 70 C/5 70
Scenario 5 80 60 90 1.5C 85
Scenario 6 80 60 50 Cl2 40
Scenario 7 80 60 60 C 50
Scenario 8 80 40 80 C/3 60

Each scenario describes a specific application of secondary EV batteries, highlighting the corresponding
strategy, detailed description, and expected impact. By implementing these tailored strategies, operators can
optimize the performance and longevity of repurposed EV batteries, ensuring their efficient utilization in various
energy storage contexts. The table provides a comprehensive overview of the practical measures that can be
taken to address the unique demands and aging characteristics of batteries in different scenarios.

Table 3 compares the regular operating parameters with optimized parameters to demonstrate how
effective management can significantly extend the lifespan of secondary batteries.
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Table 3. Comparative Analyses of Regular and Enhanced (Optimized) Operating Modes Efficiency

Scenario Regular operating mode Enhanced (optimized) operating mode
RUL Capacity Cycle Count RUL Capacity Cycle Count
DI (years) Loss (cycles/year) DI (years) Loss (cycles/year)
y (%lyear) yelesty y (%lyear) yelesty
Scenario 1 0.020 | 5.0 1.60 365 0.010 10.0 0.80 200
Scenario 2 0018 | 6.7 1.20 300 o010 | 100 0.80 150
Scenario 3 0.019 53 1.40 250 0.011 9.1 0.90 150
Scenario 4 0.017 7.1 1.00 200 0.010 10.0 0.80 150
Scenario 5 0.021 4.8 1.70 400 0.012 8.3 1.00 200
Scenario 6 0.015 8.0 0.80 100 0.008 125 0.60 100
Scenario 7 0.016 7.5 0.90 150 0.009 111 0.72 120
Scenario 8 0.018 6.7 1.20 250 0.010 10.0 0.80 150

The Table 4 outlines strategies for extending the remaining useful life and reducing capacity loss of

secondary EV batteries through effective operational management.

Table 4. Strategies for Extending RUL and Reducing Capacity Loss through Operational Management
Scenario Strategy Description Expected Impact
Scenario 1 Time-of-use optimization Align battery | Extends RUL by reducing full
charging/discharging with peak | cycles per year and lowers
PV generation and household | capacity loss with moderate
demand, limit DOD to 70-80 % | DOD levels
Scenario 2 Pe_ak_ shaving and load C_harge durlng_ off-peak h_ours, Extends RUL by preventing
shifting discharge during peak times, excessive DOD and high current
maintain DOD at 70-80 %, rates, reduces capacity loss
controlled charging rate (C/10) ’
Scenario 3 Daytime cycling with SOC | Charge during high solar | Enhances RUL by preventing
stabilization generation, discharge during | deep discharges, reduces
peak usage, maintain SOC range | capacity loss by maintaining
40-80 %, avoid deep discharges | stable SOC
Scenario 4 Variable load management | Predict wind patterns, manage | Prolongs RUL by adapting to
with controlled cycling charging/discharging, limit | variable wind patterns, reduces
DOD to 60-70 %, avoid high- | capacity loss through moderate
rate discharges DOD and rate limits
Scenario 5 High-power buffering and | Use battery as buffer for peak | Extends RUL by reducing
managed charging loads, manage charging to avoid | thermal and cyclic stress, lowers
overloading, reduce DOD to | capacity loss with controlled
80 %, use active cooling high-power management
Scenario 6 Minimal  cycling  with | Keep battery at high SOC (50— | Increases RUL by minimizing
responsive power | 70 %), minimize full | full cycles, reduces capacity loss
management charge/discharge cycles, | through strategic SOC
implement low-rate discharges management
Scenario 7 Frequent but controlled | Regular but controlled power | Prolongs RUL by preventing
cycling with SOC balancing | regulation, maintain SOC range | deep discharges, reduces
40-80 %, limit charge/discharge | capacity loss through balanced
rates (C/2 or C) SOC and controlled cycling
Scenario 8 Community-based  energy | Integrate battery storage with | Enhances battery performance,
management with hybrid | solar and wind sources, maintain | extends RUL, reduces capacity
generation support SOC range 40-80%, control | loss by maintaining stable SOC
DOD and controlled DOD

These strategies focus on optimizing the operational parameters of secondary batteries, such as SOC range,
DOD, and charge/discharge rates, tailored to the specific requirements of each scenario. By implementing these
measures, the RUL can be extended, and capacity loss minimized, ensuring more efficient and sustainable battery
use.
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The table presents various strategies for optimizing battery operation modes across eight energy storage
scenarios. Implementing these strategies can significantly extend battery life (RUL) and reduce capacity loss by
controlling DOD, stabilizing SOC, and managing thermal conditions. Some strategies are suitable for multiple
scenarios. For example, the peak shaving and load shifting strategy with controlled charging (Scenario 2) is
similar to the strategy for power regulation storage systems (Scenario 7), where regular but controlled cycling
with SOC balancing is utilized. Individual strategies are required for scenarios with specific operating conditions.
For instance, the high-power buffering and managed charging strategy (Scenario 5) is specifically designed for
fast charging stations for electric vehicles, where batteries are subjected to high thermal and cyclic stresses.
Additionally, scenarios for energy independence of local communities (Scenario 8) require integration with
hybrid generation sources and a corresponding management strategy to maintain stable SOC and controlled
DOD.

Fig. 3 illustrates the state of health degradation of batteries over time across eight different scenarios. Each
scenario represents a unique application of battery storage. The SOH is plotted against time, showing two
degradation strategies: a regular operating mode and an enhanced operating mode.

Scenario 1: Residential Scenario 2: Commercial storage Scenario 3: Grid storage with SPP Scenario 4: Grid storage with
10 consumers with rooftop PV wo  withdistributed generation 100 100 WRE

1 2 3 4 5 6 7 8 9 101 1 2 3 45 6 7 8 9 1010 o
1 2 3 45 6 7 8 9 10 10 ——
e REZUIAT e Erhanced e REZUIN e Enhianced 12 3 4 5 6 7 8 9 101
— REZUIAM s Enhanced

——Regular ——Enhanced

Scenario 5: EV Fast charging

Scenario 6: Storage systems Scenario 7: Storage systems for Scenario 8: Systems for local
station

for frequency regulation power regulation communities

12 3 4 5 65 7 8 9 123456768 910111213 123456783000 12345678900

Figure 3. Second-Life Battery Health Degradation Over Time for Different Usage Scenarios with Regular and
Enhanced Strategies

In the regular operating mode, batteries are managed with standard charging and discharging practices. In
the enhanced operating mode, advanced strategies are employed to minimize degradation, such as limiting DOD,
maintaining optimal SOC ranges, and controlling charge/discharge rates. Each graph compares the SOH trends
for the regular and enhanced strategies over a specified period, highlighting the impact of these strategies on
extending battery life.

The graphs demonstrate a clear distinction between the regular and enhanced operating modes across all
scenarios. In Scenario 1 (residential consumers with rooftop PV), the regular mode shows a steep decline in
SOH, reaching the critical threshold much sooner than the enhanced mode. This pattern is consistent across all
scenarios, indicating the effectiveness of enhanced strategies in slowing down the degradation process.

For instance, in Scenario 5 (fast charging stations for electric vehicles), the regular mode results in a rapid
decrease in SOH due to high stress from frequent fast charging cycles. However, the enhanced mode significantly
extends the battery's useful life by mitigating these stresses. Similarly, in Scenarios 6 and 7, which involve
frequency and power regulation, the enhanced strategies maintain higher SOH levels over time compared to the
regular modes.

Overall, the enhanced strategies consistently improve battery longevity, making them essential for
applications requiring prolonged battery use. The comparative analysis underscores the importance of adopting
optimized battery management practices to enhance the performance and lifespan of energy storage systems.

Optimizing operational parameters such as DOD, SOC, C-rate, and maintaining a controlled temperature
environment can significantly extend the lifespan of secondary batteries from the regular 5-6 years to 10-15
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years. This highlights the importance of effective battery management strategies to enhance both performance
and longevity.

Diagnostic models are essential for real-time monitoring and evaluation of the state of health (SOH) and
performance of secondary batteries. Applying optimized parameters is particularly important for secondary
batteries, which have already experienced significant use and therefore require precise management to maximize
their remaining lifespan and utility. Prognostic models predict the future state of secondary batteries, including
their RUL and capacity loss, based on historical and real-time data. The use of optimized parameters improves
the reliability of these predictions and is particularly important for secondary batteries to ensure their continued
viability.

4. Future Researches in Optimization of Operating Modes

Numerous studies in Ukraine have looked into various aspects of electric transportation, power generation,
energy usage, and energy storage systems [47-52]. These studies also consider factors like system resilience,
operational modes, and the roles of consumers and regulators. But there still is a significant gap in the exploration
of electric vehicle batteries and their potential for secondary applications as well as modes of their use.
Implementing the optimized parameters for secondary batteries (such as controlled DOD, SOC, C-rate, and
temperature) enables significant improvements in the management of these batteries. This approach allows for
the optimization of operating modes, ensuring that secondary batteries are used in the most efficient and effective
manner possible. Here’s how this optimization is achieved:

Improved Performance and Longevity: By maintaining DOD between 20-60 %, SOC within 40-80 %,
and C-rate in the range of C/10 to C/5, the stress on the battery is minimized. This results in a reduction of
degradation rates and prolongs the battery's useful life. Proper temperature control (15-25 °C) further ensures
that the batteries operate within an optimal thermal range, reducing thermal stress and chemical degradation.

Enhanced Reliability: Real-time monitoring and adjustment of the battery’s operating conditions ensure
that any deviations from the optimal parameters are promptly addressed. This enhances the reliability of the
battery system, preventing unexpected failures and maintaining consistent performance.

Cost Efficiency: Optimizing the operating modes reduces the frequency of battery replacements and
maintenance interventions. This leads to significant cost savings over the battery’s lifecycle. By extending the
lifespan of secondary batteries from 5-8 years to potentially 10-15 years, the overall cost efficiency of the energy
storage system is greatly improved.

Environmental Benefits: Extending the lifespan of secondary batteries reduces the need for new battery
production, thereby decreasing the environmental impact associated with battery manufacturing and disposal.
This contributes to more sustainable energy practices and aligns with global efforts to reduce carbon footprints.

Adaptability to Various Applications: Enhanced operating modes allow secondary batteries to be
effectively utilized in a range of applications, from residential solar energy storage to industrial grid support and
electric vehicle charging stations. This flexibility ensures that secondary batteries can meet the specific demands
of different energy storage scenarios.

By continuously monitoring the performance and degradation patterns of the batteries, operators can make
informed decisions about when to replace or repurpose the batteries, thereby maximizing their lifespan and
efficiency. By adopting these practices, energy storage systems can achieve greater reliability, reduce operational
costs, and contribute to a more sustainable energy infrastructure.

5. Conclusions

This study underscores the critical importance of diagnostic and prognostic models in managing the
operational regimes of secondary EV batteries used in energy storage systems. By incorporating factors such as
calendar and cyclic aging, these models provide a comprehensive framework for predicting the remaining useful
life and state of health of secondary batteries, which have already undergone significant usage.

The introduction of the integral degradation index (DI) is a key element in these models. By considering
multiple factors like Depth of Discharge, State of Charge, C-rate, and temperature, the DI offers a holistic
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measure of battery degradation. This index helps in maintaining optimized parameters, which is crucial for
secondary batteries to ensure precise management and to maximize their remaining lifespan and utility. The
integral degradation index allows us to combine all aspects of battery aging, such as calendar and cyclic aging,
into one generalized parameter. This simplifies the analysis of the battery's health and allows you to adequately
assess its remaining lifespan. As a result, users and energy storage operators can get a holistic picture of battery
health without having to analyze many individual parameters. Taking into account stochastic factors in
degradation models will allow you to more accurately simulate the real operating conditions of batteries and
assess the impact of random changes on their condition.

Through real-time monitoring of DOD, SOC, C-rate, and temperature, diagnostic models ensure precise
insights into battery conditions, enabling timely interventions and optimal maintenance strategies. This is
particularly crucial for secondary batteries, which are more susceptible to accelerated degradation if not managed
properly. Integrating temperature sensors and employing machine learning algorithms for anomaly detection
further enhances the accuracy and reliability of these models. Prognostic models, on the other hand, offer
predictive analytics for RUL and capacity loss, utilizing historical and real-time data to forecast future battery
performance. By applying the integral degradation index (DI) and optimized parameters, these models can
simulate various usage scenarios, providing valuable insights for optimizing battery usage across different
applications. This approach not only extends the lifespan of secondary batteries but also reduces operational
costs and enhances overall system efficiency.

The strategies outlined for different scenarios demonstrate how tailored operational management can
significantly extend RUL and reduce capacity loss of secondary EV batteries. From residential self-consumption
with rooftop PV systems to industrial storage with solar and wind generation, each strategy emphasizes the
importance of maintaining optimal operational parameters to maximize battery utility and longevity.

In conclusion, the integration of advanced diagnostic and prognostic models, along with the use of the
integral degradation index (DI), is essential for the effective utilization of secondary EV batteries in energy
storage systems. These models ensure that secondary batteries operate under the most favorable conditions,
enhancing their performance and extending their useful life. As the demand for sustainable energy solutions
grows, the optimization of secondary battery usage through these models will play a pivotal role in achieving
energy resilience and sustainability.

References
1.  Engel, H., Hertzke, P., & Siccardo, G. (2019). Second-Life EV Batteries: The Newest Value Pool in Energy Storage.
McKinsey & Company. Chicago, IL, USA. URL:

https://www.mckinsey.com/~/media/McKinsey/Industries/ Automotive%20and%20Assembly/Our%20Insights/Seco
nd%?201ife%20EV%20batteries%20The%20newest%20value%20pool%20in%20energy%20storage/Second-life-
EV-batteries-The-newest-value-pool-in-energy-storage.ashx (Last accessed: 16.05.2024).

2. Kostenko, G.P. (2022). Overview of European trends in electric vehicle implementation and the influence on the power
system. System Research in Energy, 1(70), 62—71. https://doi.org/10.15407/srenergy2022.01.062

3. EEA greenhouse gas — data viewer. (2023). European Environment Agency. URL: https://www.eea.europa.eu/data-
and-maps/data/data-viewers/greenhouse-gases-viewer (Last accessed: 10.05.2024).

4.  Trends and projections in Europe 2023. (83 p.). European Environment Agency. https://doi.org/10.2800/595102

5.  Kostenko, G., & Zaporozhets, A. (2024). World experience of legislative regulation for lithium-ion electric vehicle
batteries considering their second-life application in power sector. System Research in Energy, 2(77), 97-114.
https://doi.org/10.15407/srenergy2024.02.097

6. Kostenko, G.P. (2023). Situation analysis of the prospects for the development of electric transport and its integration
into the energy system of Ukraine. Power Engineering: Economics, Technique, Ecology, 1(71), 117-124 [in
Ukrainian]. https://doi.org/10.20535/1813-5420.1.2023.276185

7. National Transport Strategy of Ukraine up to 2030. URL:
https://publications.chamber.ua/2017/Infrastructure/UDD/National Transport Strategy 2030.pdf (Last accessed:
10.05.2024) [In Ukrainian].

8.  Kostenko, G.P, Zgurovets, O.V., & Tovstenko, M.M. (2023, May 22-26). SWOT analysis of electric transport and
V2G implementation for power system sustainable development in the terms of Ukraine. IOP Conference Series.
Earth and Environmental Science, 1254. Kryvyi Rih, Ukraine. https://doi.org/10.1088/1755-1315/1254/1/012030

CuctemHi gocniaskeHHsn B eHepreTuui. 2024. 3(79) 31


https://www.mckinsey.com/~/media/McKinsey/Industries/Automotive%20and%20Assembly/Our%20Insights/Second%20life%20EV%20batteries%20The%20newest%20value%20pool%20in%20energy%20storage/Second-life-EV-batteries-The-newest-value-pool-in-energy-storage.ashx
https://www.mckinsey.com/~/media/McKinsey/Industries/Automotive%20and%20Assembly/Our%20Insights/Second%20life%20EV%20batteries%20The%20newest%20value%20pool%20in%20energy%20storage/Second-life-EV-batteries-The-newest-value-pool-in-energy-storage.ashx
https://www.mckinsey.com/~/media/McKinsey/Industries/Automotive%20and%20Assembly/Our%20Insights/Second%20life%20EV%20batteries%20The%20newest%20value%20pool%20in%20energy%20storage/Second-life-EV-batteries-The-newest-value-pool-in-energy-storage.ashx
https://doi.org/10.15407/srenergy2022.01.062
https://doi.org/10.15407/srenergy2024.02.097
http://energy.kpi.ua/index
https://doi.org/10.20535/1813-5420.1.2023.276185
https://publications.chamber.ua/2017/Infrastructure/UDD/National_Transport_Strategy_2030.pdf
https://iopscience.iop.org/journal/1755-1315
https://iopscience.iop.org/journal/1755-1315
https://iopscience.iop.org/volume/1755-1315/1254
https://iopscience.iop.org/issue/1755-1315/1254/1
https://doi.org/10.1088/1755-1315/1254/1/012030

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kostenko, G., & Zgurovets, O. (2023). Review on Possible Impact of Mass EVs Charging on the Power System and
Ways to Mitigate It. In A. Zaporozhets (Ed.), Systems, Decision and Control in Energy V. Studies in Systems, Decision
and Control, 481 (pp. 631-625). Springer, Cham. https://doi.org/10.1007/978-3-031-35088-7 34

Casals, L. C., Garcia, B. A., & Canal, C. (2019). Second life batteries lifespan: Rest of useful life and environmental
analysis. Journal of Environmental Management, 232, 354-363. https://doi.org/10.1016/j.jenvman.2018.11.046
Ahmadi, L., Young, S. B., Fowler, M., Fraser, R. A., & Achachlouei, M. A. (2017). A cascaded life cycle: Reuse of
electric vehicle lithium-ion battery packs in energy storage systems. The International Journal of Life Cycle
Assessment, 22(1), 111-124. https://doi.org/10.1007/s11367-015-0959-7

Han, X., Lu, L., Zheng, Y., Feng, X., Li, Z., Li, J., & Ouyang, M. (2019). A review on the key issues of the lithium
ion battery degradation among the whole life cycle. eTransportation, 1.
https://doi.org/10.1016/J. ETRAN.2019.100005

Keil, P., & Jossen, A. (2015). Aging of Lithium-Ion Batteries in Electric Vehicles: Impact of Regenerative Braking.
World Electric Vehicle Journal, 7, 41-51. https://doi.org/10.3390/WEVJ7010041

Geisbauer, C., Wohrl, K., Koch, D., Wilhelm, G., Schneider, G., & Schweiger, H. (2021). Comparative Study on the
Calendar Aging Behavior of Six Different Lithium-lon Cell Chemistries. Energies, 14(11).
https://doi.org/10.3390/EN14113358

Gailani, A., Mokidm, R., El-Dalahmeh, M., El-Dalahmeh, M., & Al-Greer, M. (2020). Analysis of Lithium-ion Battery
Cells Degradation Based on Different Manufacturers. 2020 55th International Universities Power Engineering
Conference (UPEC), 1-6. https://doi.org/10.1109/UPEC49904.2020.9209759

Huang, M., & Kumar, M. (2018). Electrochemical Model-Based Aging Characterization of Lithium-Ion Battery Cell
in Electrified Vehicles. Volume 3: Modeling and Validation; Multi-Agent and Networked Systems; Path Planning and
Motion Control; Tracking Control Systems; Unmanned Aerial Vehicles (UAVs) and Application; Unmanned Ground
and Aerial Vehicles; Vibration in Mechanical Systems; Vibrations and Control of Systems; Vibrations: Mode.
https://doi.org/10.1115/DSCC2018-8947

Hasselwander, S., Meyer, M., Osterle, I. (2023). Techno-Economic Analysis of Different Battery Cell Chemistries for
the Passenger Vehicle Market. Batteries, 9(7), 379. https://doi.org/10.3390/batteries9070379

Zaporozhets, A., Kostenko, G., Zgurovets, O., & Deriy, V. (2024). Analysis of Global Trends in the Development of
Energy Storage Systems and Prospects for Their Implementation in Ukraine. In O. Kyrylenko, S. Denysiuk,
R. Strzelecki, 1. Blinov, 1. Zaitsev, & A. Zaporozhets (Eds.), Power Systems Research and Operation. Studies in
Systems, Decision and Control, 512. Springer, Cham. https://doi.org/10.1007/978-3-031-44772-3 4

Tsiropoulos, 1., Tarvydas, D., & Lebedeva, N. (2018). Li-ion batteries for mobility and stationary storage applications
— Scenarios for costs and market growth. EUR 29440 EN, Publications Office of the European Union, Luxembourg.
https://doi.org/10.2760/87175

Fichtner, M. (2021). Recent Research and Progress in Batteries for Electric Vehicles. Batteries & Supercaps, 5(2).
https://doi.org/10.1002/batt.202100224

Ma, J.,, Li, Y., Grundish, N. S., Goodenough, J. B., Chen, Y., Guo, L., Peng, Z., Qi, X., Yang, F., & Qie, L. (2021).
The 2021 battery technology roadmap. Journal of Physics D: Applied Physics, 54(18), 183001.
https://doi.org/10.1088/1361-6463/abd353

Miao, Y., Hynan, P., von Jouanne, A., & Yokochi, A. (2019). Current Li-Ion Battery Technologies in Electric Vehicles
and Opportunities for Advancements. Energies, 12(6), 1074. https://doi.org/10.3390/en12061074

Hu, X., Feng, F., Liu, K., Zhang, L. (2019). State estimation for advanced battery management: key challenges and
future trends. Renew. Renewable and Sustainable Energy Reviews, 114, 109334.
https://doi.org/10.1016/j.rser.2019.109334

Kostenko, G., & Zaporozhets, A. (2023). Enhancing of the Power System Resilience Through the Application of Micro
Power Systems (microgrid) with Renewable Distributed Generation. System Research in Energy, 3(74), 25-38.
https://doi.org/10.15407/srenergy2023.03.025

Weng, C., Cui, Y., Sun, J., & Peng, H. (2013). On-board state of health monitoring of lithium-ion batteries using
incremental capacity analysis with support vector regression. Journal of Power Sources, 235, 36-44.
https://doi.org/10.1016/j.jpowsour.2013.02.012

Wang, L., Pan, C., Liu, L., Cheng, Y., & Zhao, X. (2016). On-board state of health estimation of LiFePO4 battery
pack through differential voltage analysis. Applied Energy, 168, 465-472.
https://doi.org/10.1016/j.apenergy.2016.01.125

Omar, N., Firouz, Y., Gualous, H., Salminen, J., Kallio, T., Timmermans, J., Coosemans, T., Bossche, P., & Mierlo, J.
(2015). Aging and degradation of lithium-ion batteries. Rechargeable Lithium Batteries, 263-279.
https://doi.org/10.1016/B978-1-78242-090-3.00009-2

Schuster, S.F., Bach, T., Fleder, E., Muller, J., Brand, M., Sextl, G., & Jossen, A. (2015). Nonlinear aging
characteristics of lithium-ioncells under different operational conditions. Journal of Energy Storage, 1, 44-53.
https://doi.org/10.1016/j.est.2015.05.003

Urquizo, J., & Singh, P. (2023). A review of health estimation methods for Lithium-ion batteries in Electric Vehicles
and their relevance for Battery Energy Storage Systems, Journal of Energy Storage, 73, Part D.
https://doi.org/10.1016/j.est.2023.109194

CuctemHi gocniaskeHHsn B eHepreTuui. 2024. 3(79) 32


https://doi.org/10.1007/978-3-031-35088-7_34
https://doi.org/10.1016/j.jenvman.2018.11.046
http://dx.doi.org/10.1007/s11367-015-0959-7
https://doi.org/10.3390/batteries9070379
https://doi.org/10.1007/978-3-031-44772-3_4
https://doi.org/10.1002/batt.202100224
https://doi.org/10.3390/en12061074
https://doi.org/10.15407/srenergy2023.03.025
http://dx.doi.org/10.1016/j.est.2015.05.003

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Park, S., Ahn, J., Kang, T., Park, S., Kim, Y., Cho, I., & Kim, J. (2020). Review of state-of-the-art battery state
estimation technologies for battery management systems of stationary energy storage systems. Journal of Power
Electronics, 20, 1526—1540. https://doi.org/10.1007/s43236-020-00122-7

Chen, M., Ma, X., Chen, B., Arsenault, R., Karlson, P., Simon, N., & Wang, Y. (2019). Recycling End-of-Life Electric
Vehicle Lithium-Ion Batteries. Joule, 3(11), 2622-2646. https://doi.org/10.1016/j.joule.2019.09.014

Tao, Y., Rahn, C.D., Archer, L. A., & You, F. (2021). Second life and recycling: Energy and environmental
sustainability  perspectives for high-performance lithium-ion batteries. Science Advances, 7(45).
https://doi.org/10.1126/sciadv.abi7633

Hossain, E., Murtaugh, D., Mody, J., Faruque, H. M. R., Md. Sunny, S.H., & Mohammad, N. (2019). A
Comprehensive Review on Second-Life Batteries: Current State, Manufacturing Considerations, Applications,
Impacts, Barriers &amp; Potential Solutions, Business Strategies, and Policies. IEEE Access, 7, 73215-73252.
Institute of Electrical and Electronics Engineers (IEEE). https://doi.org/10.1109/access.2019.2917859

Vu, F., Rahic, M., & Chirumalla, K. (2020, October). Exploring second life applications for electric vehicle batteries.
In SPS2020. The 9th Swedish Production Symposium. Sweden, Jonkoping (pp. 273-284). IOS Press.
https://doi.org/10.3233/ATDE200165

Pagliaro, M., & Meneguzzo, F. (2019). Lithium Battery Reusing and Recycling: A Circular Economy Insight. Heliyon,
5(6), 01866. https://doi.org/10.1016/j.heliyon.2019.e01866

Assungao, A., Moura, P. S., & de Almeida, A. T. (2016). Technical and economic assessment of the secondary use of
repurposed electric vehicle batteries in the residential sector to support solar energy. Applied Energy, 181, 120-131.
https://doi.org/10.1016/j.apenergy.2016.08.056

Desarnaud, G. (2019). Second life batteries: a sustainable business opportunity, not a conundrum. Capgemini
Worldwide. URL: https://www.capgemini.com/2019/04/second-life-batteries-a-sustainable-business-opportunity-
not-a-conundrum/ (Last accessed: 12.03.2024).

Second Life Battery Capacity — Globally 2030. (2019). [WWW Document]. Statista. URL:
https://www.statista.com/statistics/876624/global-second-life-battery-capaci ty/ (Last accessed: 04.05.2024).

Xiong, R., Li, L., & Tian, J. (2018). Towards a smarter battery management system: a critical review on battery state
of health monitoring methods. Journal of Power Sources, 405, 18-29. https://doi.org/10.1016/j.jpowsour.2018.10.019
Deshpande, R., & Uddin, K. (2020). Physics inspired model for estimating ‘cycles to failure’ as a function of depth of
discharge for lithium-ion batteries. Journal of energy storage, 33. https://doi.org/10.1016/j.est.2020.101932

Zhang, Z., Min, H., Guo, H., Yu, Y., Sun, W., Jiang, J., & Zhao, H. (2023). State of health estimation method for
lithium-ion batteries using incremental capacity and long short-term memory network. Journal of Energy Storage, 64,
107063. https://doi.org/10.1016/j.est.2023.107063

Hoque, M. A., Nurmi, P., Kumar, A., Varjonen, S., Song, J., Pecht, M. G., & Tarkoma, S. (2021). Data driven analysis
of lithium-ion battery internal resistance towards reliable state of health prediction. Journal of Power Sources, 513,
230519. https://doi.org/10.1016/j.jpowsour.2021.230519

Topan, P. A., Ramadan, M. N., Fathoni, G., Cahyadi, A. 1., & Wahyunggoro, O. (2016, October 27-28). State-of
Charge (SOC) and State of Health (SOH) estimation on lithium polymer battery via Kalman filter. 2016 2nd ICST.
https://doi.org/10.1109/ICSTC.2016.7877354

Baghadadi, 1., Briat, O., Hyan, P., & Vinassa, J. M. (2016). State of health assessment for lithium batteries based on
voltage-time relaxation measure. Electrochimica Acta, 194, 461-472. https://doi.org/10.1016/j.electacta.2016.02.109
Zhou, D., Xue, L., Song, Y., & Chen, J. (2017). On-line remaining useful life prediction of lithium-ion batteries based
on the optimized gray model GM(1,1). Batteries, 3(3), 21. https://doi.org/10.3390/batteries3030021

Kostenko, G., & Zaporozhets, A. (2024). System Research in Energy, 2A(78), 31-33 [in Ukrainian].
https://doi.org/10.15407/srenergy2024.02a

Denysov, V., Kostenko, G., Babak, V., Shulzhenko, S., & Zaporozhets, A. (2023). Accounting the Forecasting
Stochasticity at the Power System Modes Optimization. In A. Zaporozhets (Ed.), Systems, Decision and Control in
Energy V. Studies in Systems, Decision and Control, 481 (pp. 43-55). Springer, Cham. https://doi.org/10.1007/978-3-
031-35088-7_3

Babak, V., & Kulyk, M. (2023). Development of the New Electro-thermal Energy System Structure for Providing of
Ukraine’s Energy Market Profitability. In A. Zaporozhets (Ed.), Systems, Decision and Control in Energy V. Studies
in Systems, Decision and Control, 481 (pp. 3—21). Springer, Cham. https://doi.org/10.1007/978-3-031-35088-7 1
Kostenko, G., & Zgurovets, O. (2023). Current State and Prospects for Development of Renewable Distributed
Generation in Ukraine. System Research in Energy, 2(73), 4-17 [in  Ukrainian].
https://doi.org/10.15407/srenergy2023.02.004

Babak, V.P., & Kulyk, M.M. (2023). Possibilities and Perspectives of the Consumers-Regulators Application in
Systems of Frequency and Power Automatic Regulation. Technical Electrodynamics, 4, 72-80.
https://doi.org/10.15407/techned2023.04.072

Kovtun, S., Ponomarenko, O., & Nazarenko, O. (2023). Quality of the Information Flow Management at Stochastic
Energy Consumption Conditions. System Research in Energy, 3(74), 78-84.
https://doi.org/10.15407/srenergy2023.03.078

Zaporozhets, A., Kostenko, G., & Zgurovets, O. (2023). Preconditions and Main Features of Electric Vehicles
Application for Frequency Regulation in the Power System. 3rd International Workshop on Information Technologies:

CuctemHi gocniaskeHHsn B eHepreTuui. 2024. 3(79) 33


https://doi.org/10.1007/s43236-020-00122-7
https://doi.org/10.1109/access.2019.2917859
https://doi.org/10.3233/ATDE200165.
https://doi.org/10.1016/j.apenergy.2016.08.056
https://www.capgemini.com/2019/04/second-life-batteries-a-sustainable-business-opportunity-not-a-conundrum/
https://www.capgemini.com/2019/04/second-life-batteries-a-sustainable-business-opportunity-not-a-conundrum/
https://www.capgemini.com/2019/04/second-life-batteries-a-sustainable-business-opportunity-not-a-conundrum/
https://www.statista.com/statistics/876624/global-second-life-battery-capacity/
https://www.statista.com/statistics/876624/global-second-life-battery-capacity/
https://doi.org/10.1016/j.jpowsour.2018.10.019
https://doi.org/10.1016/j.est.2023.107063
https://doi.org/10.1016/j.jpowsour.2021.230519
https://doi.org/10.1109/ICSTC.2016.7877354
https://doi.org/10.1007/978-3-031-35088-7_3
https://doi.org/10.1007/978-3-031-35088-7_3
https://doi.org/10.1007/978-3-031-35088-7_1
https://doi.org/10.15407/srenergy2023.03.078

Theoretical and Applied Problems (ITTAP 2023). CEUR Workshop Proceedings, 3628, 43—54. URL: https://ceur-
ws.org/Vol-3628/paper4.pdf; Available at SSRN: URL: https://ssrn.com/abstract=4709501 (Last accessed:
18.05.2024).

YPAXYBAHHSA ®AKTOPIB KAJIEHJAPHOI'O TA UKJITYHOI'O
CTAPIHHA B JIATHOCTHUYHHMX I ITPOI'HOCTHUYHHUX
MOJAEJIAX 3ACTOCYBAHHA BTOPUHHHUX BATAPEM
EJEKTPOMOBLIIB B CUCTEMAX 3BEPII' AHHSI EHEPT'Ii

I'anna Kocrenko, https://orcid.org/0000-0002-8839-7633
Inctutyt 3aransnoi enepretuku HAH Ykpainu, Byn. Auronosuya, 172, M. Kuis, 03150, Ykpaina

e-mail: Kostenko_HP@nas.gov.ua

AHoTanis. [lleudke po3wupenHs PUuHKy eneKmpomoOiNié 3HAYHO 30LILWIULO NONUM HA JIMili-IOHHI
AKYMYIAOPU, WO CMEOPIOE BUKIUKU 0151 BUPOOHUKIE A NOTTMUKIE 1000 eeKmU8HO20 UKOPUCTHAHHS Md
ymunizayii. Konu yi axymyaiamopu O0ocseaiomv Kinysi 8020 NEPEUHHOZ0 SUKOPUCMAHHA, iX NO8MOpHe
3acmocyeanis 0 30epieanus enepeii cmae KpumuuHo 8axcausum O upiuienns 6a2amvox eKon02iyHux ma
pecypcuux npobnem. Lla cmammsa 30cepeddcena HA 6MOPUHHOMY 3ACHOCYBAHHI  AKYMYIAMOPIE
eNeKmpoMobinie y cucmemax 30epicanHs eHepeii 3 ypaxyeanHsm Gakmopis KaieHOapHo20 ma YUKIIYHO20
CmapinHa 01 onmumizayii npooykmuenocmi ma 0oe2og8iuHocmi akymynamopis. Kanrenoapne cmapinns
cmocyemucs 0ecpaoayii, wo 8i00YBaAEmMbCsl 3 4AcoM yepe3 XiMIuHI peaxyii 8 aKyMynamopi, Hagimv KOIU 8iH
He uKkopucmogyemucs. Ha yeu mun cmapinus enaueaiomv. memnepamypa, Cman 3apsaoy ma yMoeu
30epicanns. Lluxniune cmapinna, 3 iHwo20 OOKY, € pe3yTbmMamom HOGMOPHUX YUKIIG 3aAPSAONCAHHS ma
DPO3DAOAHCAHHS, WO CHPUHUHAE MEXAHIUHI Ma XIMIYHI 3MIHU 8 AKYMYIAMOPI, Npu3goosayu 00 3MeHUleHHs
eEMHOCMI ma 30inbenHs eHympiunbo020 onopy. Kombinoeanuil éniue yux npoyecig¢ cmapinus eumaeac
PO3POOKU  BUCOKOMOUHUX  OIAHOCMUYHUX MA NPOSHOZHUX MoOeneld ONid  epeKmugnHoz0 Ynpasninia
NPOOYKMUGHICMIO mMa  00620GIYHICINIO  GMOPUHHUX — AKYMYAAMOpPI6. P036Umoxk puHKy — 62CUBaHux
enexmpomodinie 6 Yxpaini eUKIuKae HeoOXiOHICmb WEUOK020 po3poOeHHs: cmpameziil 015 NOSMOPHO20
BUKOPUCMAHHA YUX AKYMYIAMOpIe y cucmemax 30epicanns enepeii. Cknaonowi, nog a3ami 3 0CmamouyHumu
npoyecamu ymuiizayii, pooisame n06MopHe GUKOPUCMAHHS NPUEAOIUGUM NPOMIdDICHUM piutennsam. [losmophe
BUKOPUCMAHHS AKYMYISMOPIE e1eKmpoMOOIiNié 00360158€ YKpaini nom axuumu HasA8Hi npodaemu, nos s13amni
3 MOKCUHHUMU 8i0X00AMU NPU OCMAMOYHIL nepepodyi, B00HOUAC NIOMPUMYIOUU nepexio 00 IOHOBIIOBAHUX
Ooicepen enepeii. Y Oawiti cmammi NiOKpecaoembesi HeOOXIOHICMb CMBOPEHHs THMe2PAaibHO20 [HOEKCY
dezpadayii DI, wjo noednye gpakmopu KaieHOapHo20 ma YUKIiuHO20 CIMAPIHHA 31 CMOXACMUYHUMU BNIUBAMU
011 HAOAHHA KOMNJIEKCHOI OYiHKU cmaHy akymynamopa. Taxuil noKasHuK € ajxciugum Ois onmumizayii
NPAKMUK YRPAGIIHHA AKYMYIAMOPAMU, GKIIOHAIOUYU NIAHY8AHHA YUKIE 3aPA0ACAHHI MA POIPAOANCAHHA OISl
NPOO0BICEHHS eKCNILYAMAYiliHO20 MEPMIHY 6MOPUHHUX AKYMYAAMOPIE. J{oCiodicenHs Micmums npakmuyui
PeKoMeHOayil o000 6NPOBAOICEHHS YUX MOOelell Y PI3HUX CyeHapisx 30epicanns enepeil, 6i0 nooymosux
COHAYHUX eHep2ocucmem 00 NPOMUCTOG0T NIOMPUMKYU MEPEICi Ma CIMAnYill 3apa0diCanHs enekmpomooinie.
Iputinammsa  onmuMi308anux cmpameziii YAPAGNIHHA aKYMYIAMOPAMU MAE 3HAYHUL NOMEHYian O
NPOO0BIHCEHHS MEPMIHY CLYHCOU GMOPUHHUX AKYMYISAMOPIE ma 3HudICeHHa onepayiunux eumpam. Takuil
nioxio niompumye cmaiy enepeemuxy i 8i0nogioae enodaIbHUM 3YCULIAM W00 CHUPUSHHI 8IOHOBTIOBAHUM
Ooicepenam enepeii ma NPUHYUNAm YupKyisapHOi eKOHOMIKU.

KarouoBi cioBa: nitiii-ionHi 6arapei, enekTpoMo0isb, 30epiraHHs eHeprii, aerpajamnis 6arapei, KaleHapHe
CTapiHHS, IMKIIYHE CTapiHHS, IHTErpaJbHUI IHAEKC Jerpajalii, 3aJIMIIKOBHH TEpMiH KOPHCHOTO
BUKOPHCTAHHSI, CTaH 3JI0pOB’st Oarapei.
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