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Main challenges in the management of lithium-ion battery
energy storage systems for the valuation and use of the as-
set in electrical systems

Principales desafios en la gestion de sistemas de almacenamiento de ener-
gia por baterias de iones de litio para la valoracion y uso del activo
en sistemas eléctricos
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ABSTRACT

The increase in infegration of renewable energy sources (RESs) for sustainable and environmentally friendly power generation has led
to significant changes in traditional power systems. Due to the variability of the primary resources used by RESs, battery energy storage
systems (BESSs) have been implemented as a solution to address the aforementioned issue. In general, BESSs are used to provide
ancillary services and participate in electricity markets, among other applications. In this context, their use can cause both technical
and economic benefits, making essential a proper management of these systems. Therefore, this study presents a literature review of
the most relevant aspects related to BESS architecture and asset management. Through this review, the objective is to identify the
value that this asset can provide to the responsible entity for its operation, in order to achieve technical and economic benefits.
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RESUMEN

La creciente incorporacién de fuentes de energia renovable para la generacién sostenible y amigable con el medio ambiente ha
provocado cambios significativos en los sistemas eléctricos tradicionales y debido a la variabilidad de los recursos primarios que las
FER utilizan, se han implementado sistemas de almacenamiento de baterias (SAEB) como solucidn para cubrir esa variabilidad. En
general los SAEB son utilizados para prestar servicios auxiliares, participar en mercados eléctricos, entre otros. En este contexto, su uso
puede generar beneficios tanto técnicos como econdmicos, lo que hace imprescindible una gestiéon adecuada de estos sistemas.
De esta manera, en la presente investigacion se realiza una revisién bibliogrdfica de los aspectos mds relevantes sobre la arquitectura
de SAEB y gestion del activo. A través de este estudio se espera determinar el valor que este activo puede proveer a la entidad
administradora de estos sistemas para que se obtengan beneficios técnicos y econdmicos.

Palabras clave: Sistema de Aimacenamiento de Energia por Baterias, lones de litio, Gestién de activo, Evaluacion de riesgo
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periods of demand. BESSs offer a feasible solution by storing sur-
plus energy generated during peak production hours and supplying
The rise in environmental pollution and the global energy crisis it to the power system when required [I], [2].

pose significant challenges, which have driven to the adoption of
RESs. However, the variability of the primary resources used by
RESs limits the ability to match energy production with specific

Introduction

The operational flexibility of BESSs, stemming from their fast re-
sponse times, is also being leveraged in the provision of ancillary
services such as frequency regulation reserves, voltage regulation,
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among others [2], [3], [4]. This capability allows them to absorb
or inject power in response to rapid fluctuations in the grid,
thereby helping to maintain balance between generation and de-
mand [5][6].

BESSs are also used in competitive electricity markets, where they
can take advantage of intraday price differentials or time-specific
operational windows to buy and sell energy for profit [7]. This
activity has proven to be economically viable in several European
countries [8].

With continuous improvements in battery manufacturing pro-
cesses, reflected in technical indicators such as battery safety,
lifecycle, and energy density, along with the development of new
energy policies that support their use, BESSs have rapidly evolved
and have become key components of smart grids [9]. Provided
that BESSs are robust and their operational management is opti-
mal, the reliability and resilience of power generation, transmis-
sion, and distribution systems, which are considered critical infra-
structure, can be significantly improved [10]. Moreover, BESSs are
also used at residential level to improve the reliability and safety
of electrical installations [11].

Among the most commonly used rechargeable batteries are Lith-
ium-lon, Lead-Acid, and Nickel-Cadmium [12], [13]. Lithium-lon
batteries have experienced increasingly rapid growth compared to
other battery types, achieving widespread penetration in electric
vehicles markets, portable electronic devices, and electrical grids
[14], [15], [16], [17]. In view of these considerations, the present
study focuses on Lithium-lon battery technology.

BESSs use electrochemical cells that convert electrical energy into
chemical energy and vice versa. Based on the composition of these
electrochemical cells, batteries can be classified into different
types. Each type exhibits distinct characteristics depending on fac-
tors such as size, lifecycle, energy density, and cost. In recent
years, efforts to improve the efficiency and security of BESSs have
intensified. Nevertheless, incidents involving thermal runaway in
Lithium-lon BESSs have occurred, resulting in serious social and
economic consequences [18].

To enable the increase in integration of BESSs, it is essential to
implement proper asset management, aligned with the specific
functionalities for which these systems will be used. Effective man-
agement of BESS assets allows the operating company to achieve
economic benefits through optimized operation and maintenance.

This article is organized into sections as follows: the BESSs, cov-
ering aspects related to BESS architecture are described in Section
2. BESS asset management, including failure modes and effects,
analysis of methods for failure mode, state of health evaluation,
and preventive and predictive maintenance strategies are pre-
sented in Section 3. The discussion of this review is included in
Section 4. Finally, main conclusions and references are provided.

BESS architecture

A BESS is divided into four main subsystems, as shown in Figure |:
the safety system, the energy management system (EMS), the
power conversion system (PCS), and the battery management sys-
tem (BMS) [19] [20]. The latter is responsible for managing the
battery cluster. The following section briefly describes each com-
ponents of the BESS.

Battery cluster

The core of a BESS is the battery cluster, which is formed from
battery modules. Each module consists of multiple individual
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battery cells connected in series and parallel to meet the system’s
voltage and capacity requirements [20].

A Lithium-lon cell is typically composed by four main components:
the cathode, anode, separator, and electrolyte. The cathode and
anode primarily function as charge carriers, enabling energy stor-
age and release [21]. Common cathode materials include lithium
cobalt oxide (LiCoO3), lithium iron phosphate (LiFePO,), and lith-
ium layered metal oxides. Currently, the most widely used anode
material is carbon (graphite). However, high-capacity alternatives
such as silicon, metal oxides, and alloyed metals are being actively
investigated. Among the most common lithium-alloy anodes are
lithium—aluminum combinations [22]. The electrolyte, in fact, can
exist in solid, liquid, or polymer form. According to [23], solid-
state electrolytes represent an emerging technology that offers
faster charging and discharging capabilities, improved safety, and
lower costs. For proper operation, lithium cells must be main-
tained within a temperature range of 10 °C to 40 °C, though this
range may vary depending on the cell’s chemical composition.
Generally, 0°C is considered the optimal storage temperature,
while 25 °C is the ideal operating temperature. Based on these
considerations, temperature is regarded as the most influential pa-
rameter affecting the electrochemical behavior of the battery [24].

The battery management system

The BMS operates at the cell and module level, ensuring the safe
and reliable functioning of the battery pack. Its main tasks include
real-time monitoring of voltage, current, and temperature; imple-
menting protection mechanisms against overcharge, over-dis-
charge, and thermal runaway; balancing cell voltages; and estimat-
ing key indicators such as the State of Charge (SoC) and State of
Health (SoH). By focusing on internal battery dynamics, the BMS
safeguards the integrity and lifespan of the storage unit [25], [26].

The power conversion system

The PCS is responsible or the AC/DC and DC/AC conversion
process, enabling bidirectional power flow between the battery
system and the grid. It includes components such as transformers,
inverters, and control circuits. The PCS and the BMS communicate
via a high-speed monitoring network, where monitoring and pro-
tection commands are coordinated according to specific function-
alities and response times [27]. The capacity of a battery system
with a centralized PCS structure can be enhanced either by in-
creasing the number of PCS units on the alternating current (AC)
side or by adding more battery clusters in parallel on the direct
current (DC) side [27].

The energy management system

The EMS operates at a supervisory level, coordinating the interac-
tion between the battery system and the external grid. Unlike the
BMS, which is dedicated to internal cell protection, the EMS de-
termines the optimal charging and discharging strategies based on
grid requirements, market signals, and operational constraints. It
manages power flows through the PCS, schedules energy dispatch,
and ensures that the battery system provides ancillary services
such as frequency regulation, peak shaving, or voltage support.
Thus, the EMS is responsible for optimizing the overall perfor-
mance and economic operation of the storage system [28].

The safety system

The safety system is housed within a structure designed to protect
BESS components from environmental factors. This structure in-
cludes fire suppression systems, smoke detectors, temperature



control mechanisms, and emergency shutdown devices, all of
which help mitigate potential risks [20].

BESS asset management

A BESS composed of Lithium-lon batteries is a critical and high-
value asset, and therefore requires proper asset management. Ac-
cording to ISO 55000 [29], asset management enables an organi-
zation to derive value through the efficient management of physi-
cal, financial, and informational assets. In the context of electrical
assets, the main indicators used for condition assessment include
the Health Index (HI), performance indices, remaining life indices,
among others.

The forms of value that this asset can provide to the managing
organization, as well as to the electrical system in which this would
be installed, include the following [30], [31]:

e  Revenue generation through participation in competi-
tive electricity markets

e Increased integration of RESs

e  Contribution to carbon emission reduction

e Improvement of power system resilience by ensuring
continuity of operations due to grid fluctuations or ran-
dom events

To ensure proper management of a BESS, the operating organiza-
tion must understand some factors as: its architecture, failure
modes, evaluation methods, and operation and maintenance strat-
egies, among others. These aspects are essential for informed de-
cision-making in the following areas:

e  Efficient planning of financial resources

e  Proper monitoring of asset condition

e  Reduction of maintenance costs

e  Extension of asset lifespan

e  Optimization of the installation, operation, and mainte-
nance processes

e Increase in asset availability

e  Compliance with regulations and policies governing as-
set usage

Failure modes and effects analysis of a BESS

The daily operation of BESSs can, over time, be subject to failures
due to natural aging, vibrations, and temperature fluctuations.
These factors can lead to performance issues or hazardous events
such as fires and explosions [32]. One of the main risks associated
with Lithium-lon batteries is thermal runaway, which can trigger
fires and explosions. This phenomenon is caused by internal short
circuits, occurring when the anode and cathode come into direct
contact, resulting in violent chemical reactions among the battery
components [33]. Internal short circuits may be caused by con-
tamination or defects in the materials used during manufacturing,
or by non-standardized production processes. These factors are
often difficult to handle [34]. In addition to internal short circuits,
external short circuits can also occur, leading to accelerated deg-
radation, overheating, and, more generally, structural damage to
the battery cluster [33]. For these reasons, proper insulation and
regular maintenance must be ensured.

Energy
Management
System

Power
Conversion
System

Battery
Management
System

Battery
Cluster

Figure 1. BESS architecture scheme. Source: Authors.

Damage to Lithium-lon batteries can be caused by overcharging,
which occurs when the storage capacity limit is exceeded, either
due to charger malfunction or a sensor failure in the BMS. A com-
mon characteristic of overcharging is heat generation and gas re-
lease [32], often followed by overheating. On the other hand,
overdischarge can also occur as a result of sensor failures, allowing
the cell with the lowest voltage to discharge below its defined
safety limits.
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Defects in Lithium-lon batteries can occur not only during opera-
tion but also during the installation process. During transportation
from the manufacturing facility to the installation site, the batteries
may be subjected to shocks caused by vibrations or movement of
the transport vehicle. Causes and consequences of thermal runa-
way in Lithium-lon batteries are shown in Figure 2.
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Figure 2. Scheme of causes of fire accidents in Lithium-Ion batteries. Source:

Authors.

Analysis of methods for failure modes in BESS

In the management of BESSs, it is essential to continuously assess
potential failures that may arise during the various stages of bat-
tery deployment, including transportation, installation, and subse-
quent operation. Within this context, it is crucial to implement a
risk assessment plan aimed at mitigating possible failures or mal-
functions in BESSs [35]. Recent studies have proposed a range of
methods for evaluating failure modes in BESSs.

Traditionally, failure evaluation involves conducting extensive test-
ing over different time periods, which allows for the assessment
of the technical performance of BESSs. For instance, in [36], per-
formance data were obtained through testing on BESS units in or-
der to develop high-fidelity BESS models. A dynamic programming
algorithm was then implemented to evaluate the benefits of
stacked value streams and to optimally dispatch the aggregated
system. The following section presents some of the most com-
monly used failure evaluation methods.

e  Fault tree analysis (FTA)

e  Event tree analysis (ETA)

e  Failure modes and effects analysis (FMEA)
e  Bayesian networks (BN)

e Analytic hierarchy process (AHP)

e  Fuzzy logic methods

The aforementioned methods have served as a foundation for the
development of more advanced evaluation techniques aimed at
maximizing the lifespan of BESSs.

In [37], a method is presented that combines fault tree analysis
(FTA) and fuzzy logic to assess fire risk during the transportation
and storage of Lithium-lon batteries. This methodology identifies
nine basic events and eight failure paths that can lead to fires, using
a fault tree analysis model. Later on, to quantify the risk, the Har-
vard Risk Number (HRN) metric is applied, taking into account
the probability, severity, and control measures for each event
through fuzzy logic. A synthetic Harvard Risk Number is then cal-
culated based on the individual HRNs to establish safety thresh-
olds, which indicate whether the obtained values exceed accepta-
ble limits, thereby enabling the implementation of preventive
measures prior to transport or storage. Finally, the methodology
is evaluated in a case study related to maritime transport of bat-
teries.
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A risk analysis of the daily operation of Lithium-lon battery housed
in containers is conducted in [38] using a failure and process model
based on systems theory. This approach identified 53 unsafe con-
trol actions, and through expert-reviewed assessments, risk fac-
tors were derived. These factors enable improvements in the
overall safety and reliability of system operation by supporting the
development of countermeasures to mitigate the identified risks.

A comprehensive evaluation methodology is developed for lith-
ium-ion batteries in [39], taking into account risks at multiple
scales. The methodology begins by constructing a fault tree at the
cell level to identify basic events. These events are then integrated
into risk factors at the lithium-ion battery cluster level, forming a
comprehensive set of risk factors that are used as safety indices
within a multi-objective evaluation system.

A real-time method to predict potential failures, enabling the de-
tection of anomalies in Lithium-lon battery systems is proposed in
[40]. This method is based on statistical analysis, density, and
depth, and integrates multiple binary trees to quickly estimate the
density of the subset in which a given sample indicating a potential
failure is located. The anomalous sample is then isolated from the
rest using probability density functions.

Next, an early prediction of the remaining useful life of batteries
is performed in [41], with temperature considered as the primary
parameter. Using the XGBoost machine learning algorithm, along
with mean squared error evaluation, percentage error, and bat-
tery data, the degradation of battery systems is estimated.

SoH assessment of BESS

The authors in [42] present a review of data-driven methods for
the management and prediction of the health of Lithium-lon bat-
teries. Key parameters used to calculate battery SoH include me-
chanical, electrical, thermal, and impedance signals. These param-
eters, processed using mathematical techniques such as integra-
tion, differentiation, and statistical analysis, are useful for modeling
battery aging and improving the prediction of remaining useful life.
The study also highlights that advancements in artificial intelligence
and emerging technologies have surpassed electrochemical mod-
els in both accuracy and efficiency when it comes to capturing the
internal aging mechanisms of battery cells.

A multidimensional evaluation system is developed in [43], for as-
sessing the operational and maintenance status of Lithium-lon
BESSs. Based on the actual operation of these systems, an index
system is constructed to evaluate the operational state of the bat-
tery. Using an analytic hierarchy process combined with a
weighting method, both subjective and objective weights of those
indicators are analyzed. Subsequently, the operational state of the
battery is comprehensively assessed, providing a decision-making
basis to determine whether maintenance or replacement is neces-
sary.

Preventive and predictive maintenance strategies for BESS

Proper operation and the implementation of effective predictive
and preventive maintenance strategies can help prevent irreversi-
ble degradation in battery performance, which may result from
improper operation or continuous use that leads to natural aging.

Preventive maintenance performed on BESSs involves executing a
set of planned maintenance actions before failures occur, with the
goal of reducing long-term operational costs and maintaining sys-
tem reliability. With the advancement of artificial intelligence, pre-
ventive maintenance, which was traditionally scheduled based on
expert criteria or manufacturer recommendations, has begun to
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incorporate new methods for optimizing maintenance strategies.
An intelligent preventive maintenance method based on reinforce-
ment learning for BESS is presented in [44]. This method employs
a preventive maintenance agent equipped with integrated tree
search and a deep neural network. Once trained, the agent can
effectively utilize the BESS's SoH information to support mainte-
nance decision-making, thereby achieving efficient and consistent
performance.

Predictive maintenance also plays a key role, employing proactive
strategies that help anticipate when a BESS might fail [45], thereby
enabling the development of maintenance plans before a failure
occurs. A methodology based on time series forecasting several
days in advance is proposed in [46] to perform predictive mainte-
nance on battery modules exhibiting abnormal cell voltages. The
BMS provides various data inputs that are used for real-time mon-
itoring and battery safety protection.

Discussion

According to the reviewed literature, Lithium-lon BESSs are ex-
pected to become an integral part of future power networks
(smart grids) due to the potential benefits they offer to electrical
systems. It has been demonstrated that BESSs can be applied to
various operational functionalities, enabling the managing company
to make informed decisions aimed at maximizing overall benefits.

Ongoing research on Lithium-lon BESSs has contributed to
greater technological maturity and has reduced uncertainty sur-
rounding their use. Recent innovations have improved storage ca-
pacity, SoC management, extended lifespan, and faster response
times, among other performance aspects.

Performance improvements in BESSs would not be possible with-
out an effective management system that continuously monitors
key operational parameters. These management systems enable
the optimization of both technical and economic aspects.

It is important to highlight the risks associated with the installation
and operation of BESSs, as there is a potential for hazards that
could result in environmental disasters and significant economic
losses. For this reason, the various methodologies explored in this
article aim to minimize these risks, with thermal-related risks be-
ing the most likely and destructive, as they can lead to explosions.

To prevent failures in BESSs, this work has highlighted the im-
portance of developing maintenance strategies aimed at extending
system lifespan and generating greater technical, economic, and
social benefits.

Conclusions

This study presented the main challenges of Lithium-lon BESSs,
identifying key focus areas such as BESS architecture and asset
management, including failure modes and effects analysis, analysis
of methods for failure modes, SoH assessment, and preventive and
predictive maintenance strategies for BESS. Each of these head ar-
eas addresses emerging trends and provides the managing entity
with insights into the advantages and limitations of these systems.

New trends highlight the complementary roles of the BMS and
EMS in BESS operation. While the BMS ensures safety and reliabil-
ity at the cell level, the EMS supervises grid interaction and opti-
mizes charging and discharging strategies. A clear distinction be-
tween their functions is crucial, and future work should focus on
improving their integration to achieve safer and more flexible stor-
age systems
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Lithium-lon BESSs are continuously evolving, improving their effi-
ciency, capacity, and safety through the integration of technologi-
cal advancements. These improvements enhance their adaptability
within electric systems and position this technology as an essential
component in the transition toward more sustainable and resilient
energy systems.
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