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1. Introduction:

In light of these recent developments, the battery energy storage market is experiencing significant growth. Battery
storage is currently a vital component for boosting renewable energy generation, as it contributes to stabilizing
energy supply despite the natural fluctuations of renewable sources. Additionally, energy storage systems provide
the flexibility needed for a variety of functions, including mitigating peak consumption, maximizing the use of local
energy production, and even providing backup power during outages. With the recent decline in battery prices, these
functions have become more economically viable. The opportunities in the battery energy storage (BESS) sector are
growing exponentially. According to our analysis, investment in this sector saw a massive increase in 2022, with
more than $5 billion invested a figure that tripled the previous years. In the near future, specifically by 2030, we
expect the global BESS market to grow to between $120 and $150 billion, a significant increase from its current
size. Despite these promising figures, challenges remain. The market remains fragmented, and service providers
have key questions about their competitive strategies. This is a golden opportunity to identify and prepare for the
most prominent investment opportunities in the growing BESS market. The 2019 Nobel Prize in Chemistry was
awarded to M. Stanley Whittingham, John B. Goodenough, and Akira Yoshino for the development of lithium-ion
batteries (LIBs). From their inception, batteries have underpinned modern electronics, electric vehicles, and
stationary energy storage. Rechargeable systems now power both everyday life and industrial operations—they have
become indispensable energy infrastructures.

Historically, major shifts in energy use have followed advances in power generation and transportation, catalyzing
successive industrial revolutions. Today, as information technology converges with advanced manufacturing, we
have seen rapid growth in smartphones, electric vehicles, and grid-scale storage. The swift proliferation of
intelligent devices and evolving applications is expanding the performance demands placed on batteries.

Since Volta demonstrated the first voltaic pile in 1799, the core performance metrics of LIBs have improved to the
point that the technology is mature and widely commercialized. Nevertheless, despite the explosion of smart
devices, battery innovation has proceeded incrementally in recent decades, with few transformative breakthroughs.
Efforts have largely focused on enhancing quality, reliability, lifespan, and safety (QRLS), yet progress remains
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constrained by the challenges of fundamentally reinventing electrode materials and overcoming practical
implementation barriers.
Looking ahead, meaningful advances will require pushing beyond the functional limits of conventional batteries,
accelerating research on “smart” battery systems, and directing the field through interdisciplinary approaches—
because traditional paradigms leave limited room for step-change improvements. In the twenty-first century, the
notion of a “fourth industrial revolution” has gained traction amid an energy crisis and climate change. This phase
emphasizes artificial intelligence (Al), clean energy, biotechnology, quantum information, and autonomous
technologies, signaling a broader transition toward an era defined by Al and sustainable energy.
This stage of the energy transition is propelled by next-generation power systems that couple storage technologies
with digital infrastructures such as the internet, big data analytics, and cloud computing. Many governments are
aligning investments with this shift: The European Union has articulated the “Battery 2030+ Roadmap,” the United
States has issued the ‘“National Blueprint for Lithium Batteries 2021-2030,” and China has incorporated advanced
battery innovation into its Five-Year Plan for National Economic and Social Development. Building on this
momentum, researchers are infusing “intelligence” into battery R&D—Ilinking novel materials and device
architectures with artificial intelligence. However, the field still lacks a rigorous definition of “smart batteries,”
along with well-specified mechanisms and technical pathways for deep, systematic integration. Establishing that
definition matters, because it will shape how smart batteries can accelerate the shift to sustainable, intelligent energy
storage.
As Al-driven toolkits mature, batteries can benefit from model optimization and algorithms that enable scientific
decision-making and autonomous learning—extending beyond traditional, biology-inspired intelligence that senses
internal or external changes, provides appropriate feedback, and makes autonomous choices. Much like a brain, a
smart battery can sense stimuli from inside and outside the cell, generate sensory signals, and route them—
analogous to a nervous system—to effectors. This loop delivers rich feedback on the impact of stimuli and supports
decisions based on what the battery perceives.
To do this, smart batteries need three core capabilities: perception, response, and decision-making. The perceptual
function gathers and converts information from the battery’s internal state and external environment, supporting
transmission, processing, storage, display, recording, and control. The response function detects stimuli and reacts in
ways that are sensitive, fast, appropriate, and effective, delivering targeted feedback to the battery. The decision-
making function enables self-discipline, learning, scientific prediction, and self-maintenance—so the battery can
diagnose itself, regulate its behavior, and exert control based on complex operating data—ultimately forming a
“thinking” framework for the battery.
Designing and building smart batteries is a truly cross-disciplinary effort, drawing on materials science and
engineering, instrumentation, information and communication engineering, computer science, electronic
engineering, and control engineering. A smart battery is a full system that brings together real-time perception,
dynamic response, and self-decision-making, while leveraging high-tech tools like smart materials, advanced
sensing, information fusion, mobile communications, automatic control, and Al.
To boost electrochemical performance, improve safety and reliability, expand application adaptability, and enrich
functional diversity, smart-battery research centers on three goals: informatization, interactivity, and automation.
As a key enabling technology for next-generation power systems, advanced batteries with intelligent features will be
essential in smart grid integration, wearable devices, electric vehicles, intelligent equipment, and more.
This research addresses the following main question:

e What are the main components of a BESS system?
What are the Smart Batteries?
What are the main opportunities available within the scope of battery energy storage systems?
Where are the benefits and importance of battery energy storage for the commercial and industrial sector?
How do battery energy storage systems affect home energy consumption?
What are the latest battery technology innovations we should be aware of?

e Who are some of the major BESS technology manufacturers?
The main objectives of this study are as follows:

o Identify and analyze the Battery Energy Storage System(BESS)

e How does the BESS system work?

e BESS APPS.

2. Literature Review:
Italy’s first operational Renewable Energy Community (REC) was established in the municipality of Magliano Alpi
[1]. It comprises four public buildings, one commercial site, and three households. A 19.4 kWp photovoltaic (PV)
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array mounted on the City Hall supplies the community, and no battery storage is currently installed. Project
developers report social, environmental, and economic benefits for all participants. They also emphasize the need
for smart control systems to coordinate generation and any future batteries to improve operational efficiency and
flexibility.

Monticello d’Alba hosts a second Italian REC, mirroring the configuration in Magliano Alpi. The community
includes three PV-equipped municipal buildings and ten residences. Its feasibility study [2] examined two issues: (i)
sizing a single PV installation and a shared battery for the entire REC, and (ii) comparing three business models that
differ in how upfront costs and revenues are allocated. All analyses were conducted from the perspectives of the
REC as a whole and a third-party operator; household-level outcomes for individual prosumers and consumers were
not evaluated, nor were PV or batteries located at individual homes. In both cases, demand was represented using
synthetic load profiles derived from minute-resolution appliance-use data and then aggregated to hourly intervals for
analysis.

An alternative load-forecasting strategy—using measured consumption from REC members—was adopted in a
study on establishing a condominium-based REC [3]. Centered on a case in Valle d’Aosta, a mountainous region in
northern Italy, the analysis conducts techno-economic sizing of centralized PV, battery storage, and heat pumps. The
findings underscore the need to assess costs and benefits at the level of individual residents: without suitable
incentives, people may choose purely financial gains over environmental benefits, putting the broader promise of
energy community initiatives at risk.

Building on the Italian experience, recent studies on battery management systems in RECs have been gathered and

summarized in Table 1, with a comprehensive review by Hossain Lipu et al. [4]. The works are compared using
several criteria. First is how the REC’s energy sources (PV, wind, etc.) and batteries are deployed: centralized (C)
or decentralized (D). In a centralized setup, one shared generator and battery serve the entire community; in a
decentralized setup, each participant can install their own generation and storage.
Next comes the Battery Management System (BMS) strategy, implemented either via rule-based control or through
mathematical optimization. In line with Casalicchio et al. [5], Renewable Energy Communities (RECs) are
categorized as virtual (Vir) or physical (Phy). Virtual RECs, consistent with Italian regulation, always exchange
energy with the public grid; collective self-consumption (CSC) is determined by the contextual injection to and
extraction from the grid by two distinct REC participants. Physical RECs function as microgrids, sharing energy
internally and interfacing with the utility network at a single point of common coupling.
Each study is labeled by its primary emphasis—energy management (Man), component sizing (Siz), or both. The
accompanying table also records the reference country for each case and the principal modeling approaches
employed.
Analyses of RECs typically follow two paths: rule-based simulation and optimization [6]. In rule-based studies,
the system’s energy balance is computed under a predefined energy management scheme (e.g., [3,7,8]).
Deterministic linear programming and mixed-integer linear programming (MILP) are commonly employed to
compute optimal dispatch in REC optimization studies (e.g., [2,5,9-12]). Notably, rule-based battery control has, in
several settings, produced lower prosumer costs than optimization-based control, both with shared community
storage [13] and within energy communities using decentralized storage [14].
Within a REC, the principal function of battery management is to facilitate self-consumption and collective self-
consumption. Batteries can also support energy arbitrage and provide local grid services like load leveling [15],
smoothing [16], and peak shaving [17]. REC batteries can also provide ancillary services to the national grid [18],
improving utilization of installed storage and generating additional revenue streams. This study, however, confines
its scope to enabling self-consumption and collective self-consumption.
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Table 1
Literature review.

Ref. Energy source Battery BMS PhyVir Man/5iz Country Methods

Ascione et al [24] C D Rule-based Vir Siz Italy Energy Plus
Exhaustive search

Casalicchio et al. [10] ] ] Oyptimization Phy, Vir Man, Siz ltaly MILP

Cielo et al. [7] C C Optimization Vir Man ltaly MILP

Fernandez et al. [25] CD C Optimization Phy Man Australia MILP Bi-level
optimization
(Stackelberg game)

Fina et al. [12] ] - - Phy Man Austria Simulation

Fioriti et al. [26] ] ] Optimization Phy Man, Siz Italy MILF Game theory

Gul et al. [27] C C Optimization Phy Man, Siz Italy SAM optimization

Henni et al. [28] D D Rule-based Phy Man Germany Simulation

Korjani et al. |29] ] C Ohptimization Phy Man IEEE 96-bus Genetic algarithm

Minuto et al. [8] C C Rule-based Vir Siz Italy Simulation

Mustika et al. [19] ] ] Rule-based Optimization Vir Man France Simulation YALMIP

Morbu et al. [18] C C Rule-based Qptimization Phy Man, Siz LK Simulation MILP

Roberts et al. [30] C - - Phys Man Australia Simulation

Secchi et al. [31] ] ] Rule-based Phys Man, Siz [EEE 906-bars Simulation
MNon-dominated
Sorting Genetic
Algorithm-11

Weckesser et al. [17] D D Optimization Phys Man, Siz Denmark LP

Present work ] ] Rule-based Orptimization Vir Man, Siz Italy Simulation MILP

Gravity Batteries: a revolution in renewable energy storage

The world is witnessing a rapid shift towards renewable energy, posing new challenges in how to store electricity
generated by intermittent sources such as solar and wind.

With the increasing demand for energy and the need for continuous supply, this solution is vital to maintaining the
stability of electrical networks.

The experts clarified that the renewable power sources offer enormous amounts of energy but its generation is
intermittent, declining to negligible levels or zero when there is no wind or sunlight. Additionally, electricity
demand is rising due to the increase in the use of electric cars and the diffusion of artificial intelligence technologies
that need gigantic computing power. Conventional grids of electricity are vulnerable to such production and demand
oscillations, thereby requiring massive energy storage facilities like megawatt-hours (MWh) or gigawatt-hours
(GWh) in a bid to provide stable energy supplies. On this point, there appears a new and revolutionary technology:
"gravity batteries" based on the energy of gravity to accumulate and transform energy when needed. This technology
is replete with potential to design sustainable and flexible solutions beyond the utilization of conventional batteries
like lithium-ion batteries. Gravity batteries are based on the concept of potential energy. It takes energy to transport
a heavy object to a point in space. When the object is set to fall, kinetic energy is stored back into the form of
electricity by means of turbines or generators. Gravity energy is more sustainable than chemical batteries, as it does
not deteriorate over time as long as the mechanical components are operating efficiently. This property makes it a
suitable option for long-term energy storage.

Below are pioneering projects in gravity battery technology:

- EVx project in China

China is one of the leading countries in using this technology through the EVx project, developed in collaboration
between Energy Vault and the Chinese government.

During times of power surplus, giant blocks weighing 24 tons are hoisted onto a massive mechanical tower 120
meters high. When the grid needs more electricity, the blocks are lowered, converting their potential energy into
electricity.

This technology has an efficiency of over 80%, and the project's total capacity is 100 megawatt-hours. Its expected
operational lifespan is 35 years, making it a long-term and economical solution.

- Gravitricity Project in Scotland

Startup Gravitricity tested a heavy-duty energy storage platform, lifting and lowering 25-ton blocks at the Port of
Leith, demonstrating its potential to improve grid stability and energy storage efficiency.

The company plans to expand this technology to abandoned mines, where massive weights can be suspended
underground, allowing for increased storage capacity. Using mine infrastructure also reduces capital costs and
stimulates local economies.

Despite their promising potential, gravity batteries face some challenges, such as high initial costs and long-term
mechanical wear of moving parts.

However, advocates of this technology point out that the periodic maintenance of these systems is easier compared
to the challenges of recycling chemical batteries. The availability of vertical space in suitable locations is another
factor in the success of this technology.
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Although gravity batteries are still in development, projects like EVx and Gravitricity show great potential for long-
term grid stability.

3. Theoretical Framework

3.1 Key Concepts and Definitions:

RE:Renewable Energy: Renewable energy is energy based on natural resources that are replenished
continuously, for example, sunlight, wind, flowing water, biomass, and geothermal heat. Unlike fossil fuel,
upon manufacturing these sources, few or no greenhouse gases are released, thereby the focus of sustainable
energy policy.

Smart battery: a rechargeable battery pack that integrates an onboard Battery Management System (BMS)
for monitoring, protection, and control. The BMS monitors and manages the pack’s behavior—Kkeeping
operation efficient and safe. You’ll find these in laptops, smartphones, and other portable electronics. Unlike
standard batteries, smart packs include extra communication terminals so the BMS can talk to the host device
via interfaces such as SMBus, PMBus, and others.

Battery Energy Storage System (BESS): a system that stores electrical energy and delivers it on demand.
Think of the battery in a flashlight—then scale that concept up. These systems use large battery arrays to
charge when power is available and distribute that stored electricity later on demand.

Energy Storage Systems (ESS): BMS makes it possible for optimal energy storage from solar or wind sources
in both residential and commercial applications.

PV: Photovoltaic panels.

REC :Renewable Energy Community

3.2 Theoretical Foundations of BESS:

3.2.1 BESS system components:

A battery energy storage system is built from a set of core components that work together to store electricity and
turn it into usable power when needed.

The main ingredients are:

component job
battery cells electrical energy storage
Reflectors Converting DC current from batteries to AC current
Battery Management System (BMS) Monitor battery performance and health
Energy Management System (EMS) Improves system efficiency and performance

Additional components:

1.

2.

3.

Power Conversion System (PCS) — the bidirectional inverter that switches battery DC to grid/load AC
and back again. It also controls charge and discharge rates based on grid needs.

Transformer — steps voltage up or down so the BESS output matches the grid or the connected load,
enabling smooth, efficient integration.

Fire suppression system — protects the installation by detecting and suppressing fires, helping prevent
electrical incidents.

HVAC — manages temperature and airflow to keep the batteries in their optimal operating range.
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3.2.2 How does the BESS system work?

AYAA | Home Energy Storage BMS

A Battery Energy Storage System (BESS) is an innovative way to store and manage electricity efficiently. Built to
absorb electricity and release it when required, it sees broad use across grid applications, EVs, photovoltaic systems,
and residential smart-energy setups.
During periods of solar or wind generation, the BESS intercepts the output and stores it within rechargeable battery
modules
How a BESS works, in general:

1. Power generation: Renewable sources produce electricity.

2. Battery charging: That electrical energy is stored in the BESS batteries.

3. Battery discharge: When needed, the stored energy is released to the grid or another application.

4. Load support: The BESS smooths out fluctuations and supports demand during peak times to keep power

steady.

One key point: batteries store DC (direct current), while homes and businesses use AC (alternating current).
Inverters inside the BESS convert DC to AC for use—and can run in reverse, turning AC back into DC to charge the
batteries.

P St (33O daest BERAL ESS == PCS

Renewable Energy
(Solar /Wind)

v

PCS (Inverter)

h
Energy Storage
(Batteries)

v

[ PCS (Converter)

L

Grid or
Consumer Load
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3.3.3Types of batteries used in BESS:

1. Lithium-ion batteries:
Their use has expanded rapidly because they offer high energy density, durable performance over many cycles, and
low self-discharge. They’re a great fit for BESS because they pack a lot of energy into a small footprint—perfect
when space is tight. They also charge and discharge faster than many alternatives, which boosts overall system
efficiency and performance.

2. Flow batteries:
Flow batteries are a viable alternative for BESS. They store energy in external liquid electrolytes, which allows
power (cell stack) and energy capacity (tank volume) to be scaled independently. Scalability is straightforward:
enlarging the electrolyte tanks increases total energy. The main trade-off is lower energy density than lithium-ion, so
a larger footprint is typically required. In return, flow batteries offer very long cycle life and tolerate frequent
charge—discharge cycling with minimal degradation.

3. Lead-acid batteries:
A long-standing choice in BESS thanks to low cost and wide availability. While their energy density is lower than
lithium-ion and most flow systems—and they can be bulky and heavy—they’re reliable and tolerate a wide range of
operating conditions. For certain use cases, they remain a practical, cost-effective option.
Case studies and success stories

1. Hornsdale Energy Reserve (South Australia):
Also known as the “Big Tesla Battery,” this 150 MW/194 MWh lithium-ion site is one of the world’s best known
battery farms. It’s improved grid stability, reduced both the frequency and severity of outages, and provides vital
frequency control services—raising overall reliability across the region.

2. Aliso Canyon Battery Depot (California):

Located in Los Angeles, this 20 MW/80 MWh lithium-ion project was deployed to help mitigate the impacts of a
major natural gas leak. It supports the local grid with peak-load management and emergency backup power,
showcasing how storage strengthens grid resilience.
3. Kauai Island Utilities Corporation (KIUC), Hawaii:

The Kauai sun and storage project consists of a 13-megawat solar cell system with a 52-megavot-hour lithium-ion
battery system. This installation allows the cooperative to use it to store extra solar energy during the day and use it
to accommodate tonight's demand, which reduces the dependence on fossil fuel and promotes the integration of
renewable energy.

Application of lithium ion battery

Telecomunication PV Generation

E-bike

Wind Generator

UPS and Backup System
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3.3.4. How should you choose the right smart battery?
It can be confusing, so focus on these key checks:
Compatibility
Make sure the battery is made for your device. Match the voltage and the connector so you don’t hurt performance
or damage the device.
Capacity
Capacity (Ah or mAh). Indicates how much charge—and, together with voltage, how much energy—the battery
can deliver. Size capacity to the device’s power demand: too little yields short runtimes; too much adds bulk,
weight, and cost.
Voltage.
Must match the device’s specified input. A mismatch can damage or destroy the electronics, so confirm the required
voltage before purchasing.
Size and weight
For handheld gear, lighter and smaller is better—just be sure the pack physically fits your device’s battery bay or
casing.

e Maximum charge & discharge current.
Check the rated limits for charging and discharging. These govern how quickly the pack can charge and how much
power it can safely deliver. Make sure they match the device’s needs to avoid sluggish charging or undue stress on
the battery and electronics.

e Cycle life.

Indicates how many full charge—discharge cycles the battery can endure before its capacity declines noticeably.
Higher cycle life translates to fewer replacements and better long-term value.
e Safety features.
Prioritize built-in protections such as overcharge, over-discharge, short-circuit, and temperature safeguards. These
features extend battery life and enhance user safety.
e Brand reputation.
Favor manufacturers with a track record for quality and reliability. Independent reviews and recommendations are
useful for narrowing the options.
Environmental impact
Consider batteries made with recyclable materials and environmental certifications. Greener options help reduce
your footprint.
Smart battery vs. traditional battery
Both power your device, but they differ in how they work—and often in usable capacity under real-world
conditions.
Key differences
e Smart batteries include an onboard Battery Management System (BMS) for monitoring, protection, and
communication (e.g., state of charge/health, temperature). That means better safety, more accurate fuel
gauging, and smarter performance—making them the preferred choice for most applications.
e Traditional batteries lack this built-in intelligence. They’re simpler and sometimes cheaper, but offer
limited monitoring and rely more on the device for protection.
Attribute Intelligent battery Conventional battery
Status tracking Live telemetry and health readouts Basic indicators only
Protection ~ Advanced, multi-layer safeguards Rudimentary safety features
Service life Extended through optimized cycling Shorter due to unmanaged use
User feedback Detailed data available Minimal user information

Common myths surrounding smart batteries:

Myth 1: “Smart batteries are too expensive.”

Upfront prices can be higher, but longer life, stronger performance, and better safety usually repay the difference
through fewer replacements and headaches.
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Myth 2: “Smart batteries are only for high-tech devices.”

Not the case. They’re standard in phones, laptops, home appliances, and medical equipment—the tech is widely
useful, not niche.

Myth 3: “Smart batteries don’t need maintenance.”

They still need care. Routine health checks, avoiding extreme heat or cold, and following the manufacturer’s
guidance help them last longer.

Myth 4: “Off-brand chargers will damage smart batteries.”

Low-quality chargers can be risky, but many reputable third-party options are safe. Compatibility and proper safety
certifications are what matter.

Myth 5: “Smart batteries have memory and must be fully drained.”

Modern packs—especially lithium-ion—don’t suffer from memory effect. Full discharges aren’t necessary, and
frequent deep cycling can actually shorten lifespan.

3.3.6. What are the main opportunities available?

To understand the opportunities available within the scope of battery energy storage systems, we must differentiate
between market segments based on usage and user size. We find three main segments: first, large-scale projects
directed at the electricity grid as a whole, which are implemented before the power reaches the consumer meters
(FTM), and are characterized by a size that often exceeds ten megawatts per hour; second, commercial and industrial
establishments that operate energy generation or storage systems within their boundaries, after their electricity meter
(BTM), and whose sizes range from 30 kilowatt-hours to ten megawatt-hours; and third, residential establishments
that contain energy generation or storage systems operating within the home itself and not directly dependent on the
external electricity grid, but with a size less than 30 kilowatt-hours, as illustrated in Figure 1.

The primary beneficiaries of FTM project installations are electricity utilities, grid managers, and renewable energy
producers. They primarily seek to counteract the volatility of renewable energy sources, ensure the stability of their
electricity grids, and postpone the need for large-scale grid upgrade investments. Battery energy storage system
providers in this sector are often integrated battery manufacturers or specialists in installing large-scale power
systems. These providers can stand out by offering competitive costs, high-quality and reliable products, project
management expertise, and the ability to develop energy management systems and software that help optimize grid
performance and business processes.

Investments and projects in battery energy storage systems have increased significantly. For example, a US energy
company is developing a project with a storage capacity of up to six gigawatt-hours. Another US company, with
operations in multiple sectors including the energy sector, reached a storage capacity of 6.5 gigawatt-hours in 2022.
Current investments in this industry are primarily directed towards providing services to improve supplier flexibility
and the rapid response of systems to deal with fluctuations in electrical frequency to maintain constant and stable
grid stability. In the long term, battery energy storage systems are expected to evolve with the development of
projects related to solar and wind farms, which will increasingly rely on batteries to meet short-term storage needs.
Local dynamics are a key factor in determining the revenue models for FTM battery energy storage projects.
Therefore, companies specializing in this field tend to follow a revenue aggregation strategy, where they pool
revenues from a variety of services. These players can participate in providing additional services, trading energy,
and even participating in electricity capacity auctions. Some battery energy storage applications in the UK revolve
around support services, such as grid frequency control. In Italy, some influential companies have achieved success
by participating in renewable energy auctions. In Germany, opportunities lie in avoiding costly grid upgrades.
Battery energy storage operators that have achieved success in the utility market have realized the importance of
adopting customized strategies tailored to each country and its system, rather than adopting a one-size-fits-all
approach.

3.3.7. Where are the benefits and importance for the commercial and industrial sector?

The commercial and industrial sector remains among the largest, with forecasts indicating a 13% CAGR growth,
meaning annual additions of between 52 and 70 GWh by 2030.

The commercial and industrial sector is focusing on four key areas. The first relates to electric vehicle charging
infrastructure. According to studies by the McKinsey Center for Future Mobility, electric vehicles are expected to
account for up to 45% of total global vehicle sales by 2030, compared to 23% in 2025. This momentum may create
an urgent need to expand and enhance regular and supercharger stations, potentially challenging existing networks
and requiring significant upgrades. To mitigate these challenges, charging station companies and owners may turn to
on-site battery energy storage systems. We have already seen partnerships forming between battery energy storage
system providers and electric vehicle manufacturers to establish new charging stations, including in remote areas.
The next subsector of the commercial and industrial sector is critical infrastructure, which includes telecom towers,
data centers, and hospitals, requiring a continuous and reliable power supply. Previously, these organizations relied
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on lead-acid batteries as a backup power source during power outages, while diesel generators provided support for
longer periods. Now, lithium-ion batteries are being considered as a more efficient alternative to lead-acid batteries.
These batteries reduce reliance on diesel generators, which are less environmentally friendly. They can easily
integrate with renewable energy sources, such as solar panels. Additionally, these batteries can store excess energy,
which can be used to provide services to the electrical grid, creating a revenue opportunity. Therefore, many telecom
companies and data centers are turning to battery energy storage systems as a reliable solution for maintaining
electricity supply.
Public infrastructure, commercial buildings, and factories represent the third subsector. Energy storage systems in
this subsector are often deployed to reduce consumption during peak periods, combine with locally available
renewable energy resources, enhance self-consumption, ensure backup supply, and support electricity grid services.
Battery energy storage systems are expected to help reduce energy costs in these areas by up to 80%. The need for
these systems is particularly evident in regions such as Germany, North America, and the United Kingdom, where
demand-side charges are considered.
The third subsector of the commercial and industrial sector includes activities operating in harsh conditions, such as
mining, construction, and oil and gas extraction, as well as large-scale events such as outdoor festivals. The growing
goal here is to transition from diesel or gas generators to more environmentally friendly solutions such as battery
energy storage systems and hybrid generators. This shift is driven by compliance with future laws and regulations
(such as the sustainability initiatives highlighted by the European Commission and the Oslo Plan to achieve zero
emissions on construction sites by 2025). Many companies are expected to move towards hybrid generators before
fully relying on battery energy storage systems.
3.3.8. How do battery energy storage systems affect home energy consumption?
Although residential installations, expected to generate approximately 20 gigawatt-hours by 2030, represent the
smallest segment of the battery energy storage sector, they represent a compelling opportunity for innovation and
growth. This is due to the opportunities available in a wide range of areas, from traditional home storage to the
construction of energy grids in remote communities. Commercially, battery energy storage systems can be
integrated with solar panels or incorporated into smart home technology and electric vehicle charging systems.
These products will enable residents to achieve energy self-sufficiency and optimize consumption, which in turn
could increase the profitability of these service providers. Our recent survey on consumer trends regarding
alternative energy shows that consumers' choice of battery energy storage products depends on several factors, such
as price, safety, and ease of installation.

1.3.9. What are the most appropriate methods for assessing our strategic position?
In emerging markets like these, it's essential to understand the expected returns and margins for different products
and services. The value chain of the battery energy storage system is initially built on the companies that produce
the storage components, including battery cells, packaging, inverters, enclosures, and other key components needed
to balance the system. We estimate that service providers on this side of the chain will capture approximately half of
the overall battery energy storage system market's profits.
Next, we find activities related to system integration, which include the integrated design and development of
energy management systems and specialized software to increase the efficiency and effectiveness of battery energy
storage systems. Specialists in this field are expected to capture between 25% and 30% of the total profits.
Finally, an estimated 10% to 20% of total profits can go to sales, project development, customer acquisition
activities, and operational processes

3.3.10. what are the latest battery technology innovations we should be aware of?
From a technology perspective, the most important battery parameters for customers are cycle life and cost.
Lithium-ion batteries currently dominate the market due to their ability to meet customer needs. Nickel-manganese-
cobalt cathodes were once key battery components, but lithium iron phosphate (LFP) batteries have become a more
affordable alternative. While these batteries may not be as robust as nickel-metal phosphate batteries in some
respects, there is interest in LFP due to their lower cost. However, the scarcity of lithium remains a significant
challenge, opening the door to exploring alternative and innovative technologies. These technologies include options
such as sodium-ion batteries and sodium-sulfate batteries, as well as metal-air batteries and flow batteries.
Sodium-ion technology is a technology that we need to monitor closely. So far, sodium-ion batteries remain less
advanced than their lithium-ion counterparts in several key aspects. For example, sodium batteries have a life cycle
of 2,000-4,000 cycles, while lithium batteries have a life cycle of 4,000-8,000. Energy density ranges from 120-160
Wh/kg for sodium batteries to 170-190 Wh/kg for lithium iron phosphate batteries. However, sodium batteries could
be up to 20% cheaper than lithium, according to our assessment. Sodium-ion technology is steadily advancing,
especially with increased manufacturing volume. One of its notable advantages is safety, as it is less susceptible to
thermal runaway risks. In terms of sustainability, sodium-ion batteries are an environmentally friendly option,
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especially when compared to lithium batteries, which require extraction that can have negative environmental
impacts.

Sodium-ion batteries are promising and gaining increasing popularity in the battery energy storage market. In 2023
alone, at least six companies are expected to begin production of these batteries. The challenge facing service
providers now is choosing which type of battery they want to use. It is important for those working in the integration
field to be ready to switch to sodium-ion batteries as soon as they become commonplace

BESS App:

Here’s how common BESS applications can simplify everyday life:

1. Backup power. During outages or emergencies, a BESS provides a steady reserve so essential
appliances and devices keep running—offering real peace of mind when something unexpected
happens.

2. Peak shaving (time-of-use shifting). Because demand spikes at certain hours, the system stores energy
when rates are lower and uses it during peaks. That can cut electricity costs and smooth the load on the
grid.

3. Grid support. BESS can stabilize the wider network by delivering frequency regulation, voltage support,
and load leveling, which improves reliability and reduces reliance on fossil-fuel peaker plants

The integration of microgrids with BESS

Picture a world where people live in a community that produces and uses its own electricity. The answer lies in
microgrids. Microgrids are small power grids that interconnect smaller sources of energy, e.g., solar panels,
wind turbines, or gas generators, and connect them to end-use electric loads. They can run independently or in
parallel to the primary power grid, offering more reliability and flexibility.

A battery energy storage system (BESS) is a key part of a microgrid. It stores electricity and releases it during
peak demand or when solar and wind output dip, helping keep the power supply continuous and stable.

Benefits of BESS in microgrids:
1. Uninterrupted Power Supply (UPS): BESS system serves as a trustworthy backup to avoid losses of power
and ensure supply of power if the main grid fails or in case of emergencies like natural disasters.
2. Grid Stability: By providing an immediate response to the fluctuations in energy demand, a BESS system
stabilizes and optimizes the grid. This is especially essential when merging variable output sources of renewable
energy like solar and wind power with the microgrid.
3. Enhancing the integration of renewable energy: By smoothing the output of variable renewable sources, a
BESS ensures a steady supply, improves efficiency, and limits the need for fossil-fuel backup.
4. Loading Management: Loading extra power at off-peak times and releasing at peak times, BESS smoothes
out peak loads and relieves pressure from the main grid.
3.4. Network Services and BESS
As power-system needs evolve and solar and wind capacity expands, battery energy storage systems (BESS) have
become vital for smooth, reliable grid operation. This section outlines how BESS bolster the grid, enhance power
quality, and coordinate with distributed energy resources (DERS).
Grid services: These are the functions BESS provide to keep the system stable—frequency regulation, load
balancing, and peak shaving among them. By storing surplus energy when demand is low and discharging it during
spikes, BESS help align supply with demand and maintain reliability.
Power quality: Large amounts of variable renewable energy can introduce issues such as voltage fluctuations,
harmonic distortion, and frequency imbalances. A BESS can absorb or inject power on the fly to smooth these
effects, keeping overall power quality stable.
Grid stability and reliability: By helping maintain voltage and frequency, BESS reduces the risk of outages. If
demand suddenly surges or renewable output dips, the system can quickly release stored energy to stabilize the grid
and prevent disruptions. That rapid response is critical for reliable service.
Frequency regulation: Power systems operate at a set frequency. When supply and demand drift out of balance,
BESS can charge or discharge within seconds to nudge the frequency back to its target—helping avoid potential
outages.
3.4.  Economic aspects of BESS:
Installation costs:
Planning a Battery Energy Storage System (BESS) includes installation expenses. These vary with system size, site
conditions, and integration complexity. Larger systems cost more overall but often benefit from economies of scale,
lowering the cost per unit of storage.
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Revenue generation:
A BESS can create income by exporting electricity to the grid or taking part in energy markets. Examples include:
e Frequency regulation: Fast response to grid frequency swings helps stabilize the system and earns
revenue.
e Energy arbitrage: Charge when prices are low and sell (discharge) when prices are high.
o Network capacity deferral: Use storage to ease local grid constraints and get compensated for delaying
costly upgrades.
These income streams can offset upfront costs and improve overall profitability.
e Energy savings
A BESS can also cut your bills:
e Peak shaving: Charge during off-peak, lower-price periods and discharge during peak hours to reduce
demand charges.
e Time-of-Use (TOU) optimization: Align charging with low-price windows and discharging with high-
price periods to maximize savings.
e Renewable integration: If you have solar or another renewable source, store excess generation and use it
when production is low or zero to boost the value of your system.
Bottom line
The essential financial elements are what it costs to install, how much it can earn, and how much it can save on bills.
Considering all three helps a BESS deliver lower energy costs and new income over the long run.
3.5. Basis Safety Procedures
When working with the battery energy storage system, it is necessary to prioritize safety for people and properties
safety. By implementing the right safety measures, you can ensure the efficient operation of the battery energy
storage system and reduce any risk. Here are some important security measures in mind:

1. Proper Placement and Installation: Position your BESS system in a safe location and with good
practice. This can be a distance from other structures or meeting certain requirements by local
authorities.

2. Thermal management: To prevent overheating, use a robust thermal management setup—temperature
sensors, appropriate cooling, and continuous monitoring—to keep cells within their recommended
operating range.

3. Fire protection: Incorporate fire-resistant barriers and suitable suppression systems, especially in large
BESS installations, and ensure full compliance with local fire-safety codes and standards.

4. Maintenance schedule: Follow a routine maintenance plan that inspects battery cells, connections, and
monitoring/controls for wear or damage, with timely repairs and updates to keep operation safe.

5. Safety Markings and Signs : Identify all the safety warnings and dangers in the surrounding area of
your BESS system installation, such as electrical and fire hazards. This keeps anybody who comes in
contact with the system well informed about possible hazards.
6. Emergency preparedness: Prepare a BESS emergency plan with explicit role assignments, decision
authority, and protocols; add emergency contact details, mapped evacuation paths, and mitigation measures for
foreseeable faults.

3.6. BESS System Maintenance and Efficiency:
Regular maintenance is essential to keep a battery energy storage system (BESS) performing efficiently over
the long term. As with any electrical installation, routine inspections, software/firmware updates, and
continuous monitoring help catch issues early and ensure smooth operation.
A key maintenance task is checking the Battery Management System (BMS), which governs safety and
efficiency. Systematic BMS monitoring allows charging and discharging to be tailored to operating conditions
and can extend battery life.
Effectiveness also depends on understanding energy density—the amount of energy stored per unit mass or
volume. Higher energy density typically yields smaller, lighter systems that are easier to integrate, but it also
influences overall efficiency and design choices. Selecting a battery with an energy-density profile suited to the
specific application is therefore critical.

Here are some general tips to keep a BESS running safely and efficiently:

e Inspect batteries, connectors, and terminals for any signs of wear or damage.
e Clean battery cases and terminals to prevent dirt and debris buildup.

e Tighten loose connections to maintain efficient power delivery.
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e  Test batteries regularly to confirm they hold a charge and operate as expected.

e  Monitor system temperature, voltage, and current to ensure operation stays within specified limits.
e Replace any damaged or underperforming components promptly.

3.6. Major BESS technology manufacturers

The BESS market includes a wide field of suppliers; prominent names include Tesla, LG Chem, Samsung SDI,

Panasonic, Deye, and others. These companies offer a broad range of storage products and system solutions tailored

to different applications in the renewable-energy sector. Comparing their portfolios—performance specifications,

certifications, and service coverage—helps identify the option best suited to a given storage need.
3.7.  Challenges facing Smart Batteries:

Despite strong recent momentum, significant R&D bottlenecks remain—many of which can be reframed as

opportunities for sustainable progress. Smart batteries are a focal topic, yet understanding of their electrochemical

behavior, embedded intelligence, and real-world performance is still nascent. Continued advancement will require
targeted performance optimization and architectural redesigns that coalesce into coherent technology platforms. The

following sections identify the key scientific questions, outline technical pathways to address them, and present a

forward-looking roadmap for smart-battery development.

1. 1. Real-time perception: Smart batteries embed multiphysics sensors—temperature, strain, gas, and pressure—
at the cell level to observe internal conditions and stream diagnostics to the battery management system (BMS).
Truly precise BMS control still requires progress on several fronts: improving sensor accuracy; strengthening
data analysis and BMS integration; suppressing cross-talk among sensing channels; and hardening sensors
against electrolyte corrosion. Promising paths forward include fabricating ultra-thin, high-precision sensors via
advanced processing to boost sensitivity and cut measurement error, and deliberately enhancing single sensing
features to minimize signal crossover. On the analytics side, Al methods can distill rich sensor datasets into
physics-meaningful features, detect anomalies, and support multi-dimensional diagnostics—from safety alerts
to lifetime prognostics. Durability can be strengthened through copolymerization and by selecting corrosion-
resistant encapsulation materials, hardening sensors for long-term operation inside the cell.

2. 2. Dynamic response: Smart batteries with dynamic response rely on stimuli-responsive materials that enable
interactive behaviors; advancing and engineering new smart materials is therefore critical. Yet progress is held
back by slow, trial-and-error experimental workflows, which limit multifunctional designs. To unlock more
advanced functions, smart batteries need new features that mitigate compatibility issues and preserve original
electrochemical performance. Added to that, the growing structural complexity of battery components makes it
harder to achieve balanced, peak performance across the device. A way forward is to couple data and machine
learning (ML) with theory and experiments to map processing—microstructure—property relationships from the
micro and mesoscale up to the macro level. This approach enables prediction of material properties and shortens
the path to designing functional materials. By applying Al and machine learning, researchers can screen
candidates across the entire battery value chain, accelerating the development of batteries that deliver higher
performance, greater efficiency, and improved sustainability. Electrochemical simulations complement lab
work by analyzing and optimizing materials; combining simulation and experimental data helps pinpoint factors
that affect operation and guides trade-offs between compatibility and performance at the material and device
levels. Finally, 3D/4D printing has proven effective for building batteries with high shape fidelity, allowing
rapid integration of complex functional architectures—and its biggest advantage is precise, customizable
control of structures from micro to macro without relying on pre-made templates.

3. Self-governing smart batteries layer Al, mobile communications, and automatic control onto real-time sensing
and dynamic response, enabling autonomous management. Their capabilities span state estimation, aging
prediction, physics-based and data-driven modeling, and control strategies aimed at safeguarding performance,
lifetime, and safety. The central challenge is sustaining model fidelity and control efficiency amid massive data
streams, long duty cycles, and complex interaction effects—an active area of research.

A promising direction is a cloud-hosted, loT-enabled data platform that fuses multi-source information across
time and space. Coupled with Al, such a platform can adapt and integrate electrochemical model architectures,
support multi-dimensional mapping, and simulate battery behavior at scale. Insights synthesized in the cloud
can then be transmitted via 5G to the BMS, informing streamlined, high-impact control policies that optimize
operation.

Advancement in this domain is inseparable from smart manufacturing. Modern battery manufacturing combines
advanced production technologies with analytics, linking virtual and physical workflows to deliver embedded
intelligence, higher efficiency, and rigorous quality assurance. Up front, Al sifts large datasets to model and run
preliminary virtual designs that predict performance and guide optimization. Those insights then inform real-
world design choices—such as electrode materials and electrolyte composition. Production integrates virtual
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and actual steps: simulations optimize processes to cut waste, while live feedback enables real-time adjustments
so manufacturing stays efficient, precise, and controllable. At the materials and electrode stages, intelligent lines
keep fabrication within spec and adapt on the fly; during assembly, tight coordination between virtual plans and
shop-floor execution ensures accurate component fit and connections. A core task is decoupling the
relationships among manufacturing parameters and understanding how they shape final battery performance.
Effective integration is crucial: distributed sensing and control must connect cleanly to a central management
system, with reliable data flow and strong device connectivity. Communication between local terminals and the
cloud also demands robust networking and compute resources. In operation, integrated components interact
dynamically with the BMS, and the cloud logs control settings and performance indicators—feeding iterative
refinements that build smarter, more consistent, and more efficient batteries over time.
The current energy transition centers on making systems smarter and more efficient—Ileveraging the internet,
big data, and cloud computing to modernize infrastructure, improve resource utilization, and foster a green
industrial ecosystem that is intelligent, efficient, clean, low-carbon, and circular. Near-term priorities include
the development of multifunctional, high-performance smart batteries. Over the longer horizon, an autonomous
energy interconnection network can take shape by integrating multi-signal sensors, smart battery materials, and
feedback control with advanced manufacturing and Al-driven methods. To speed the smart era’s growth, the
overall network should deeply embed next-generation intelligent technologies and emphasize real-time, end-to-
end, efficient, and interactive information—along with broad, reliable services.
4. Conclusion:
Smart batteries represent a groundbreaking advancement in energy storage technology:« setting a new standard for
efficiency« safety «and sustainability. Unlike conventional batteries, smart batteries incorporate cutting-edge features
such as real- time pear for performance monitoring, adaptive charging algorithms, thermal management, and
seamless 10T connectivity. These innovations enable precise control over energy flow prevent overcharging or
overheating, and significantly extend battery lifespan- making them ideal for modern high- demand applications.
The potential applications of smart batteries are vast and transformative. In consumer electronics,
They optimize power usage in smartphones, laptops, and wearables, enhancing user convenience. In electric
vehicles (EVs), they improve range, charging speed, and battery longevity, accelerating the transition to sustainable
transportation. In renewable-energy systems, smart batteries store solar and wind output efficiently, steady the grid,
and cut dependence on fossil fuels. Looking ahead, the integration of artificial intelligence (Al) and machine
learning (ML) will further revolutionize smart batteries. Predictive analytics can anticipate energy needs, while self-
healing materials may repair minor degradations autonomously. As smart cities and 0T ecosystems expand, these
batteries will become essential for powering interconnected devices sustainably.
However, challenges remain, including production costs, recycling infrastructure, and standardization. Addressing
these issues through research, policy support and industry collaboration will be crucial for widespread adoption.
Ultimately, smart batteries are not just an improvement-they are necessity for a cleaner, smarter energy future. By
investing in their development today, we pave the way for a more efficient and environmentally responsible
tomorrow.
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