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Abstract: Recognizing the challenges faced by power lithium-ion batteries (LIBs), the concept of
integrated battery systems emerges as a promising avenue. This offers the potential for higher energy
densities and assuaging concerns surrounding electric vehicle range anxiety. Moreover, mechanical
design optimization, though previously overlooked, is gaining traction among researchers as a
viable alternative to achieve enhanced energy and power densities. This review paper provides a
comprehensive overview of recent research and progress in this domain, emphasizing the significance
of battery architectures in enabling the widespread adoption of electric mobility. Beginning with
an exploration of fundamental principles underlying LIB systems, the paper discusses various
architectures involving different cell form factors, like pouch cells, cylindrical cells, and prismatic
cells, along with their advantages and limitations. Furthermore, it reviews recent research trends,
highlighting innovations aimed at enhancing battery performance, energy density, and safety through
advanced battery system architecture. Through case studies and discussions on challenges and future
directions, the paper underscores the critical role of advanced battery system architecture in driving
the evolution of e-mobility and shaping the sustainable transportation landscape.

Keywords: lithium-ion battery; NMC cell; state of charge; remaining useful life; state of temperature;
battery safety; machine learning techniques

1. Introduction

The CO, emissions measured have increased by 1.1% in 2023 across the globe, an
increment of 410 million tons (Mt), and a huge record of 37.4 billion tons (Bt) as compared
to the rise of 490 Mt in 2022 (1.3%) was obtained. Coal products contributed to the emission
by around more than 65% in 2023. Meanwhile, the curtailing of hydropower generation
due to various environmental conditions (droughts, slits) drove up the emissions by around
170 Mt. From 2019 to 2023, the overall contribution of the energy sector in emissions was
recorded at around 900 Mt. However, the deployment of five clean energy technologies viz.
solar PV, wind, nuclear, heat pumps, and electric cars boost up the renewable sector [1].
This increasing deployment of clean energy has contributed to a configurational reduc-
tion in emissions. Since the last few years, up to 2023, the emission scale was recorded
as slightly more than 0.5% per year [2]. Additionally, the 21st century has witnessed a
significant paradigm shift in the automotive industry, marked by an accelerating transition
towards electric mobility [3]. This shift is propelled by a convergence of factors, including
environmental concerns [4], technological advancements [5], and evolving consumer pref-
erences [6]. As societies worldwide grapple with the challenges posed by climate change
and air pollution, it is very crucial to decrease the carbon emissions from the automobile
sector to the environment with strict and promising action [7]. Electric Vehicles (EVs) have
emerged as a promising solution to address these challenges. Although, electrification of
vehicle provides a better alternative to meet the global climate change target, but it still
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requires proper research and determination of references that have been most instrumental
in developing in each stream of EV research [8]. This fundamental departure from fossil
fuel dependency not only mitigates harmful emissions but also reduces our reliance on
finite resources [2].

Consequently, the transition towards e-mobility necessitates advancements in lithium-
ion battery (LIBs) system architectures to meet modern transportation demands. This
growing interest in advanced rechargeable LIBs for applications across portable electronics
and smart grids, apart from electric mobility, has intensified research and development
on various aspects, like material development for enhanced energy-power density, safe
cell technology, enhanced life and reliability, and cost, in addition to understanding the
behavior of batteries under different environmental and operational conditions, battery
pack making, and integration technologies [9]. To meet the energy and power densities to
the level of carbonous fuels, efforts are made to boost by augmenting electrode material
capacity and operational voltage output. Globally, for e-mobility applications, lithium
nickel manganese cobalt oxide (NMC) maintained its lead with a 70"% market share,
followed by lithium iron phosphate (LFP) at nearly 27*% and nickel cobalt aluminum
oxide (NCA) at around 3*% among all LIB cell electro-chemistries, as depicted in Figure 1a.
Many combinations of oxyanions (sulfate, phosphate, silicate) and metal (Mn, Fe, Co, Ni)
cations have been studied from the perspective of the cell cathode component over the
past few decades, but LFP is the only one that has made it to market and is the main
contender for the large-scale use for stationary energy storage because of its low cost,
superior safety, and high cycle durability [10]. The formidable expansion can be attributed
predominantly to the electric passenger car segment, which witnessed a meteoric 55%
surge in new registrations throughout 2022 compared to its 2021 counterpart [11]. In a
report unveiled by the McKinsey Battery Insights team, a tantalizing projection unfurls,
as shown below in Figure 1b, which foretells the luminous trajectory of the complete LIB
continuum, suggesting an annual growth rate exceeding 30 percent from the year 2022
to 2030. Moreover, it shall have a valuation of over USD 400 billion and a market of
4.7 terawatt hours [12] by 2032.
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Figure 1. (a) Global market share of different cell chemistries and (b) global LIB demand growth.

Despite advances in LIBs, their energy density remains insufficient, thus constraining
the mileage potential of e-mobility as per Figure 1. According to current research in
materials chemistry, LIBs are projected to target the total initial cell galvanic energy density
of ~350-400 Wh/kg, which falls short of meeting the energy requirements for e-mobility
applications once it is converted to usable pack end-of-life values [13,14]. Several original
equipment manufacturers (OEMs), including VW, Tesla, PSA, Mercedes, Renault, and
BYD, aim for approximately 700-800 Wh/L and 300-350 Wh/kg at the cell level by 2025.
Moreover, by 2030, they aim to achieve 800-1000 Wh/L and 350400 Wh/kg of the total
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market of the EV automobile sector, so that the vision of clean energy can be targeted by
the end of 2040 [14].

The automobile industry’s transition to electric mobility has brought LIBs more atten-
tion; current research endeavors to improve LIBs’ energy density, safety, and dependability.
By 2030, the market for LIBs—especially for electric vehicles—is expected to have grown
significantly, according to forecasts. To achieve the necessary energy densities for e-mobility
applications, however, present LIB technology still confronts difficulties. This has led to
additional research into better materials and battery topologies.

Though they are still at the research stage, recent advancements in solid-state batteries
beyond lithium-ion technologies, such as lithium metal and lithium sulfur, are demonstrating
promise. To increase efficiency and prolong battery life, efforts are also being undertaken to
optimize internal battery architecture and battery management systems (BMSs).

Lastly, as state of charge (SOC) and battery health (SOH) are critical components for
guaranteeing the dependable and safe operation of LIBs in electric cars, the significance
of precise monitoring and diagnostics of these parameters is underlined. The aim of the
current research is to enhance the overall performance and safety of battery systems by
addressing the several failure modes and processes that may arise.

2. Literature Review

The growing trend towards e-mobility is not without its challenges. Infrastructure
development, including the expansion of charging networks, remains a crucial enabler for
widespread EV adoption. Moreover, concerns regarding battery production sustainability,
supply chain resilience, and end-of-life recycling must be analyzed to secure the long-term
viability of e-mobility [15]. Nevertheless, the momentum behind electric mobility continues
to accelerate, driven by a shared vision of a cleaner, greener future [16]. As technological
innovations continue to unfold and global efforts to combat climate change intensify, electric
mobility is poised to play an increasingly central role in shaping the future of transportation.
Multiple developments and research are carried out in the domain of integrated system
architectures of LIBs for e-mobility. The current state of commercialization is limited to the
cell-to-module and cell-to-pack level, and material selection and mechanical packaging
are important considerations. Using empirical battery design, LIB performance hinges on
a holistic understanding of electrode architecture and the optimization of manufacturing
processes and provides a comparative analysis of manufacturing methods, offering valuable
insights into their architectural controllability, scalability, sustainability, simplicity, and cost,
thereby guiding future electrode design and development. [17]. A study conducted from
2010 to 2019 on 25 commercially available EVs looked at trends in specific energy and energy
density at the cell, module, and system levels. It was revealed that while improvements
were observed in battery systems overall, the specific energy showed greater enhancement
compared to energy density, which suggests that there is still considerable potential for
gains in packaging optimization, which could drive further advancements in battery system
development [18]. Additionally, the study identified a trend towards larger and prismatic
cells in terms of cell types and sizes, indicating potential shifts in battery design preferences
within the industry [19].

The impossibility of designating a single battery pack capacity to a certain vehicle
segment, the increasing significance of prismatic cells, and trends in cell dimensions catered
to vehicle space limits are among the major conclusions drawn by many researchers [20,21].
Furthermore, Silicon-based anodes and high-capacity insertion-type cathodes represent
a promising advancement in Li-based battery technologies, offering significant energy
density improvements. However, their complex chemistry and inherent challenges must
be addressed to fully realize their potential for electric vehicles and renewable energy
applications [22]. Notwithstanding developments, those studies discover that the most
recent cell technologies are being adopted by the market more slowly than anticipated, with
unrealized potential in electrode design parameters [23]. To further advance knowledge
in this area, future study directions can include additional battery characteristics and xEV
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subgroups, like plug-in hybrids [24,25]. It was unanimously agreed by researchers that
every LIB for e-mobility is different in terms of size, configuration, performance aspects,
operating and environmental conditions, cost, etc. At the cell level, there are huge variations
in terms of the foam factor [26], capacity [27], cycle life [28], variation in cell capacity [29],
voltage during the charging/discharging cycle [30], etc.

Today’s pack designs are increasingly collaborative between LIBs and vehicle devel-
opment, necessitating closer partnerships between OEMs and battery suppliers to achieve
efficient, high-performance, and recyclable pack designs [31]. Embracing circular economy
principles, designs that prioritize disassembly offer benefits to all stakeholders by shifting recy-
cling costs along the value chain from recyclers to manufacturers and OEMs. Early compliance
with these design features is crucial for streamlining the recycling process. Advancements in
LIB design require concerted efforts from scientists, industry, and policymakers.

Unlike individual cells, e-mobility battery packs comprise numerous cells intercon-
nected in series and/or parallel, rendering the remaining useful life (RUL) estimation more
intricate. Accurate battery life prediction is essential for various applications, but existing
methods often rely on controlled lab conditions rather than real-world data. Combining
machine learning with physical models offers a promising approach to estimate battery life
from noisy field data, assess second-life conditions, and project future usage. Leveraging in-
sights from field data can enhance battery designs and reduce costs [32]. The latest machine
learning-based technologies have thus found widespread application in the production
and management of lithium-ion batteries [33]. A detailed study has been carried out on
thermal runaway propagation in the cell-to-chassis LIBs, which revealed the complexities
of the system level, and a novel method for TR propagation estimation was proposed [34],
which also explained the influence of local failure of thermal insulation on propagation
behavior. Few studies have been performed on the crucial role that efficient topology plays
in enabling high-efficiency hierarchical cell-to-cell equalization systems for large-scale
batteries. Refs. [35,36] put forth a novel strategy to boost battery equalization systems’
efficiency. They also proposed an approach that employs the second-smallest eigenvalue
of the topology graph as a performance metric and accounts for energy loss and balance
time when evaluating topology graph balancing connectivity. A new study proposes a
two-stage module-based cell-to-cell active equalization topology for series-connected LIBs
using a modified buck-boost converter. Each battery module’s cell-based equalizers are
controlled in parallel by the topology, which also regulates the equalizing currents within
the modules. This transfers a higher balancing current directly from a strong cell to the
weakest cell in a module, cutting down on the length of time required for balancing [37].

For effective fabrication of the module and battery pack, multiple efforts are been
carried out to investigate the impact of connected resistance on current distribution through
quantitative analysis, employing mathematical models to study various configurations
of parallel module setups by examining the initial cell current distribution and exploring
multiple module collector positions [38], which reveal that maintaining consistent distances
between cells and their module collectors within parallel modules enhances current ho-
mogeneity and discharge capacity in series-connected packs. While several serious efforts
have been carried out at the cell level to understand different states, like SOC, SOH, State
of Failure (SOF), State of Temperature (SOT), State of Energy (SOE), RUL, etc., similar
exercises have not been carried out for LIB packs because of complexities [39-41].

One of the primary drivers of recent research in LIBs is the quest for higher energy
density, which translates to longer driving ranges for EVs, addressing a major consumer
concern [42]. Innovations in electrode materials, such as the use of silicon anodes and
nickel-rich cathodes, have substantially increased the capacity of LIBs [43]. These materials
store more lithium ions, thereby enhancing the energy density. This progress is pivotal for
making EVs more practical and appealing to a broader audience, ultimately accelerating
the transition from internal combustion engine vehicles to electric mobility. Another
significant area of progress is in fast-charging technologies. The development of advanced
electrolytes and the optimization of electrode designs have led to batteries that can be
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charged more quickly without degrading their lifespan. Solid-state electrolytes, for example,
offer high ionic conductivity and thermal stability, enabling faster charging rates [44]. This
advancement reduces the downtime for EV users, making electric mobility more convenient
and comparable to the quick refueling of traditional vehicles. Fast charging is a critical
factor in the broader adoption of EVs, particularly in urban environments where quick
turnaround times are essential.

The longevity of LIBs is a key factor in their economic and environmental viability.
Recent research has focused on enhancing the durability of batteries through advanced
material engineering and better BMSs. Innovations like the development of more stable
cathode materials and the improvement of the solid electrolyte interphase (SEI) layer on
anodes have significantly extended the lifespan of batteries. Enhanced BMS technologies,
utilizing sophisticated algorithms and real-time monitoring, ensure optimal charging and
discharging cycles, further prolonging battery life [45]. These improvements reduce the
need for frequent replacements, lowering the total cost of ownership of EVs and minimizing
environmental impact. Safety remains a paramount concern for LIBs, especially in the
context of e-mobility. Recent breakthroughs in thermal management and the development
of non-flammable electrolytes have markedly improved the safety profile of these batter-
ies [46]. These safety enhancements are crucial for consumer confidence and regulatory
approval, paving the way for more widespread adoption of EVs.

The progress in LIB system architecture directly translates to significant benefits for the
e-mobility sector. Higher energy densities and faster charging capabilities make EVs more
practical and attractive to consumers. Improved lifespan and safety features enhance the
overall reliability and sustainability of electric transportation. These advancements support
the broader goals of reducing greenhouse gas emissions and dependency on fossil fuels,
aligning with global efforts to combat climate change. Moreover, the continued innovation in
LIB technologies is fostering the development of new business models and industries, such as
battery recycling and second-life applications. These industries create economic opportunities
and contribute to a circular economy, further enhancing the sustainability of e-mobility.

To align with these goals, policy interventions, such as economic incentives and
extended producer responsibilities, are essential to promote responsible business practices
and sustainable technological innovation, ensuring appropriate end-of-life treatment and
incentivizing cost-efficient and recyclable pack designs [47]. Another important aspect of
research on state estimation, co-estimation of states, thermal runaway characteristics, and
mechanical failure is still in its infancy, and understanding these aspects is important for
the wide adaptation of the integrated system architectures of LIBs for e-mobility.

The creation of sustainable battery production methods, recycling, and charging in-
frastructure development are some of the obstacles facing the transition to electric mobility.
Notwithstanding these obstacles, advancements in LIB technology are propelling devel-
opment. Larger, prismatic cells are becoming more common, and package optimization
is required to increase energy density and specific energy, according to recent research.
Developing effective and recyclable battery packs requires cooperation between battery
suppliers and OEMs. In order to increase the adoption of EVs, research is also concentrated
on enhancing energy density, fast-charging technologies, battery longevity, and safety fea-
tures. The objectives of lowering greenhouse gas emissions and advancing environmentally
friendly transportation are supported by these developments. To fully realize the promise
of integrated systems, more studies on mechanical reliability, thermal management, and
state estimation are necessary.

3. Optimizing E-Mobility Battery Systems: Energy Density, Degradation Mechanisms,
and Fault Analysis

The objectives roughly correspond to the 2030 cell-level targets set by the European
Council for Automotive R&D (EUCAR), which are 450 Wh/kg and 1000 Wh/L. Further-
more, pack-level capabilities of 750 Wh/L (75% of the cell level) and 360 Wh/kg (80% of
the cell level) are specified by EUCAR [15]. The investigation of beyond lithium-ion (BLI)
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research programs, which commenced approximately ten years ago, has been spurred
by this difficulty. Lithium air, lithium sulfur, and lithium metal were the three primary
technologies that the car industry was interested in when the first BLI initiatives were
made [48,49]. Lithium air has encountered issues with energy and life, which has restricted
its usefulness to lab settings [50]. While sulfur chemistries have demonstrated greater po-
tential than lithium air, their low densities have restricted their use to specialized markets,
including unmanned aerial vehicles [51]. Lithium metal has advanced the fastest among
emerging technologies in the last ten years, and the United Nations Advanced Battery
Consortium (USABC) has released targets for automotive lithium metal cells, indicating the
potential significance of this technology [13]. The viability of solid-state batteries has been
restored by the recent invention of innovative liquid electrolytes compatible with lithium
metal and the finding of solid lithium superionic conductors [52,53], as shown in Figure 2.
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Figure 2. Comparative volumetric energy density and gravimetric energy density.

Addressing this challenge has prompted significant endeavors towards enhancing
battery energy density, which has been gaining traction lately with a notable approach of the
development of multifunctional batteries [54]. By imbuing batteries with the capability to
bear significant mechanical loads that serve as structural components, a reduction in overall
system weight can be achieved, thereby extending the potential mileage of e-mobility. This
approach itself is sub-divided into several directions. Optimizing lithium-ion battery cells
using sequential approximate optimization (SAO) and the progressive quadratic response
surface method (PQRSM) significantly enhances specific energy density. This optimization
effectively improved battery performance while managing computational complexity and
model nonlinearity [55].

The indirect indices—which are various dynamic states of charge, power, energy,
health, function, remaining useful life, temperature, etc.—play a crucial role in comprehend-
ing and monitoring the battery system, just as the LIB’s direct measurable indices—voltage,
current, internal resistance, impedance, temperature, etc.—as shown in Figure 3. SOH and
SOC rank highest among them. Accurately determining SOH is essential to extending the
service life and guaranteeing the secure and dependable operation of the system. SOH is a
metric that compares a battery’s used state to its overall condition and assesses how well it
can supply a certain performance, such as capacity or impedance.
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Figure 3. Cell influence factors responsible for main and side reactions. The different colors arrows
show the connected side reaction box with particular color box of degradation model.

Many major and secondary responses in the cell are caused by the various influencing
factors that ultimately cause capacity and power fade. These factors originate at the design
level and continue until the product is used. Numerous studies have been conducted on
the physics of reaction modes and effects, degradation modes, and the impacts that follow.
These topics are of academic importance.

Researchers explore ways to improve the geometry and organization of the battery’s
internal elements, such as the cell, BMS, partitions, Battery Thermal Management System,
ware and harnesses, battery box, etc. [56-60]. And, by optimizing the internal structure,
they aim to enhance efficiency, and this results in more efficient and powerful battery power
densities. Another way is material-oriented design. In this approach, the emphasis is on
developing and utilizing advanced materials for various components of cells. Researchers
work on creating new materials for the anode [61-64], cathode [65-68], and electrolyte [69,70]
that offer higher energy density, better conductivity, and improved thermal stability.

The exact control of operational parameters and advances in material science will
be critical to the future development of LIB technology. Comprehending the multi-stage
deterioration procedure is imperative in formulating tactics to prolong the longevity of bat-
teries, improve their efficiency, and guarantee the perpetual advancement of this important
technology. SOC and cycle bandwidth, overcharging with both the high-current and high-
voltage region, over-discharge and cycle frequency, temperature (high and low) during
storage and operation, internal and external short circuits in the cell, overheating of the cell
and battery, and accelerated degradation are the main causes of LIB health degradation.
Although there is still a great deal to learn about capacity, power deterioration, and the
failures that follow, there are reliable, practical models and techniques for identifying and
forecasting these events. The capacity degradation of LIB-based e-mobility batteries, along
with its precise estimation and dependable fault diagnosis technique, are critical guarantees
of their safety, stability, and dependable operation [71,72]. Material science addresses
issues related to energy and power density enhancement, safety concerns, longevity, and
reliability, as well as multidisciplinary approaches to decoding cells from various angles,
monitoring, estimation of various dynamic states, charge, health, and function, among
other things. These approaches are used for higher deploy-ability, comprehending remain-
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ing useful life, end of life prediction, warranty prediction, and many others. [14,73,74]. For
an e-mobility battery, the failures are several, and any structural design must address these
potential failures, which may occur singularly or jointly, as per Figure 4.
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Figure 4. E-mobility battery failure mode and mechanism.

Battery system faults can be categorized into four groups: battery voltage fault, bat-
tery current fault, battery temperature fault, and SOC fault. This division highlights the
interdependencies and criticalities among different aspects. The factors causing battery
level or module level faults are shown in Figure 5.

External fault

*  Water/ moisture/ Dust

+  Fatigue/ Vibration/ Crash

Internal component
Internal fault

Cell level inconsistency

Defective BMS

Condition monitoring

Charging system

Manufacturing fault
Packing

Design
Inaccurate calibration
Electromagnetic
interference
*  Workmanship
Sensor fault
* Temperature
«  Current
* Voltage/ others
Actuator fault
* Cell & battery connection
* Cooling system

Aging/degradation

Figure 5. E-mobility battery system level faults.

4. Overview of Lithium-Ion Battery System Architectures in the Context of E-Mobility

LIB system architectures are crucial for optimizing performance, efficiency, and safety
and this encompasses various components, including electrodes, electrolytes, separators,
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and packaging at the cell level and multiple electrical, mechanical, and electronic compo-
nents at the module or battery pack level, which all work together to store and deliver
electrical energy efficiently [75]. These components not only determine the energy density
and power output of the battery but also influence its lifespan, charging time, and overall
reliability. The complexities involved in the whole process are highly complex, and for
a robust LIB system architecture, modeling at multiple stages is necessary for a suitable
design, as explained in Figure 6. below.

Micro- scale

Macro- scale Full- scale

Atomic | aticcll | [REicnode
| |

| Battery

l

Modelling for material science

T

Microstructure of
materials
Thermodynamic
properties

Li ion transport
properties

Lattice properties
Kinetic barriers

Al

H
R L | I
Li diffusion in solid Charge balance Chatee | el Operating
hase I Transport I ‘s Hiecee [ ot
P = | o | distribution | configuration condition
Interphase pl}ysms énec hanism Heat generation | | Thermal i Ravironmental
Defonna‘m?n | omplos.ntw“ | Electrolyte i management i condition
ch.aractcx ECs | Li JnayEICS | wetting Safety mechanism | Control strategies
Fatigue analy.m.s I 1 ion transport | Paid | b ot bt Desiga
Sy I I distribution | | OpTiTmZATion

~ I
A N I z 5 5 L
S A Figure of Time scale Different
: I merits Short term perspectives
R | | State of charge (Dynamic behavior Electrochemical
- i | | State of health Partial charge- Electrical
g | State of energy discharge) Thermal
= = State of power Full cycle Mechanical
< I| state of function Long term Combinations
| Remaining Machine learning
useful life

Figure 6. Flowchart of LIB system architectures from an atomic till battery with modeling necessity.

At the atomic level, the working procedure of LIBs is determined by the electrochemi-
cal properties of the materials used for the electrodes and electrolytes. Recent advancements
in electrode materials for lithium-ion batteries, including elemental doping and coatings,
have significantly improved Li ion diffusivity, ionic mobility, and conductivity. These
enhancements have led to better performance in terms of cyclic stability, specific capacity,
and charge/discharge rates, promising more efficient batteries. Such improvements are
crucial for reducing dependence on fossil fuels and advancing electric transportation and
high-demand applications. [76]. Molecular modeling techniques, such as density func-
tional theory (DFT), allow scientists to predict and tailor the electronic structure, ionic
conductivity, and stability of these materials. DFT simulations can help in identifying new
materials with superior properties, thereby pushing the boundaries of LIB performance.
At the nanostructure and particle scale, the behavior of LIBs is also heavily defined by
the nanoscale frame of the electrode materials. The size, shape, and distribution of parti-
cles within the electrodes influence the kinetics of lithium-ion transport and the overall
electrochemical performance. Nanostructuring can enhance the surface area, providing
more active sites for lithium intercalation and deintercalation, which increases the battery’s
capacity and rate capability [77]. Modeling at this scale, often using molecular dynam-
ics (MD) simulations, helps in understanding the diffusion mechanisms and mechanical
stability of nanostructured materials under cycling conditions.
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At the electrode and electrolyte interface level, the interface between them is critical
for the battery’s performance and safety. This region, where the charge transfer reactions
occur, is often the site of performance-degrading phenomena, such as the evaluation of the
solid electrolyte interphase (SEI) over the negative electrode. SEI layer formation can be
beneficial by protecting the electrode, but its uncontrolled growth can lead to capacity loss
and safety hazards. Modeling tools like phase field modeling and continuum simulations are
employed to study the formation and evolution of the SEI layer, providing insights into how
to control and optimize this interfacial region. At the cell scale, the arrangement of electrodes,
separators, and electrolytes determines the battery’s overall energy density, power density, and
safety [78]. The design of the cell includes considerations of thermal management, mechanical
stability, and the prevention of short circuits. Finite element analysis (FEA) and computational
fluid dynamics (CFDs) are commonly used to model the thermal and mechanical behavior of
battery cells. These models help with optimizing the cell design to ensure uniform temperature
distribution and to mitigate the risk of thermal runaway.

As individual cells are assembled into modules and packs for practical applications, the
focus shifts to thermal management, electrical balancing, and safety at a larger scale. BMS
provide the imperative base to manage and balance the state of charge, temperature, and
health of the battery pack [79]. Modeling at this scale involves multiphysics simulations that
integrate electrical, thermal, and mechanical aspects to secure the authenticity and efficiency
of the battery system. These models are essential for designing cooling systems, predicting
the pack’s performance under different operating conditions, and enhancing the overall
lifecycle of the battery [80]. The complexity of LIB systems necessitates advanced modeling
techniques across all scales to achieve optimal performance and safety. Modeling provides
a virtual testing ground where different materials, designs, and operating conditions can
be evaluated without the need for extensive physical prototyping. This accelerates the
development process, reduces costs, and leads to better-performing and safer batteries.

An analysis of the energy density of battery packs is carried out, and it found that they
typically hover around half of the volumetric energy density found at the cell level. This
suggests a significant potential for enhancing overall system energy density through the
efficient integration of battery cells. Disruptive system architectures, such as cell to pack
(CTP) or cell to chassis (CTC), emerged as promising strategies to capitalize on this potential
and, at present, are under commercialization [81]. These approaches depart from conven-
tional system layer compositions, wherein battery active materials, electrodes, electrode
stacks, cells, modules, packs/systems, (vehicle) chassis, and full battery electric vehicles are
sequentially arranged. Instead, they bypass individual system levels, directly embedding
cells into pack housings or vehicle chassis or even potentially replacing chassis/vehicle
components in the future [56]. These collaborations yield optimum volumetric savings, con-
currently augmenting energy density at the system level while ideally preserving cell-level
energy density. However, achieving these advancements necessitates addressing numerous
technical challenges at both product and process levels.

In the core of every battery system lies a congregation of individual cells, numbering
from hundreds to thousands, arranged and interconnected in various series-parallel con-
figurations to achieve the desired voltage-ampere hour characteristics. This architectural
arrangement is further delineated either through a cell-module-battery hierarchy or a
cell-battery configuration, depending on the intricacies of the system; for example, for Tesla
Mode S BEV, which has a cell-module-battery hierarchy, where 7104 nos of individual
18560 cells are staked into 16 individual parallel connected modules (74P6S configuration
with 444 cells) [82].

Cell level design and material level design are the two separate approaches to struc-
tural battery pack design. While the latter serves as a body structure connecting the
vehicle’s front and rear underbody components, this tactic enhances the mechanical qual-
ities, facilitating the transfer of shear stress and resulting in an overall improvement in
torsional rigidity. Tesla has successfully brought this to market [83]. Research has also been
performed [84] on the architectural positioning that is suggested to be incorporated into the
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car body to provide a suitable location for the battery pack. This involves placing the battery
under the vehicle’s body and analyzing its utility, stability, serviceability, maintenance, etc.
The process of material-level design entails integrating cells into fiber—polymer composite
structures, which enable them to store electrical energy and withstand mechanical loads.
This approach shows great promise for lowering the system’s overall weight [85], but the
mechanical properties of the resulting structures depend on several variables, including
the manufacturing process, the materials used, the structural layout, and the bonding be-
tween the integrated batteries and the structure. Together with stainless steel mesh, carbon
fiber reinforcement and non-carbon fiber reinforcement have been thoroughly studied as
possible candidates for material-centric design.

System architectures for LIBs are essential for maximizing effectiveness, safety, and
performance. At the cell and battery pack levels, these systems comprise a variety of
parts, such as electrodes, electrolytes, separators, and several electrical and mechanical
components. To build stable and effective LIBs, advanced modeling techniques at several
scales—atomic, nanostructure, electrode/electrolyte interface, cell, and pack—are crucial.

Materials for electrodes and electrolytes are chosen at the atomic level to maximize
capacity, voltage, and stability; DFT is one method that helps with this process. Through
the optimization of particle behavior within electrodes, nano-structuring improves per-
formance; molecular dynamics simulations shed light on stability and diffusion. Battery
performance depends on the interface between electrodes and electrolytes, and phenomena
such as the SEI layer are studied and optimized using modeling tools.

The focus switches to thermal control, electrical balancing, and safety as cells are put
together into modules and packs, with BMS playing a critical role. Though these designs
present considerable technical problems, novel architectures, like CTP and CTC, strive to
improve energy density by integrating cells directly into the vehicle structure. All things
considered, gains in LIB system efficiency, safety, and energy density are being driven by
cutting-edge modeling and creative design.

5. Present Status

The principal objective of a structural battery is to facilitate weight reduction and
augment the available volume within vehicles in contrast to vehicles equipped with distinct
structure and battery components, thereby enhancing vehicular performance. The present
status of any commercially available LIBs is weak, as it is made of components having very
low tensile and compressive strength, which are housed in hermetically sealed metallic
covers, mostly made of either nickel-coated steel or high-pressure die casting aluminum or
ABS plastic for protection.

The electrode within the cell is composed of carbon components, polymeric binding
agents, and active substance particles coated on the surface of metal foil. Granular particles
with a porosity of approximately 30% compose the active material layer of an electrode,
which has far lower compressive characteristics than traditional structural materials. Fur-
thermore, the weak adhesion between the active material particles and the trace levels of
binders impairs the tensile characteristics. Although the porous polymer film separator
shows good electrolyte permeability, it is not strong enough to support a load. Furthermore,
there is no connection between the electrode and separator layers, which results in inade-
quate load transmission between the parts and a decline in the mechanical characteristics
of batteries, including flexural stiffness.

As a result, there is a growing demand for new battery pack designs aimed at en-
hancing mechanical strength, with multiple categories of strengthening methods being
proposed. Multiple strategies were employed for achieving the desired results as described
in Figure 7 below.
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The current trend in battery systems is to have safety, durability, and better thermal
management. To achieve this, lithium-ion cell-level development for enhancing structural
strength is more commonly employed. Enhancing structural strength mainly covered
cell-level reinforcement and material-level reinforcement. Cell-level reinforcement deals
with strengthening the battery cells individually to increase the structural integrity of each
cell. Moreover, in order to improve structural integrity, the material-level reinforcement
method focusses on strengthening the materials employed in the cells, such as carbon
fiber (CF), glass fiber (GF), or solid-state electrolytes (SSEs). However, achieving higher
energy densities without enhanced structural strength techniques is also in trend. In this
case, the lithium-ion batteries are merged into larger modules or packs rather than being
reinforced separately. This technique deals with the cell-to-module and cell-pack strategy
to incorporate the cells into packs and modules to strengthen the battery system’s overall
structural integrity. This technique is simple and easy, as it requires fewer materials and
less processing time but may require more frequent replacement or maintenance. A safety
risk is that deformation over time may impair thermal management, making the cell more
susceptible to overheating, especially during high-power use or fast charging.

Present production processes concentrate on incorporating lithium-ion batteries into
EVs without appreciably strengthening their structural integrity. This method usually
entails cell-to-module (CTM) and CTP arrangements, in which separate cells are put
together to form modules or packs, which are subsequently included in the vehicle. Because
standard designs and materials are well established in manufacturing processes, they may
be produced more easily and at a lower cost using this method. With the best overall
performance in terms of weight reduction and structural efficiency, the electrode stack-to-
chassis technique seems to be the most sophisticated and comprehensive approach, as it
attempts to integrate the structural elements directly with the vehicle’s chassis.

Since the electrode stack-to-chassis method integrates battery systems into automobiles
in a more intricate and creative wayj, it is probably still in the research and development
stage. Before it becomes economically practical, there may a need to be considerable
improvements the fields of materials science, automotive engineering, and battery design. A
large number of these cutting-edge materials and designs are currently in the investigation
stage. Before they are used in large manufacturing, they must undergo comprehensive
testing to guarantee their performance, safety, and dependability.
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6. Interdisciplinarity Challenges in LIB Design for E-Mobility

The design of LIBs for e-mobility presents significant interdisciplinarity challenges,
requiring the integration of diverse scientific and engineering fields to overcome technologi-
cal hurdles. Developing advanced electrode materials and stable electrolytes demands deep
expertise in materials science and chemistry [86]. Researchers must understand the electro-
chemical properties and interactions at the atomic level to enhance energy density, charging
speed, and lifespan. This involves complex synthesis processes and precise characterization
techniques. The architecture and design of cells and packs necessitate robust electrical
and mechanical engineering solutions. Engineers must optimize the layout to maximize
energy efficiency, ensure thermal management, and prevent mechanical failures [87,88].
This requires sophisticated modeling and simulation tools to predict performance under
various conditions. Ensuring the thermal stability and safety of LIBs involves challenges
in thermal management and safety engineering. Advanced cooling systems and fail-safe
mechanisms must be developed to prevent overheating and thermal runaway, necessitating
a thorough understanding of heat transfer and material stability [89,90].

BMS is critical for monitoring and controlling the battery’s health and performance [91-93].
This demands knowledge in systems engineering, software development, and data analytics to
create algorithms that ensure optimal charging, discharging, and longevity. The sustainability
and economic viability of LIBs also pose challenges that span environmental science and
economics. Developing recycling processes and assessing the lifecycle impacts of battery
materials require a holistic approach, integrating environmental impact assessments and cost—
benefit analyses [94,95]. Addressing these interdisciplinarity challenges is essential for advancing
LIB technology to meet the demands of e-mobility, ensuring efficient, safe, and sustainable
energy solutions.

There exist myriad interdisciplinary hurdles entwined with the design of LIBs for e-mobility,
as graphically depicted below. These design intricacies exert extreme influence on the ultimate
performance of the batteries and, thus, e-vehicles [96,97]. Moreover, each battery pack’s design,
configuration, choice of cell types, and alignment with vehicular specifications are inherently
distinctive, thereby exacerbating the complexity of the challenges. These multifaceted challenges
arise from various underlying factors, intensifying manifold when scrutinized across short-term
and long-term validation processes, as explained in Figure 8.
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Figure 8. Integrated battery system architecture and challenges and their reasons.
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The optimum and best-suited design of lithium-ion batteries for e-mobility is an
interdisciplinary challenge. The integration of materials science, chemistry, electrical and
mechanical engineering, thermal management, safety engineering, systems engineering,
software development, and environmental science are required to achieve the desired goal
in battery manufacturing. Advanced materials and stable electrolytes must be developed,
cell and pack designs must be optimized, thermal stability must be guaranteed, and efficient
BMSs for monitoring and control must be created by researchers. Additionally, lifespan
analyses and recycling procedures need to take sustainability and economic viability into
account. The distinct design specifications of every battery pack and the requirement
for extensive validation procedures to guarantee optimal performance in electric vehicles
exacerbate these difficulties.

7. Novel Designs, Materials, and Manufacturing Techniques

There are numerous studies that concentrate on particular battery system components,
individual cells, or specific cell parameters [98-102]. However, there are not many thorough
analyses; for example, some studies examine active material selection, thermal properties,
internal structures, fast charging capability, aging, or cost in great detail, each using a
different methodology. While battery cell properties are frequently analyzed at the indi-
vidual cell level, pack-level property discussions usually center around particular models.
These studies frequently use simulated or well-established cells, and their published results
may not accurately reflect the performance of the cells in real life [103]. While commercial
dismantling of the newest pack and cell models is on the rise, access to such information is
frequently restricted [104].

A literature review has shown that while diversified work has been carried out in
limited aspects, the significance of integrated system architectures of LIBs for e-mobility is
well established. There are several applications that demand high energy and high power
density; therefore, possibilities to design a novel system architecture are infinite. It has been
theoretically proved that the current best-performing system achieves a specific energy
along with the best efficiencies for cell-to-module and module-to-system conversions, and
potential improvements could yield a system with a significant 22% enhancement [69].
Whichever cell format is chosen—cylindrical, pouch, or prismatic hard case—has a sig-
nificant impact on a number of system parameters, including pack design, cell cooling,
pack safety, cell-to-module or cell-to-pack integration, and mechanical stability. As a result,
studies looking at energy density and specific energy have shown that cell formats are
important in determining pack-level performance [105].

The performance of any energy storage is defined in several ways.

The below equation can be used to express the coulombic efficiency (CE) at the nth
cycle, which is defined as the discharge capacity divided by the charge capacity.

CE,, = Capacitypise(n)/ CapacityCharge(n) (1)

The number of completed cycles (Capacitypis.rn)) before the battery capacity drops to

a predetermined value from its beginning (Capacitypis(1)) is known as capacity retention
(CR) at the nth cycle.

CRy, = Capacitypiscmn) / Capacitypise(1) 2)

The following formulas are used to calculate the volumetric energy density (VED) and
the gravimetric energy density (GED):

VED = (Capacity x Voltage) / Active volume (Wh/L) 3)

GED = (Capacity x Voltage) / Active mass (Wh/Kg) 4)
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The following formulas are used to calculate the minimum unit volumetric energy
density (MUVED) and the minimum unit gravimetric energy density (MUGED):

MUVED = (Capacitypys X Voltage) /Massyg,s (Wh/L) (5)

MUGED = (Capacitypys X Voltage) / Volumepys (Wh/kg) 6)

where “Capacitypys” is the reversible capacity in minimum units (MUs) determined by
initially considering the cathode and anode material’s CE and N/P ratio. The term “Voltage”
refers to the nominal voltage at discharge. The total mass and volume of the MUs are
shown by “Massyys” and “Volumepys”.

Coulombic efficiency (CE), capacity retention (CR), volumetric energy density (VED),
and gravimetric energy density (GED) are examples of performance measures for energy
storage systems. Plots showing the performance differences between different manufac-
turers and chemistries include the box and whisker plot for cylindrical cells and the violin
plot for LEP prismatic and NMC pouch cells.

A violin plot for the GED and VED for several LFP prismatic cells from different
manufacturers is given below in Figure 9a, whereas Figure 9b represents the NMC pouch
cell from a different manufacturer [24].
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Figure 9. Violin plot for the GED and VED from different manufacturers: (a) LFP prismatic cell;
(b) NMC pouch cell.
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Similarly, a box and whisker plot and analysis of the GED and VED for cylindrical
cells among different manufacturers for different electrochemistries are performed and are
placed in Figure 10 below.
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Figure 10. Box and whisker plot of the GED and VED from different manufacturers of cylindrical

cells for different electrochemistries.

The LIB cells for e-mobility, which traditionally use the NMC or NCA of different foam
factors, are always smaller in comparison to other electrochemistries and are compared
among a database [106] of 171 commercially available models of the NMC and NCA.
Among them, only 62 models had a capacity range of 40 Ah-100 Ah, with very few
exceptions, as given below in Figure 11.
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Figure 11. Box and whisker plot for capacity comparison.

At the same time, the trend for a bigger capacity within the same format is catching
up significantly. For cylindrical and pouch cells, average capacities doubled from 2010 to
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2021 to around 70 Ah (pouch) and 4.5 Ah (cylindrical). Similarly, deployment for more
21700 formats rather than 18650 foam factors in e-mobility batteries or even bigger formats,
like 4680 by Tesla, are catching up, which have significant energy densities. Research into
structural batteries has surged, with decoupled structural batteries demonstrating superior
performance compared to their coupled counterparts [107], with the coupling mechanism
having a greater impact on specific energy than the underlying chemistry and holding
promise for enhancing the range and autonomy of e-mobility.

Studies on LIB systems for e-mobility frequently concentrate on particular parts or
cell characteristics, which results in a disjointed knowledge of the total performance of
the system. Although active material choices, thermal characteristics, and fast charging
capabilities have all been studied in studies, thorough evaluations that incorporate all of
these factors are uncommon. Most research uses established or simulated cells, which
might not accurately represent performance in the real world. There is also restricted access
to commercial dismantle data.

This section emphasizes how crucial integrated system architectures are for lithium-ion
batteries (LIBs) in e-mobility, particularly for high-power and high-energy applications. It is
theoretically possible for the best-performing systems in use to now improve their specific energy
by 22%. Pack design, cooling, safety, and integration are all greatly impacted by the cell format
selection—cylindrical, pouch, or prismatic—which, in turn, affects pack-level performance.

8. Challenges and Future Directions

LIBs are essentially electro-chemo-thermo-mechanical devices, which constitute a signif-
icant area of study when integrating into the vehicle, where the interplay between stress/strain
and electrochemical processes within components is particularly pertinent, notably in investi-
gations into decay and failure mechanisms and ultimately addressing the thermal runaway
phenomenon. Thus, comprehending such coupling becomes paramount in addressing poten-
tial challenges inherent in either form of the structural integration of cells, which must have the
capability to absorb these significant loads during vehicular operation. A typical cylindrical
cell (NMC, 18650 and 21700) has the following specification [108], which is compared with
the cylindrical cell (NMC, 4680) [109,110], as per Table 1.

Table 1. Comparison of different cylindrical cell foam factors.

Description 18650 21700 4680 [110]
Electrode thicknesses (double side coated) (anode) ~126 um ~126 um ~121 pm
Electrode thicknesses (double side coated) (cathode) 125 um 125 um ~85 um
Current collector foil thicknesses (anode) 10 um (Cu) 10 um (Cu) 8 um (Cu)
Current collector foil thicknesses (cathode) 20 um (Al) 20 pum (Al) 10 pm (Al)
Areal capacity (cathode) 5.00 mAh/cm? 5.00 mAh/cm? 49 mAh/cm?
Areal capacity (anode) 412 mAh/cm? 412 mAh/cm? 5.5 mAh/cm?
N/P ratio (cathode) 1.21 1.21 ~1.08
Separator thickness 16 pum 9 um
Cell capacity 1.625 4 0.007 Ah 2457 £ 0.040 Ah 26.136 + 0.040 Ah
Weight 4099 +£0.03 g 5971+ 010 g 355¢g
Internal resistance (50% SOC and 25 °C) 25.0 £ 0.2 mQ) 132 £ 0.1 mQ) 5.77 £ 0.1 mQ
Electrolyte ~12 wt-%
Separator ~15 wt.-%
Housing 20 wt.-% 18 wt.-% 23 wt.-%
Weight of the electrodes 53 wt.-% 55 wt.-% 55 wt.-%
Number of windings 21 26
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Table 1. Cont.

Description 18650 21700 4680 [110]
Electrolyte 5mL 7 mL 60 mL
Cell case Nickel-plated steel or stainless
Cell case thickness ~0.22 to 0.28 mm ~0.30 mm
Energy density (Wh/L) ~575 ~629 670-700
Spec. energy (Wh/kg) 280-310 280-310 272-300

For integrated system architectures of LIBs for e-mobility, various prerequisites must
injtially be met, encompassing mechanical and electrochemical performance, safety, and
financial considerations. Subsequently, this section will offer a brief examination of these
requirements, addressing both present obstacles and prospective avenues for its advancement.

Anodes made of silicon, which are utilized more and more to boost energy density,
enlarge considerably when charging and discharging. Over time, this expansion causes
mechanical stress inside the battery, which results in cracking, delamination, and capacity
loss. The ability of sophisticated structural battery designs to absorb mechanical loads from
vehicle operation—such as bumps, twists, and crashes—while maintaining the integrity
of the battery is a requirement. Making sure the battery maintains the vehicle’s structural
integrity without compromising on performance or safety is the difficult part. To safeguard
the internal components against external stressors like drops, collisions, or compression,
LIB cell housings and module enclosures must have a strong mechanical construction.
A major mechanical difficulty in battery design is creating lightweight, robust housing,
particularly for high-energy-density batteries used in mobile and automotive applications.
Additionally, it is quite difficult to achieve fast charging without compromising cycle life or
security. Issues may arise from the fast charging of lithium-ion batteries, like lithium plating
and high heat generation. For long-term battery performance, the electrode—electrolyte
contact must remain stable. An increase in impedance, parasitic responses, and overall
capacity decline might result from any instability at this interface.

The quick development of renewable energy storage and EVs has increased demand
for vital raw minerals, including nickel, cobalt, and lithium. The cost of producing LIBs has
increased due to price surges brought on by this imbalance. Establishing and expanding
battery production facilities, especially gigafactories, necessitates a substantial initial invest-
ment. Before being profitable, these plants must be outfitted with specialized technology to
manufacture high-quality batteries, which may take many years.

The evolution of e-mobility has provided a better alternative to coal-based fuels in the
automation industry; however, there are still some challenges to achieving the optimum
use of LIBs in the industry. As mentioned above, mechanical, electrochemical, safety
and financial challenges are still there in the current scenario, which are barriers to the
better adaptability of LIBs. However, some future research scopes are also available on
the above-discussed challenges. The development of a silicon-based anode with improved
mechanical resilience is essential. The nano-structuring technique and composite material
can be introduced to mitigate contraction and expansion during the cycling of the battery,
as it can better handle stress while minimizing cracking and delamination. Apart from that,
better electrode technology can be helpful in fast charging without any lithium plating and
heat generation, and 3D porous and highly conductive coatings are the alternatives.

Investing in the development of low-cost recycling techniques that allow end-of-life
batteries to reproduce precious materials like nickel, cobalt, and lithium is need of the hour.
A circular economy model could help stabilize material costs and ease supply limitations
by reducing reliance on mining.

9. Conclusions

Although the development of EVs depends heavily on LIBs, integrating LIBs into
vehicle architectures presents difficult obstacles. This study provides a thorough overview
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of recent advancements in structural power composites. Recent developments in the
integration methods for commercially available lithium-ion batteries inside composite
structures and the production of multifunctional materials for power applications have
spurred several studies in this area. Significant advancements in structural battery elements
have been shown in recent field testing. Notable contributions include the electrochemical
characterization of carbon fibers as structural anodes, the development of epoxy systems to
produce stiff, ion-conductive structural solid electrolytes, and the application of doping
techniques to construct cathodes based on carbon fiber. Nonetheless, differences between
full- and half-cell batteries” mechanical and storage performance are clearly visible and have
been reported in the literature, highlighting how complicated this topic is. The creation
of strong analytical and numerical frameworks is essential to handle issues including
safety concerns, capacity degradation, restricted specific energy and energy density, and
manufacturing limits. Furthermore, the application of novel ferroelectric—electrolyte non-
flammable composites show potential for ameliorating some of these problems, indicating
future strides towards the development of structural batteries.
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