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ABSTRACT

The Safe Operating Area (SOA) of lithium-ion (Li-ion) batteries defines the permissible range of operational
conditions (e.g. temperature, voltage) within which the battery operates safely and reliably, avoiding damage,
performance degradation, or critical hazards such as thermal runaway. While the SOA concept is critical for
battery performance optimization and safety assurance, its evolving nature has led to inconsistent definitions
and methodologies across the literature. These fragmented perspectives hinder the development of a solid
understanding and practical application of SOA. This review addresses these gaps by systematically examining
the diverse perspectives and methodologies surrounding SOA. It categorizes and structures related topics
directly and indirectly linked to SOA while integrating insights from adjacent fields to construct a cohesive
framework. By treating SOA as an evolving concept, this work assembles its “building blocks” from various
disciplines, creating a comprehensive roadmap for defining and refining SOA boundaries. The proposed
approach aims to guide researchers and practitioners in advancing safer, more efficient battery systems.
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1. Introduction

Lithium-ion batteries have become the preferred power source for
electric energy storage due to their high energy density, long lifespan,
high cell voltage, and low self-discharge rates. These advanced perfor-
mance characteristics make them the leading choice for efficient and
reliable energy storage across various industries. Furthermore, with the
rapid growth of the electric vehicle (EV) market, lithium-ion batteries
are receiving increased research attention.

Lithium-ion batteries are known for their high cost, primarily due
to the expensive raw materials and manufacturing processes required
to produce them. Current estimates suggest that they account for
approximately 30% of the total cost of an electric vehicle [1]. While
the overall trend shows a decline in battery costs per unit of capacity,
as highlighted in a comprehensive study that analyzed 50 independent
reports on lithium-ion battery costs across different applications and
technologies [2], batteries are expected to continue representing a
significant portion of energy system expenses for the foreseeable future.

The growing reliance on batteries leads to new challenges, including
the environmental and economic issues associated with mining raw
materials and managing toxic battery waste. As demand for batteries
increases, so do concerns about their lifecycle, particularly regarding
the extraction of raw materials and the disposal of hazardous waste. To
address these challenges, extending battery lifespan and exploring re-
search areas such as second-life applications are becoming increasingly
important. This highlights the crucial role of optimal and advanced
battery management systems (BMS), ensuring longer battery life, safer
operation, and minimizing environmental impact.

A battery management system is an essential device that ensures
the safe, efficient, and reliable operation of batteries across various
applications. The primary function of a BMS is to continuously monitor
the cells and ensure they operate within the defined or estimated safe
operating area (SOA). This SOA is crucial for preventing damage and
ensuring longevity, as it defines the permissible range for parameters
such as current, voltage, and temperature. Depending on the system’s
complexity, the SOA may be dynamically estimated by the BMS or
predetermined by the cell manufacturer, setting strict upper and lower
limits for temperature, current, and voltage to safeguard the battery’s
integrity.

Beyond cell monitoring and maintaining optimal battery condi-
tions, a BMS can also be responsible for several other tasks, including
estimating the State of Charge (SOC), assessing the State of Health
(SOH), and cell balancing. Collectively, these functions enhance battery
performance, extend lifespan, and prevent potential issues such as
overcharging, deep discharging, and thermal runaway.

At the heart of a BMS is the battery model, which plays a crucial role
in determining the system’s capabilities. The complexity and accuracy
of the BMS largely depend on the sophistication of this model. Battery
models are generally categorized into four main categories: empirical,
semi-empirical, data-driven, and physics-based models [3-7].

Empirical models are developed from experimental data to predict
battery behavior under various conditions without addressing the un-
derlying physical processes. These straightforward and computationally
efficient models are ideal for real-time applications. However, they
require extensive data collection and testing, which can be costly. Ad-
ditionally, their reliance on interpolation limits their ability to capture
the dynamic nature of battery behavior. Any deviation from the data
within the lookup table can lead to significant errors.

The next type of models are semi-empirical, semi-theoretical mod-
els. The most well-known model in this category is the Equivalent
Circuit Model (ECM). This model represents the battery using a combi-
nation of resistors and capacitors, which simulate the battery’s internal
resistance, capacitance, and dynamic response to charge and discharge

cycles. The equivalent circuit model is popular for its balance between
simplicity and accuracy, providing valuable insights into the battery’s
performance while remaining computationally efficient. However, ECM
model parameters often lack direct physical meaning. As a result, these
models are limited in providing deep insights into the underlying mech-
anisms of battery behavior. Additionally, they lack strong predictive
capabilities, especially when operating outside the range of conditions
for which they were calibrated. Therefore, the safe operating area
used by BMS systems based on empirical or ECM models tends to
be straightforward and somewhat limited in capability. Despite their
simplicity and lack of strong predictive capabilities, BMS systems based
on ECM models remain the most widely used in the industry today,
thanks to their speed and computational efficiency [8]. In real-time ap-
plications, battery systems are typically composed of multiple modules
and packs, each containing numerous individual cells. Monitoring each
of these cells is critical for ensuring safe operation, but as the size of
the system grows, so does the complexity of monitoring. That requires
proportional computational power and an increased quantity of hard-
ware components, such as microcontrollers, which in turn increases
the costs. To balance performance with cost-effectiveness, many opt for
simpler models that require less memory and are more computationally
efficient. This trade-off is a key reason why ECM models are widely
used in BMS design.

The third category of battery models, known as physics-based mod-
els, delves into the battery’s internal parameters and aims to simulate
its behavior using electrochemical equations. At the top of this list for
detail and accuracy is the pseudo-two-dimensional (P2D) model, also
referred to as the Doyle-Fuller-Newman (DFN) model. Named after
its developers, this model represents one of the most comprehensive
and precise approaches available for battery simulation [9-12]. Unlike
empirical or ECM models, the P2D model is grounded in electrochem-
ical principles, with parameters that carry clear physical significance.
This model allows for detailed insights into the internal processes of a
battery. It can accurately track key phenomena such as concentration
changes in both the solid phase and the electrolyte, and monitor the
precise potentials and currents in these phases. Moreover, the P2D
model can be integrated with additional models, such as thermal and
aging models, to simulate the battery cell’s thermal behavior and
the degradation mechanisms caused by side reactions. This capability
enhances the model’s versatility, allowing for a more comprehensive
battery performance, safety, and lifespan analysis.

The detailed P2D model is composed of a set of partial differential
equations (PDEs) with algebraic constraints, defined along the x-axis,
which represents the length of the battery. The active particles within
the electrodes are modeled as spheres, with their behavior described
along the radial coordinate r. A complete list of P2D model equations
is available in Table A.1 of Appendix. The P2D model typically re-
quires 15 to 30 parameters [13]. However, this is only an approximate
estimate, as the exact number of parameters can vary depending on
additional features integrated into the model, such as heat generation,
aging effects, or other extensions. While this structure of PDEs with
algebraic constraints and numerous parameters ensures high accuracy,
it can also lead to a computationally intensive model, resulting in
slower simulation times. The slow computation of P2D models is not a
major issue for offline applications, such as battery cell design or offline
simulations. However, in online applications, where the models need to
run and make predictions in real time, this becomes a significant draw-
back, making them unsuitable for such use cases. That challenge has
driven scientists to explore methods for accelerating the computation
of the P2D model [14-17], as well as to develop reduced-order models
that simplify the P2D framework while maintaining its key characteris-
tics for faster, real-time applications. Among these, the Single Particle
Model (SPM) is the most well-known [18-25]. Ali et al. [26] conducted
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a comparative study on the performance and accuracy of physics-based
P2D models versus reduced-order models.

The final category includes data-driven and machine learning (ML)
models, which depend on large datasets, making data quality and
extensive empirical testing essential. These models analyze patterns
within the data to estimate battery states and support various appli-
cations [27-32]. However, the complexity of battery dynamics poses
significant challenges, making it difficult for ML to function effectively
as a purely black-box approach. To address this, some research in-
tegrates physics-informed techniques to enhance interpretability and
improve model reliability [33-36].

Today’s trend in battery development is moving toward larger cells
with higher maximum capacities [37,38]. This evolution makes accu-
rate SOA estimation more crucial than ever. As these larger cells can
store significantly more energy, the risks of fires or powerful explosions
increase, making precise SOA estimation essential for ensuring safety
and performance. Additionally, the use of larger cells reduces the total
number of cells in a battery pack, paving the way for the adoption
of physics-based battery models over traditional electric circuit-based
models. One of the main challenges of physics-based modeling is ensur-
ing computational efficiency for real-time applications. However, with
fewer cells to monitor, the shift towards these more detailed models
becomes more feasible, allowing for more precise SOA estimation and
improved safety management by physics-based models.

In the next section, an overview of the historical development of
SOA in the literature is provided, with the reasons behind its design be-
ing explained. Following that, current trends and evolving definitions of
SOA, along with methods of estimation, are explored. The subsequent
section will focus on the establishment of a safe operating area using
physics-based modeling and constraints.

2. Safe operating area: Literature review & history

The safe operating area defines a range of operational conditions
such as min/max voltage, current, temperature, and state of charge
that ensure a lithium-ion battery’s safe and reliable functioning. Staying
within this envelope is critical to prevent damage, extend battery life,
and minimize safety risks.

The conditions monitored within the SOA can vary depending on
the type of battery model used in the BMS. An ECM-based BMS, relying
on an equivalent circuit model, primarily uses measured inputs like
current, voltage, and temperature but cannot provide detailed internal
physical insights about the battery. In contrast, physics-based models
like the P2D model offer a deeper understanding by providing internal
battery information, such as lithium-ion concentrations in the elec-
trodes and other electrochemical variables inaccessible to ECM-based
models.

2.1. A literature review

In the literature, terms such as safe operating area, Safe Operating
Window (SOW), Safety Boundaries, Operational Limits, and Safety
envelopes are often used interchangeably to represent similar concepts.
Table 1 presents studies that reference and define SOA-related concepts
and their corresponding SOA categories.

Generally, SOA is portrayed as a set of static, predefined boundary
limits for key variables like temperature, voltage, SOC, and maximum
allowable charge/discharge currents. Manufacturers typically establish
these boundaries based on extensive testing and empirical analysis to
ensure safe operation across a range of conditions [39-58].

The most basic battery management system keeps the system within
these predefined safe limits by monitoring variables like voltage, tem-
perature, and current to ensure they remain within the specified range.
More advanced BMS features include controlling the SOC to avoid
overcharging or over-discharging. Because SOC cannot be directly mea-
sured, these systems rely on SOC estimation methods to manage this
critical parameter accurately.
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Table 1
Categorization of SOA definitions in the literature.

Literature Characteristics References
Static empirical Definitions emphasizing static SOA, [39-58]
predefined SOA based on rigid predefined constraints.

Probabilistic SOA & Definitions derived from a probabilistic [59-61]
SOS approach.

Static physics-based Definition derived from physics-based [62-72]

precalculated SOA principles that account for factors such
as concentration limits, battery abuse,

and side reactions.

The second group of studies approaches the concept of safe opera-
tion from a probabilistic perspective, focusing on estimating the State
of Safety (SOS) based on hazard risks and probabilities [59-61]. In
these studies, the risk level is quantified by calculating the product of
hazard severity and hazard likelihood, where severity is often rated on
a scale from 0 to 7, and likelihood ranges from 1 to 10. This proba-
bilistic approach involves defining the SOS as a probability function
that integrates multiple sub-functions, each representing specific abuse
conditions such as over-voltage, high temperature, or mechanical stress.
The overall SOS value is then derived by multiplying these individual
distributions, which allows for a more flexible assessment of safety that
reflects the likelihood of various failure modes under different condi-
tions. In this approach, each operating condition is assigned a safety
score. If the system operates in unsafe conditions for any period—an
inherently hazardous scenario—this data is recorded and lowers the
overall safety score for that specific cell, reflecting its prior exposure
to abuse. The cumulative scoring method provides a more compre-
hensive picture of the cell’s long-term safety status by accounting for
past operational stresses. This perspective introduces a slightly more
dynamic definition of SOA compared to the traditional static SOA
provided by cell manufacturers. Instead of using hard thresholds as
in traditional static empirical SOA definitions, the probabilistic SOS
framework introduces a continuous hazard probability distribution,
where the risk gradually increases as operating conditions become more
extreme.

The third group, representing the most recent trend in SOA liter-
ature, emphasizes the development of a static SOA envelope derived
from physics-based modeling principles. These models account for
factors such as aging, side reactions, and battery abuse, offering a more
detailed and precise approach to defining the SOA [62-72]. Studies
in this category typically aim to optimize charging protocols while
incorporating battery degradation and abuse constraints. A growing
trend toward integrating these advanced SOA definitions into advanced
Battery Management Systems is also emerging. Although direct studies
on advanced SOA remain relatively limited, recent research established
a solid foundation for these advancements. A deeper discussion of this
approach will be provided in Section 3.

2.2. SOA history

One of the primary challenges with lithium-ion batteries is the
potential for hazardous incidents, such as fires or explosions, during
operation. Historically, preventing these catastrophic failures has been
the central focus of SOA estimation and BMS development. However,
due to limited advancements in battery science, computational tools,
and data availability in earlier years, classical SOA approaches concen-
trated exclusively on macroscopic, measurable operating conditions—
primarily voltage, temperature, and current. These classical SOA frame-
works were designed to prevent thermal runaway, a critical failure
mode in lithium-ion batteries.

Thermal runaway in a lithium-ion battery refers to a self-
perpetuating cycle in which an increase in temperature triggers
exothermic chemical reactions within the cell, releasing more heat.
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Fig. 1. Static safe operating area based on predefined constraints.
Source: Adapted from Fleischer et al. [56].

The heat accumulation can cause the internal temperature to rise
rapidly, leading to the degradation of cell materials, gas release, and, in
severe cases, fire or explosion. Extensive studies have documented the
sequence of events leading to thermal runaway, with efforts focusing on
understanding the chemical reactions, thermal dynamics, and voltage
thresholds involved [73-79]. While there is broad agreement on the
reactions involved in thermal runaway, the exact starting and ending
points of these reactions may vary slightly across different studies.

The review by Chen et al. [54] provides a comprehensive analy-
sis of the chemical reactions involved in thermal runaway, outlining
the corresponding temperature and voltage conditions in each battery
component, such as the anode, cathode, and electrolyte. From these
chemical reaction criteria, a critical temperature map was developed,
correlating each reaction with its corresponding thermal limit. Ex-
ceeding these thresholds initiates thermal runaway, making this map
a foundational element of the classical SOA, prioritizing temperature
constraints to ensure safe operation.

Key factors that can trigger fire or thermal runaway reactions in
lithium-ion batteries include:

» Overcharging

* Over-current

« Internal short circuits

« External short circuit

» Exposure to internal or external heat

+ External physical damage to the battery

Of the six potential causes of thermal runaway, overcharging, over-
current, internal and external short circuits, and exposure to heat
generated internally are related to the core principles of battery op-
eration. That highlights the importance of a well-designed battery
management system. By utilizing functions such as modeling and safe
operating area estimation, a BMS can actively prevent thermal runaway
incidents and ensure the safe operation of the battery system. There-
fore, besides the battery failure temperature map, the battery system’s
dynamic behavior should have been included in the BMS. That logically
results in simple battery models from empirical models to ECM models.
The limitation of these models has driven research that emphasizes
macroscopic and measurable safety indicators, including the overall
battery voltage, the electric current passing through the cell, and the
temperature within the cell [73,80-82].

This perspective aligns with the priorities of battery manufacturers,
who aim to ensure the safe operation of their products. Manufacturers
typically provide detailed guidelines for safe battery charging and dis-
charging, including the maximum and minimum voltage, current, and
temperature limits, as specified in their product data sheets [83,84].
That has led to the widespread adoption of a simple, static SOA, often
represented as a rectangular boundary defined by voltage, current,
and temperature constraints. These predefined limits establish a static

framework for SOA, ensuring safe battery operation within set bound-
aries, as schematically illustrated in Fig. 1. Additionally, this approach
reinforced the use of the standard Constant Current-Constant Voltage
(CCCV) protocol for charging and discharging.

The conventional approach to SOA and charging protocols is cau-
tious, setting operational limits based on testing and empirical models
that rely on external, macroscopic variables such as temperature, volt-
age, and current [85]. To this date, most Battery Management Systems
utilize empirical or ECM to monitor battery performance, ensuring it
remains within these conservative limits. This conservatism arises from
the limitations of these models, which, by depending on macroscopic
metrics, lead to wider safety margins than necessary. Consequently,
engineers often oversize battery packs as a precaution, resulting in
increased costs and greater environmental impact [86]. Moreover,
because conventional SOA definitions typically cannot adapt to the
battery’s aging process, they may appear conservative at the beginning
of life. However, even these conservative estimates can eventually over-
state the safe operating area, as the battery becomes more susceptible
to degradation and abuse over time.

Despite these limitations, the traditional SOA still remains the pre-
dominant approach in BMS manufacturing due to its simplicity and
high computational efficiency [8].

3. Safe operating area: Current trends, and evolutions

As research into battery aging mechanisms advances, it has become
evident that failures in lithium-ion batteries can arise from both sudden
events and gradual degradation. Sudden failures may occur under
extreme conditions such as overcharging or elevated temperatures.
In contrast, many failures result from the cumulative effects of slow
side reactions and aging processes that progressively damage the cell
over time. While early-stage aging may appear negligible, its long-
term impact can be significant, potentially leading to critical failures.
Consequently, there is a growing focus on understanding and mitigating
the aging mechanisms and safety risks associated with side reactions in
lithium-ion batteries. This updated definition of SOA also accounts for
the gradual degradation pathways that may eventually lead to failure
over time [86].

Several studies, including those by Smith et al. and Chaturvedi
et al. have challenged the conventional perspective by questioning
not only the foundational assumptions of conventional SOA but also
the industry-standard CCCV charging protocol [85,86]. These efforts
have inspired research focused on refining the definition of SOA for
batteries through the application of physics-based models. That modern
approach to SOA integrates conventional operational limits such as
voltage, temperature, and current with advanced physics-based models
that capture the complex dynamics and physics occurring inside the
battery.

The introduction of physics-based models brought a significant
enhancement to the SOA framework, enabling the incorporation of
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Fig. 2. The SOA defined using linearized lithium plating constraints to prevent lithium plating. (a) Static safe zone calculated by P2D model. The CC-CV protocol can go outside
of the safe zone vs. the SOA-compliant charging protocol that stays in the SOA envelop (b) The comparison between the physics-based SOA (green area) and the conventional

SOA (black dashed rectangle) based on the max/min current and voltage value.
web version of this article.)
Source: Adapted from Couto et al. [62].

side reactions and aging mechanisms, particularly those driven by
battery stress or abuse. By accounting for these additional variables,
researchers aim to improve battery reliability, extend operational lifes-
pans, and mitigate risks associated with misuse or failure [62-72].

For instance, Couto et al. [62] challenged conventional SOA as-
sessments that rely on conservative limits for current and voltage as
suggested by cell manufacturers or simpler empirical models. Their
study revealed that these conservative limits are not only overly cau-
tious but may not ensure battery safety. Instead, they demonstrated that
alternative charging and discharging regimes could be both faster and
safer. In Fig. 2, it is illustrated that adhering strictly to conservative
charging and discharging limits can lead to lithium plating, which
damages the battery. Specifically, the study showed that, despite man-
ufacturer recommendations against higher C-rates, the battery can be
charged at higher rates without any stress or abuse during the initial
stages of charging. However, as the SOC increases, the C-rate should be
reduced to avoid violating lithium plating constraints, as calculated by
the P2D model. Following a strict “max-C-rate” policy will inevitably
lead the battery into the lithium plating region. In Fig. 2(a), it is
shown that maintaining a constant C-rate of 2 initially appears safe but
eventually leads to lithium plating as the battery continues to charge.
Alternatively, the figure demonstrates that the battery can be charged
at higher C-rates while remaining completely safe, provided the C-rate
is gradually reduced to adhere to lithium plating constraints as the state
of charge (SOC) increases.

These studies demonstrate that the SOA region can be expanded,
allowing batteries to operate under conditions that were previously
considered unsafe, leading to improved efficiency. This expansion also
makes features such as fast charging more feasible. However, it has
also been shown that even within the more conservative SOA, which
is smaller, there are still areas that remain unsafe. This is because the
conventional SOA does not account for aging mechanisms that degrade
the battery over time. This leads to a schematic comparison between
the conventional SOA and the physics-based SOA, as shown in Fig. 3.

With the review of SOA history, current trends, and its evolution
now complete, the following section will offer a deeper exploration
of the various methods and domains related to SOA. It will provide
a more in-depth examination of the various methods and domains
associated with SOA, offering a comprehensive overview of approaches
for defining the SOA envelope and its constraints.

(For interpretation of the references to color in this figure legend, the reader is referred to the

4. Establishing the boundaries of the safe operating area

With this broader understanding of the safe operating area, atten-
tion must now be directed toward detailing the specific boundaries
and constraints that define the SOA envelope. Various methods and
strategies used to establish these limits will be examined, followed by
an analysis of approaches for accurately estimating the SOA envelope.

Several topics in the literature and previous research are closely
related to the concept of the safe operating area, although they do
not directly address it. In this review, these related studies have been
categorized and grouped to provide a comprehensive understanding of
the relevant research landscape:

« State of Power (SOP)
» Aging

o SEI (Solid Electrolyte Interphase)
o Lithium plating
o Particle cracking

» Optimal charging and fast charging

The critical question of how to estimate a safe operating area
centers around defining the boundaries of the SOA envelope. Several
approaches for establishing these constraints are closely tied to the
research topics associated with SOA. Each of these topics will now be
explored in greater detail.

4.1. State of Power (SOP)

One approach to establishing a hard constraint for defining one of
the limiting edges of the SOA envelope involves the State of Power
(SOP) concept. The SOP represents the power available to the battery
at a given moment, which must be accurately estimated. This concept
is closely tied to the battery’s current state.

When the SOP of a battery cell is known at a specific time, it
provides a limit to the power that can be safely drawn from the battery.
For instance, the user cannot demand more power in an electric vehicle
than what is available based on the SOP estimation. This enables
the formation of a dynamic constraint that adjusts according to the
battery’s states. Consequently, the voltage and current limits can be
determined based on the relationship P = I - V, ensuring safe and
reliable operation.
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Fig. 3. Schematic illustration comparing conventional and physics-based SOAs. The physics-based SOA has the potential to be larger than the conventional SOA, allowing for more
efficient operation. Additionally, certain regions deemed safe within the conventional SOA are identified as unsafe when analyzed using the physics-based SOA framework.

The literature primarily identifies three main categories of SOP
estimation:

+ Characteristic map-based methods
» Model-based methods

o Empirical models
o Physics-based models

» Machine learning methods

4.1.1. Characteristic map-based SOP

In the characteristic map-based approach, an offline multidimen-
sional power capability map is derived from extensive testing and
stored within the battery management system. This map captures the
static relationships between the SOP, and various battery states such
as temperature, voltage, and state of charge. As a result, significant
memory needs to be allocated for this purpose [87,88].

Moreover, the effectiveness of this method is limited by the inher-
ent complexity and nonlinear nature of lithium-ion batteries. Battery
performance is highly dependent on operating conditions, which can
change dynamically. Consequently, a pre-stored offline characteristic
map may not accurately represent the battery’s real-time power ca-
pability. It fails to account for variations in environmental factors,
aging effects, and transient behaviors that influence power availabil-
ity [89]. Another disadvantage arises from the adaptation technique.
The characteristic map method aims to estimate the maximum available
power, but the system rarely reaches the maximum power limit in
real-world operation. These rare instances are the only opportunities
to compare the estimated values with actual performance, limiting the
ability to refine the model and leading to inaccuracies in the adaptation
process [55].

4.1.2. ECM and empirical models for SOP estimation

The estimation of the SOP has been thoroughly investigated using
equivalent circuit models to ensure the maximum current under con-
straints imposed by cell parameters such as voltage and SOC [90-93].
The study by Xiong et al. [94] developed and validated a peak power
estimation method for LiMn204 lithium-ion cells using a Hardware-in-
the-Loop (HIL) test system. The approach integrates an Electrochemical
Polarization (EP) model with real-time parameter identification via
the Recursive Least Square (RLS) algorithm, delivering reliable power
estimates across varying SOC levels, even under sudden load changes.

In a subsequent study, Xiong et al. [95] demonstrated that combining
an Electrochemical Polarization (EP) model with an Adaptive Extended
Kalman Filter (AEKF) significantly enhances lithium-ion battery state
estimation and dynamic performance. The approach incorporates a
hybrid power pulse test and a multi-step joint estimation method for
SOC and peak power, delivering accurate and robust predictions of
SOP. The approach by Waag et al. [96] addresses the current-dependent
behavior of battery resistance and incorporates nonlinearities in bat-
tery modeling using an empirical model. Their study demonstrates
improvements in power estimation, particularly for aged batteries and
under low-temperature conditions. A similar study by Wang et al. [97]
investigated the use of a diffusion-based effect modeled as nonlinear
resistance within the equivalent circuit model to estimate the maximum
charge and discharge power. Finally, a dual Kalman filter technique has
been developed to enable real-time predictions of peak power across
various temperature ranges and aging conditions, showcasing accuracy
and adaptability [93].

A review paper by Waag et al. [55] compares different variations of
the empirical models and their performance on SOP estimation based
on the empirical battery models. This review emphasizes the need
to adapt models to the battery’s aging status, the current-dependent
behavior of battery impedance, and the differences observed among
multicell packs. In a more recent review study, Guo et al. [98] com-
prehensively examined SOP estimation methods, emphasizing those
based on equivalent circuit models. Guo noted that while the 1-RC
model is effective for SOP estimation, its accuracy declines across broad
frequency ranges, impacting long-term predictions. Fractional order
models offer improved frequency response but are computationally
demanding, whereas model fusion techniques may present a balanced
alternative.

The use of empirical models for predicting the SOP has been well
investigated. These models are typically easy to implement and require
minimal computational resources, which has made them the standard
in many applications. However, there is a growing trend towards
physics-based modeling, which delivers significantly improved accu-
racy and is becoming more feasible for real-time applications. While
the industry is gradually shifting towards physics-based models, the
transition is slow. Nevertheless, these models hold significant promise
due to their superior accuracy and reliability, making them a valuable
investment for future applications despite their current prevalence in
academic research and varying levels of technological readiness.
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4.1.3. Physics-based models and SOP

Another category of studies on State of Power prediction leverages
electrochemical models. Unlike equivalent circuit models, which focus
on macroscopic observed variables like cell terminal voltage and cur-
rent, electrochemical models provide a more detailed representation of
the internal processes within batteries. While ECM models may result
in conservative power predictions due to their limited link with battery
internal dynamics, electrochemical models bind available power to
factors such as lithium concentration within electrode particles, leading
to more accurate forecasts. During discharging, for instance, the ability
of lithium ions to migrate from the surface of the negative electrode
particles into the electrolyte is essential for generating power. The
surface serves as the interface where lithium ions transition into the
electrolyte. As lithium ions exit the surface, they need to be replenished
by lithium from deeper within the particles. This replenishment relies
on lithium diffusion from the particle’s core to the surface, a process
constrained by the diffusion coefficient within the solid material. The
speed at which lithium reaches the surface ultimately determines the
battery’s available power over time. In spherical coordinates, Fick’s
second law for diffusion in a spherical particle can be expressed as:
a_C:ii(Drza_C)’ )]

ot r2 or or

where C is the concentration of lithium ions within the particle, ¢ is
time, r is the radial distance from the center of the particle and D
is the diffusion coefficient. A complete list of P2D model equations is
available in Table A.1 in Appendix.

Numerous studies in the literature utilize physics-based modeling
for power prediction [70-72,89,99-104]. Lee et al. [100] proposed
using the solid-phase lithium concentration at the particle surface
as a constraint to manage battery power limits. They developed a
proportional-integral controller to maintain the surface concentration
within specified utilization limits. Li et al. [101] demonstrated that
surface lithium concentration is an effective predictor of a battery’s
power capability, also incorporating temperature and aging effects
to refine power capability predictions. Zheng et al. [102] focused
on instantaneous power by deriving a formula based on Gibbs free
energy and the battery’s internal resistance, ultimately establishing an
equation that links instantaneous power to the surface lithium concen-
tration. Li et al. [72] accelerated the power estimation via Gaussian
process regression. Li et al. [103] developed a method to predict power
in thicker electrodes using P2D models, specifically addressing cases
where the assumption of uniform current density is no longer valid.
Smith et al. [70] have used a linearized reduced order P2D model to
calculate the maximum safe current that respects the lithium plating
constraints to avoid this side reaction. Perez et al. [71] implemented a
reference governor to adjust the commanded current by introducing
a parameter # € [0,1]. When any constraints were breached, the
value of p was decreased, whereas it was increased when all con-
straints were met. Sun et al. [89] proposed an SPM model incorporating
temperature-dependent parameters such as diffusion coefficients and
internal resistance. The model utilizes physical lithium-ion concentra-
tion limits to govern the SOP, while the Grey Wolf Optimizer (GWO)
algorithm determines peak charge and discharge capabilities across
different time horizons.

Similar to Sun et al. [89], several studies employ various opti-
mization algorithms for power prediction. Zou et al. [104] compared
four algorithms—bisection, genetic algorithm (GA), particle swarm
optimization (PSO), and Grey Wolf Optimizer (GWO) to predict peak
power capabilities in lithium-ion batteries using an electrochemical
model. The study estimated peak power based on surface lithium-
ion concentration limits by utilizing an SPM model with lithium-ion
concentrations in solid particles. Each algorithm was evaluated on
accuracy, convergence rate, computational speed, and complexity. The
results indicated that the GWO method excelled in convergence rate
and computational efficiency while maintaining high accuracy.
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4.1.4. Machine learning and SOP

In a data-driven approach, the battery is modeled as a black box,
disregarding its internal reaction mechanisms and specific characteris-
tics. This method considers the SOP as the model’s output, while inputs
include voltage, temperature, and SOC. Xiong et al. [105] applied
a data-driven approach using recursive least squares and adaptive
extended Kalman filter algorithms to enable real-time joint estimation
and updating of model parameters for voltage, SOC, and SOP. In a
study by Fleischer et al. [106], a self-learning algorithm for estimating
SOP was developed using an Adaptive Neuro-Fuzzy Inference System
(ANFIS). This approach incorporates inputs such as current amplitude,
charge accumulation, state of charge, temperature, and time-averaged
voltage during a pulse to forecast the battery terminal voltage after
a specified prediction window. The ANFIS training process employs
a two-step hybrid learning strategy: first, a forward pass with fixed
premise parameters is executed to calculate the output error, followed
by a backward pass using gradient descent to adjust these parameters.
Ultimately, the peak discharge and charge current/power are derived
through iterative system executions, with the estimation gradually
refining to reach the peak value via a bisection method.

While data-driven methods are theoretically effective at tackling
nonlinear challenges, their performance heavily relies on the quality
of training data and the techniques employed. They face limitations in
dynamic conditions, as battery behavior is inherently dynamic, which
restricts their broader application. Moreover, acquiring SOP references
across diverse operating environments poses significant challenges, par-
ticularly due to the effects of temperature and battery aging. Collecting
high-quality data for training machine learning models can be labor-
intensive and time-consuming, especially since SOP is not directly
measurable [98].

However, some studies try to address these challenges by hybrid
use of data-driven techniques alongside a battery model. For example,
Tang et al. [107] used a model-based Extreme Learning Machine (ELM)
algorithm to forecast the batteries’ future power capability, voltage,
and temperature under varying SOC and temperatures. They substitute
the standard activation functions found in traditional ELMs with a
series of sub-models, each comprising a 1-RC model and a thermal
model. These sub-models utilize randomly selected initial SOC and pa-
rameters within a reasonable range to simulate the battery’s electrical
and electrothermal behaviors accurately.

In the review paper by Gou et al. [108], a comprehensive compi-
lation of studies focused on power prediction and SOP estimation is
presented, covering all relevant research up to 2024.

4.2. Aging

In some interpretations of SOA, battery safety encompasses not only
preventing immediate failures but also minimizing long-term degra-
dation. This brings the concept of aging into the scope of SOA. A
well-defined safe operating area should outline an operational enve-
lope where aging effects are controlled and minimized. Therefore, an
effective approach to defining an SOA for battery cells involves incorpo-
rating aging constraints to limit degradation over time. Moreover, the
safety limits should evolve with the battery’s state of health, reflecting
its increasing vulnerability to stress and degradation as it ages.

A practical distinction can be made by clarifying whether an op-
erating condition poses an immediate safety risk or contributes to
gradual degradation. Some conditions fall within a critical zone, where
violations can lead to instantaneous failure or hazardous events. In
contrast, others may accelerate aging and reduce battery lifespan over
time, which can eventually cause the battery to fail. The latter typically
defines the recommended operating area, which is a more conservative
subset of the broader SOA. From a design perspective, the SOA can be
conceptualized in two layers: the outer layer encompasses critical safety
constraints that must not be violated to prevent dangerous failures,
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Fig. 4. Aging mechanism, the root causes and effects on a battery cell.
Source: Inspired and adapted from Birkl et al. [109].

Table 2

Overview of degradation mechanisms with corresponding references.
Degradation mechanism References
Particle cracking [110-121]
Solid Electrolyte Interphase (SEI) growth and decomposition [46,122-134]
Electrolyte decomposition [135-143]
Corrosion of current collector [144-148]
Lithium plating [67,68,149-158]

while the inner layer is defined by constraints that minimize side re-
actions and operational stress, helping to preserve battery performance
and longevity.

Fig. 4 illustrates key aging mechanisms responsible for battery
degradation, highlighting their root causes and effects on battery cell
performance.

In Table 2, a list of studies that address these aging mechanisms is
gathered and presented alongside the corresponding research studies
that explore these mechanisms. The table covers the following key
degradation processes:

« Solid Electrolyte Interphase (SEI) Growth
The SEI layer forms on the surface of the negative electrode
during initial charging cycles in lithium-ion batteries. This layer
arises from side reactions between the electrode material and
electrolyte components. While initially undesirable, the SEI layer
is critical in stabilizing the battery. It acts as a barrier that
prevents further reactions between the active electrode material
and the electrolyte, thereby reducing ongoing degradation. This
semi-permeable layer allows lithium ions to pass through while
blocking most other electrolyte components. However, SEI is
not completely stable; as the electrode expands and contracts
during charge and discharge cycles, the SEI layer can crack,
exposing fresh surfaces of the electrode to the electrolyte. This
results in new SEI formation, consuming lithium and electrolyte
and ultimately reducing battery capacity. Therefore, maintaining
a stable SEI layer is essential for battery longevity and per-
formance. The formation of SEI layers can significantly impact

ion transport, increasing internal resistance while depleting ac-
tive material and electrolytes. These effects collectively reduce
battery efficiency and shorten its lifespan [46,122-134].

SEI Cracking and Decomposition

The SEI layer serves as a protective barrier, shielding the ac-
tive material of the electrode particles from direct contact with
the electrolyte. Any decomposition, cracking or damage to this
layer can increase resistance, impair lithium-ion intercalation/
deintercalation, and compromise its protective function. This
degradation either results in higher resistance and a decrease
in cell efficiency or exposes fresh electrode surfaces to the elec-
trolyte, prompting additional SEI formation that consumes elec-
trolyte and active material, thereby reducing both lithium inven-
tory and overall cell capacity [46,122,123,125,127-134].
Electrolyte Decomposition

Electrolyte decomposition is a critical issue in lithium-ion batter-
ies, often initiated by chemical or electrochemical reactions at
extreme temperatures or voltages. These reactions can generate
gaseous byproducts, leading to cell swelling, increased internal
pressure, and safety risks such as leakage or thermal runaway.
The decomposition products can also form unwanted films on
the electrode surfaces, impeding ion transport and increasing
internal resistance. Over time, this process contributes to the
loss of active lithium and active material degradation, accel-
erating capacity fading and shortening the battery’s cycle life.
Furthermore, the degradation of the electrolyte reduces its ionic
conductivity, further impairing battery performance [135-143].
Particle Cracking

During cell charging, lithium ions intercalate into the negative
electrode material, typically graphite, sometimes blended with
particles like silicon. This intercalation causes the electrode par-
ticles to expand in size as they absorb lithium. During discharge,
the process reverses, leading to a reduction in particle size. This
constant fluctuation in particle size causes mechanical stress,
leading to particle cracking. These cracks also disrupt the SEI
layer that forms around each particle, exposing fresh surfaces
to the electrolyte and resulting in additional SEI growth, which
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reduces the lithium inventory. As cracks propagate within the
electrode material, they further impair lithium-ion diffusion and
compromise structural integrity, leading to notable capacity loss
over time [110-121].

Corrosion of the Current Collector

In lithium-ion batteries, current collectors—typically copper for
the anode and aluminum for the cathode—facilitate efficient
electron transport between the external circuit and electrodes.
However, these collectors are susceptible to corrosion from pro-
longed exposure to reactive electrolytes, acidic byproducts, and
moisture, especially if the cell’s hermetic seal is compromised.
Under high voltage or temperature, such corrosion accelerates,
forming oxides and other byproducts that degrade the collector
material over time. Corrosion of the current collectors signifi-
cantly impacts cell performance and safety. Increased internal
resistance from corrosion products impedes electron flow, lead-
ing to capacity fading and, in severe cases, loss of electrical
contact. Detached corrosion particles can contaminate other cell
components, while a breach in hermiticity allows electrolyte loss
or contamination. Ultimately, preventing corrosion is essential to
ensure battery longevity, efficiency, and safety [144-148].
Lithium Plating/Dendrites

Lithium plating occurs when lithium ions are deposited as metal-
lic lithium on the surface of the anode during charging, rather
than intercalating into the electrode material. This phenomenon
typically arises under conditions of high charging rates when
overpotential drops below zero, at low temperatures, or when
the electrolyte is depleted. When lithium plating occurs, it forms
a layer of metallic lithium on the anode surface, reducing the
amount of lithium available for intercalation. This leads to a
loss of lithium inventory and contributes to capacity fade and
reduced cycle life. In some cases, plated lithium can evolve into
dendritic structures—needle-like growths that may penetrate
the separator and pose a risk of internal short circuits [67,68,
151]. However, several studies suggest that dendrite formation
does not necessarily lead to short circuits or immediate safety
failures, indicating a more complex and nuanced relationship be-
tween dendrites and thermal runaway [159,160]. For instance,
Lu et al. [160] found no evidence of lithium dendrites pen-
etrating the separator or reaching the cathode. Instead, they
observed that dendrites predominantly grow inward, increasing
cell impedance and contributing to premature capacity fade,
rather than directly triggering internal short circuits. Nonethe-
less, lithium plating remains a critical degradation mechanism,
and mitigating it requires careful optimization of charging pro-
tocols, temperature control, and electrolyte management [67,68,
149-158].

4.3. Aging constraints and SOA

To define SOA boundaries based on aging mechanisms, we should
consider how the underlying physics of these mechanisms and the
conditions required for their occurrence can be expressed through hard
constraints. These constraints are mathematical inequalities that delin-
eate operational limits and must not be violated to prevent premature
degradation.

Not all aging mechanisms lend themselves to straightforward con-
straints. However, in the case of lithium plating, a well-defined hard
constraint can be established. Studies, including [62], have demon-
strated that to prevent lithium plating, the overpotential must not drop
below zero. This provides a clear and quantifiable boundary condition
for safe operation.

Material decomposition, as a general aging mechanism, provides
a well-defined framework for establishing constraints. The stability
of battery materials, including the negative and positive electrodes,
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electrolytes, and SEI, is typically limited to specific voltage and tem-
perature ranges. Operating outside these ranges leads to instability and
accelerated degradation. For instance, SEI decomposition is a specific
case where exceeding these limits can compromise the protective layer
on the anode. Numerous studies have identified these critical thresholds
for various battery chemistries. When the chemistry of a battery is well-
studied, it becomes possible to define precise limits to prevent material
decomposition and maintain stable operation.

SEI growth is a gradual phenomenon that occurs continuously.
Various factors influence its rate, including temperature and high over-
potentials inside the electrode. As shown in Fig. 4, one root cause of SEI
growth is simply time, making it challenging to establish a definitive
hard constraint for this mechanism.

However, alternative strategies may exist to mitigate SEI growth
through hard constraints. A critical aspect of SEI growth involves
mechanisms that accelerate its formation. Phenomena such as damage
to the existing SEI layer—caused by cracking or decomposition—can
contribute significantly to this process. For instance, particle cracking
exposes fresh active material to the electrolyte, prompting the forma-
tion of new SEI layers [110,111,114]. Therefore establishing SOA could
involve applying hard constraints that specifically address cracking or
SEI decomposition.

Most studies modeling particle cracking focus on the mechanical
stress induced by lithiation or delithiation. These stress models are
typically dependent on various factors, including temperature, C-rate,
diffusion coefficient, and particle size. For example, it has been shown
that stress increases with both particle size and current density [112,
161-163]. Other studies have analyzed the maximum stress in particles
in relation to parameters such as charge rate, particle size, diffusivity,
and temperature [112,161,162]. Furthermore, material properties of
the electrode, such as the diffusion coefficient, elastic modulus, and
lithium partial molar volume, have also been studied for their impact
on stress levels [111,164]. These findings highlight the intricate re-
lationship between material properties, operating conditions, and the
likelihood of cracking in battery electrodes.

In parallel, experimental studies have investigated the critical stress
thresholds at which particle cracking begins under various conditions.
These thresholds provide valuable insights into the mechanical limits of
electrode materials. For example, in the case of graphite, experiments
have shown that cracks typically initiate at stress levels ranging from
20 to 45 MPa, with higher stress levels exacerbating the cracking and
worsening mechanical degradation [165-168].

Combining insights from modeling and experimental work provides
a foundation for developing algorithms to prevent cracking in battery
electrodes. One notable example is the work of Takahashi et al. [110],
who explored how operating conditions, particle sizes, and diffusion
coefficients could be adjusted to avoid entering the critical pressure
range. They found that even at extremely high C-rates, cracks do not
form if the charge or discharge pulse duration is sufficiently short.
Moreover, their study revealed that the current rates capable of induc-
ing cracks during delithiation are higher than those during lithiation.
This suggests that more conservative currents should be applied during
lithiation to mitigate the risk of cracking.

While this section highlights only a subset of particle cracking-
related studies, a more comprehensive review of the literature, sum-
marized in Table 2, further strengthens the understanding required
to model and mitigate particle cracking. By integrating insights into
stress dependencies and particle crack initiation criteria, it is possible
to develop advanced models or algorithms that optimize operating
conditions and prevent mechanical degradation in battery electrodes.
These studies highlight the potential for establishing hard constraints,
such as the forbidden stress range outlined in [110], as shown in Fig.
5. By actively avoiding this range, the battery can remain within the
SOA envelope. Fig. 5 illustrates two different discharge profiles, both
stopped before reaching the point where further discharge would lead
to the forbidden zone, where cracking is likely to occur with continued
cycling.
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Fig. 5. Impact of C-rate and diffusion coefficient on battery cell particle cracking. (a) With higher diffusion coefficients, the charge profile enters the unsafe zone more gradually,
whereas with lower diffusion coefficients, it reaches the unsafe zone much faster. (b) Maximum tensile stress profiles at the particle surface during pulse delithiation at 5.6 C for
2 s and 11.2 C for 10 s. The shaded region represents the range of reported tensile strengths for graphite, within which particles may crack.

Source: Adapted from Takahashi et al. [110].

4.4. Optimal charging

Another closely related area to the concept of SOA is the study of
optimal charging and healthy fast charging [69,169-175]. These stud-
ies focus on determining the optimal charging path for batteries, often
utilizing advanced optimization algorithms to minimize charging time
while meeting critical constraints. These constraints typically include
maintaining the battery’s SOH and mitigating aging effects, ensuring a
fast yet safe charging process avoiding damage, and preserving long-
term performance. The outcome is usually a pre-calculated charging
protocol that allows for fast charging within defined safety limits.

While optimal charging studies share similarities with SOA, there
are notable differences between them. The first difference arises from
the fact that charging and discharging processes pose fundamentally
different challenges, particularly in specific applications. Charging is
often an automated process, where a pre-defined or pre-calculated
charging path can be followed. For instance, when a drone or laptop
is plugged in, the device’s software can fully control the charging
process, determining how to charge the device optimally. In contrast,
discharging behavior is more dependent on user actions. For example, a
drone user’s behavior—accelerating at one moment and slowing down
the next—directly influences the battery’s power output and discharge
profile. Unlike charging, where predefined protocols are feasible, dis-
charging requires flexibility. This is where SOA research diverges: an
SOA envelope provides a framework that grants users the freedom
to operate within certain boundaries while restricting operations that
could harm the battery (e.g., entering “forbidden zones”). This chal-
lenge persists even with real-time optimization methods like Model
Predictive Control (MPC). During discharge, control over user behavior
is inherently limited. While MPC can adapt to changing conditions
within predefined constraints, it cannot override the variability intro-
duced by user-driven demands. Thus, while optimal charging studies
focus on generating specific charging strategies, SOA encompasses
a broader perspective that addresses both charging and discharging.
However, Insights from optimal charging studies can be instrumental
in developing SOA envelopes. For example, the optimal charging path
derived from these studies could serve as a ceiling constraint for current
in the SOA framework, ensuring safety and efficiency across both
processes.

4.5. From components to completion: Developing the SOA
With all the necessary puzzle pieces now identified, the next step is

establishing the SOA. The literature has not comprehensively addressed
this critical aspect. While individual constraints have been studied in
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isolation, they have not been integrated into a unified framework.
Such integration is essential to evaluating whether the constraints align
or conflict with each other, as conflicting constraints may require
trade-offs or optimization to determine an acceptable solution. On the
positive side, certain constraints may become redundant due to being
overshadowed by others, resulting in a more simplified SOA estimation.
Ultimately, this process will result in a multidimensional SOA envelope
constructed based on the defined safety constraints.

To date, most studies that incorporate multiple constraints simulta-
neously have considered factors such as temperature, voltage, state of
charge (SOC), current, and a single degradation mechanism—typically
lithium plating as shown in Tables 1 and 2. However, a more advanced
and comprehensive SOA, particularly one rooted in physics-based mod-
eling, requires including a broader range of constraints and their inter-
actions. Establishing such an SOA involves either constructing a unified
framework that accounts for all relevant constraints or identifying the
optimal combination of these “puzzle pieces” to achieve a balanced
and practical solution. This step represents a critical direction for future
research on developing robust, physics-informed SOA models.

5. Static vs. Dynamic SOA envelope

In the current literature, mostly static definitions of the safe oper-
ating area have been explored, even when the models are not limited
to equivalent circuit models but also include physics-based approaches.
A static SOA implies that operational limits are predefined or precal-
culated, without dynamically adapting to factors such as time or the
battery’s state.

In contrast, the concept of a dynamic SOA, which has not yet been
thoroughly examined, could significantly advance BMS research. Unlike
its static counterpart, a dynamic SOA adapts in real-time based on the
battery’s state and operating history. For example, a dynamic SOA can
adjust and reevaluate the limits to account for the effects of aging.

Another key distinction between static and dynamic SOA lies in
their consideration of the battery’s operational history. In a static SOA,
the path taken to reach a given state is not accounted for. For instance,
a system that has undergone rapid discharging and is significantly
stressed would be treated the same as one that has been discharged
slowly and is less stressed. At any moment, the static SOA envelope
remains identical for both scenarios since it is not dependent on the
battery’s state, as illustrated in Fig. 6.a.

Conversely, a dynamic SOA adapts based on the battery’s opera-
tional history and state. For example, if a limit is derived from the
prediction of available power, then extreme discharging at high C-
rates would deplete lithium concentration in particle layers, reducing
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Fig. 6. Illustration of static versus dynamic SOA concepts for the upcoming time frame. The blue line represents discharge at a high C-rate, while the green line represents discharge
at a lower C-rate. (a) In the ECM-based static SOA framework, the SOA prediction is identical for both scenarios, as operational history and battery state are not considered. (b)
In the dynamic SOA framework, the predicted SOA adapts to the operational history, with the two scenarios resulting in different SOA envelopes due to variations in battery state
caused by differing operating conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the battery’s ability to deliver lithium ions. Consequently, the SOA
envelope for this scenario would differ from that of a system discharged
more gently, as shown in Fig. 6.b.

This dynamic approach highlights the need for real-time monitoring
and modeling to refine SOA predictions, offering more precise and
adaptable safety margins for batteries in diverse conditions. A static
SOA implies that operational limits are predefined or precalculated,
without dynamically adapting to factors such as time or the battery’s
state. In contrast, the concept of a dynamic SOA, which has not yet
been thoroughly examined, could significantly advance BMS research.
Unlike its static counterpart, a dynamic SOA adapts in real-time based
on the battery’s state and operating history. For example, a dynamic
SOA can adjust and reevaluate the limits to account for the effects of
aging. This will be further discussed in the next section.

In Fig. 7, a schematic representation of a static SOA is illustrated
in three dimensions for better understanding. This 3D depiction in-
cludes C-rate and temperature as dimensions over time, providing a
comprehensive visualization of the static SOA framework.

6. Control, state estimation and SOA

To effectively implement a safe operating area within a Battery
Management System, several key elements must be integrated. These
include SOA estimation, state estimation, and control, which together
ensure safe and optimized battery performance:

» SOA Estimation
- State Estimation
+ Control Algorithm

First, an algorithm capable of estimating the SOA envelope is es-
sential to define the operational boundaries of the system as discussed
in the previous sections. Once these boundaries are established, a
state estimation feature is needed to pinpoint the battery’s current
location relative to the SOA envelope in the multidimensional space
where the SOA was established. Specifically, this involves determining
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whether the battery’s current state lies within the safe operating limits
or has already exceeded them. This evaluation is carried out using a
state estimation algorithm. A comprehensive systematic review of state
estimation methods of over 100 studies up to 2024 is presented and
analyzed in the study by Guo et al. [108]. Finally, after assessing the
battery’s state, a control algorithm must be implemented to regulate the
charge and discharge processes, ensuring the battery operates within
the SOA envelope.

In simpler systems, the control algorithm can sometimes be omitted.
In such cases, when the state estimator detects that the system is
operating outside the SOA, the system is immediately shut down—
for example, suspending charge or discharge until the state returns
within the SOA boundaries. However, this approach has significant
limitations. A control algorithm adds much-needed flexibility and relia-
bility, particularly in applications like electric vehicles, where abruptly
shutting down the system is not feasible during operation. For such
scenarios, the control algorithm becomes essential, ensuring continuous
and safe operation by respecting the SOA constraints. The importance
of this component varies depending on the system’s complexity and
application requirements.

Although state estimation and control algorithms are closely linked
to the SOA concept, their detailed discussion is beyond the scope of
this review. They are briefly mentioned here to provide a broader
perspective and illustrate their connection to the SOA framework.

7. Discussion

The safe operating area framework for lithium-ion batteries is crit-
ical for ensuring safety, performance, and longevity. However, the
fragmented nature of existing research and methodologies highlights
the need for a unified, structured approach to SOA design.

While widely used, static SOA frameworks often fail to account for
operational history, cumulative stress, and cumulative damage to the
battery cell. In contrast, dynamic SOA frameworks, particularly those
incorporating physics-based models, offer a more adaptive and accurate
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Fig. 7. Schematic representation of an ECM-based static SOA in three dimensions. The figure illustrates the relationship between C-rate, temperature, and time, showcasing the
predefined and unchanging limits of the static SOA framework across these parameters. The predicted SOA envelope remains identical for both discharge scenarios. The blue and
red lines represent current profiles, red high C-rate and blue low C-rate, similar to those shown in Fig. 6. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

representation of battery behavior. Future research should focus on
bridging the gap between static and dynamic SOA, leveraging real-
time data and predictive modeling to enhance safety and performance.
Integrating these approaches makes it possible to create a more robust
framework that adapts to real-world operating conditions.

Physics-based models, such as the P2D model, are crucial in SOA
development. These models provide detailed insights into internal bat-
tery phenomena, enabling the incorporation of aging mechanisms and
side reactions. They also allow for the establishment of hard con-
straints, such as preventing particle cracking or lithium plating, which
are critical for long-term battery health. However, the computational
complexity of these models remains a significant challenge. Advance-
ments in model order reduction and real-time simulation techniques
are necessary to make these models more practical for real-world
applications.

Balancing safety and performance is another key challenge in SOA
design. Traditional SOA frameworks often adopt overly conservative
limits to ensure safety against hazards such as fire or explosion. How-
ever, these limits fail to account for the nuanced aging mechanisms
and dynamic processes occurring within the battery, potentially causing
damage in certain regions of operation. Furthermore, such conserva-
tive approaches unnecessarily constrain battery performance, especially
during the initial stages of charging, where higher C-rates could be
safely applied without adverse effects, thereby limiting operational ef-
ficiency. While significant progress has been made in optimal charging
studies, which provide valuable insights into balancing fast charging
and safety, their scope is often narrow. These studies typically focus
on a limited set of constraints and lack a unified, consistent framework
that integrates all safety-related considerations. Furthermore, their ap-
plicability to discharging scenarios remains underexplored, leaving a
critical gap in the overall understanding of battery behavior under di-
verse operating conditions. Moving forward, there is an urgent need to
develop modular SOA frameworks that systematically combine multiple
safety constraints, such as thermal limits, voltage boundaries, power
limits, and aging constraints, into a cohesive structure. Such frame-
works would not only ensure operational integrity but also enable more
efficient utilization of battery capacity, striking an optimal balance
between safety and performance.
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For future direction in SOA research, a collaborative, multidisci-
plinary approach is essential for developing a comprehensive SOA
framework. Emphasis should be placed on real-time, short-term and
long-term dynamic SOA, which considers the operational history and
cumulative damage. Integration with battery management systems
(BMS) and advancements in predictive algorithms will be crucial for
practical implementation. By addressing these challenges and focusing
on these future directions, the development of a unified SOA framework
can significantly improve the safety, performance, and longevity of
lithium-ion batteries.

8. Conclusion

This study comprehensively reviews the history, evolution, and
trends in the safe operating area concept. It critically examines the
traditional perspective of SOA, which relies on static, predefined lim-
its, highlighting its strengths and weaknesses. Beyond the traditional
framework, emerging SOA concepts often motivated by physics-based
modeling are gaining attention, yet they remain fragmented, incon-
sistent, and unorganized across the literature. Even among studies
explicitly referencing SOA or similar concepts, there has been no prior
effort to systematically organize these ideas. Furthermore, many stud-
ies indirectly connected to the SOA concept lack clear links to this
framework.

This work consolidates the diverse perspectives and contributions
related to SOA into a unified, structured framework. By integrating
both directly and indirectly related studies, it provides a foundation
for a more cohesive understanding of SOA. The proposed framework
emphasizes the importance of designing SOA based on multidimen-
sional criteria, encompassing various safety constraints ranging from
aging mechanisms such as plating or particle cracking to the state of
power limitations. Many of these studies were conducted in isolation
only caring about their topic but this study integrated them and made
a link to the SOA concept. That approach clarifies the current state of
the field and identifies key directions for advancing the development
of robust and comprehensive SOA designs.
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Table A.1
P2D model equations with double layer.
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This study categorizes SOA concepts into distinct groups, including
static predefined empirical SOA, probabilistic SOA, and static physics-
based precalculated SOA. Furthermore, it examines the differences
between dynamic and static SOA, offering a detailed analysis of their
characteristics, advantages, and implications for safety and perfor-
mance. This categorization provides a more transparent structure to the
field, enhancing understanding of the available tools, the existing body
of knowledge in the literature, and the potential foundations for future
advancements. By organizing diverse SOA concepts into a coherent
framework, this approach not only clarifies the current state of the field
but also facilitates deeper insights and identifies opportunities to build
upon this knowledge for future developments.

In conclusion, this study not only reviews the literature and orga-
nizes the field of SOA but also serves as a theoretical step-by-step guide
for developing a modular SOA framework. This framework comprises
various safety constraints that can be combined like puzzle pieces,
tailored to the specific application of a battery system. By selecting
and assembling the relevant constraints consistently and coherently,
this approach ensures flexibility and adaptability while maintaining the
integrity of the overall design.
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