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Abstract: Battery energy storage systems (BESS) have emerged as a cornerstone technology for
enabling large-scale renewable energy integration and providing essential grid ancillary services. This
review synthesizes recent advances in BESS electrochemical technologies-including lithium-ion (NMC,
LFP), vanadium redox flow batteries, and emerging chemistries-alongside power conversion
architectures, control strategies (droop, virtual synchronous generator, model predictive control), and
energy management systems. Applications spanning frequency regulation, peak shaving, voltage
support, renewable firming, and black-start capability are critically examined. Sizing and optimization
methodologies including MILP, particle swarm optimization, and genetic algorithms are reviewed in the
context of techno-economic performance. Degradation mechanisms, state-of-health estimation, and
thermal management strategies are analyzed, followed by a discussion of prevailing challenges in safety,
supply chain, recycling, and grid-code compliance. Global installed BESS capacity grew from
approximately 9 GWh in 2018 to 95 GWh by 2024, underscoring the technology's accelerating
deployment trajectory.

Index Terms - Battery energy storage systems, frequency regulation, grid integration, lithium iron
phosphate, model predictive control, renewable energy

I. INTRODUCTION

The global transition toward low-carbon electricity systems has intensified reliance on variable
renewable energy sources (VRES) such as solar photovoltaic (PV) and wind power. While VRES
capacity additions reached record levels in 2023-with solar PV alone accounting for 90% of new
capacity globally-their inherent intermittency and non-dispatchable nature impose significant
operational challenges on transmission and distribution networks [1]. responding, flexible assets capable
of absorbing or injecting power on sub-second timescales [2].

Battery energy storage systems fulfil this requirement by decoupling the temporal mismatch between
generation and demand. Unlike pumped hydro or compressed-air storage, BESS can be sited at virtually
any location in the grid, scaled modularly from kilowatts to hundreds of megawatts, and commissioned
within months [3]. Their power electronics interface enables four-quadrant operation, allowing
simultaneous real and reactive power control. Global grid-scale BESS deployments have grown from
roughly 9 GWh of installed capacity in 2018 to approximately 95 GWh by the end of 2024, with
projections exceeding 700 GWh by 2030 [4].
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This review provides a structured synthesis of the current state of BESS technology and its integration
into power grids and renewable energy systems. Sections II-VI1I1 address, respectively: electrochemical
technologies and characteristics; power conversion and control architectures; grid and renewable
applications; sizing and optimisation; degradation and thermal management; and challenges, standards,
and future trends.

1. BESS TECHNOLOGIES AND CHARACTERISTICS

A. Lithium-lon (NMC/NCA)

Nickel manganese cobalt (NMC) and nickel cobalt aluminium (NCA) cathode chemistries offer energy
densities of 150-250 Wh/kg and cycle lives of 1,000-3,000 full cycles at 80% depth of discharge (DoD).
Their high specific energy makes them attractive for mobile and space-constrained stationary
applications, but cobalt content raises cost and supply-chain concerns. Capital costs for NMC systems
have fallen from approximately 400 USD/kWh in 2018 to around 200 USD/kWh in 2023 [5]. C-rate
capabilities of 1-3 C enable fast response for frequency regulation services.

B. Lithium Iron Phosphate (LFP)

LFP has rapidly become the dominant chemistry for grid-scale BESS, driven by its superior cycle life
(4,000-6,000 cycles), inherent thermal stability, cobalt-free composition, and declining cost trajectory
reaching approximately 160 USD/kWh in 2023 [6]. Although its volumetric energy density (~200
Wh/L) is lower than NMC, the flat discharge voltage curve simplifies battery management system
(BMS) design. LFP's resistance to thermal runaway at elevated temperatures makes it the preferred
choice for utility-scale projects [7].

C. Vanadium Redox Flow Batteries (VRFB)

Flow batteries decouple power and energy ratings by separating the electrochemical reactor (stack) from
the electrolyte storage tanks. VRFB systems achieve round-trip efficiencies of 70-80%, virtually
unlimited cycle life (>20,000 cycles) due to the absence of solid-phase electrode degradation, and
independent scalability of power and energy [8]. Capital costs remain higher (300-600 USD/kWh) but
levelised cost of storage (LCOS) can be competitive over long project lifetimes. Emerging variants
include zinc-bromine, iron-chromium, and organic flow batteries targeting further cost reductions [9].

D. Emerging Chemistries

Sodium-ion batteries (SIBs) have attracted significant commercial attention due to abundant sodium
resources and comparable manufacturing processes to LIBs. CATL's first-generation SIB achieves ~160
Wh/kg and is projected to reach cost parity with LFP by 2026 [10]. Solid-state batteries (SSBs) promise
higher energy density and improved safety but remain pre-commercial for grid-scale applications.
Lithium-sulphur and lithium-air chemistries offer theoretical energy densities exceeding 500 Wh/kg but
face cycle-life limitations requiring further research [11].

Comparison of Key BESS Technology Parameters

& (sa¢ Legend for units)

LFP
Battery Technology

Fig. 1. Comparison of key performance parameters for NMC, LFP, and VRFB technologies [5]-[9].
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I11. CONTROL AND POWER CONVERSION ARCHITECTURES

A. Power Conversion System (PCS)

The power conversion system interfaces the DC battery stack with the AC grid through a bidirectional
voltage-source converter (VSC). Modern PCS designs employ three-level neutral point clamped (NPC)
or T-type topologies to reduce switching losses and total harmonic distortion (THD < 3%) at grid
connection points [12]. A DC/DC stage--typically a bidirectional buck-boost converter--regulates the
battery terminal voltage to match the DC-link voltage, extending the operational state-of-charge (SoC)
window and protecting cells from over-voltage or under-voltage conditions.

B. Droop Control

Droop control emulates the natural governor response of synchronous generators by adjusting active
power output proportionally to frequency deviation (P-f droop) and reactive power proportionally to
voltage deviation (Q-V droop). The droop coefficient R determines the frequency regulation bandwidth;
typical values of 2-5% are used in grid codes. While droop control is simple to implement and inherently
decentralised, it results in steady-state frequency error that must be corrected by secondary control [13].

C. Virtual Synchronous Generator (VSG)

VSG control augments the droop response by emulating the swing equation of a synchronous machine,
thereby providing synthetic inertia to the grid. The VVSG algorithm computes a virtual rotor speed from
the measured grid frequency and uses this to modulate the converter output, replicating the Kinetic
energy release of a rotating mass [14]. Studies have demonstrated that VSG-controlled BESS can reduce
the rate-of-change-of-frequency (RoCoF) by 30-50% during large generation trip events, improving
frequency nadir and reducing under-frequency load shedding [15].

D. Model Predictive Control (MPC)

MPC optimises BESS dispatch over a receding horizon by solving a constrained optimisation problem at
each control step, explicitly accounting for SoC limits, power ramp-rate constraints, and forecast
uncertainty [16]. Stochastic MPC variants incorporate probabilistic renewable generation and load
forecasts, enabling risk-aware scheduling. Compared to rule-based energy management systems (EMS),
MPC has been shown to improve revenue by 8-15% in frequency regulation and energy arbitrage co-
optimisation scenarios [17].

E. Energy Management Systems (EMS)

The EMS coordinates BESS operation at the system level, integrating forecasts, market signals, and grid
operator instructions to generate optimal dispatch schedules. Modern EMS platforms employ
hierarchical architectures: a supervisory layer performs day-ahead scheduling via MILP or metaheuristic
algorithms, while a real-time layer executes second-to-second corrections via MPC or rule-based logic
[18]. Cloud-based EMS with digital-twin functionality is emerging as a scalable solution for large multi-
site BESS fleets.

IV. APPLICATIONS IN GRID AND RENEWABLE SYSTEMS

A. Frequency Regulation

Primary frequency regulation (PFR) requires response within 30 seconds of a frequency deviation, while
fast frequency response (FFR) targets sub-second injection. BESS is uniquely suited to FFR due to its
millisecond-level response time, compared to 5-30 seconds for gas turbines [19]. Field demonstrations
in the UK, Australia, and the US have confirmed that grid-scale BESS can provide FFR with response
times of 150-200 ms, achieving performance scores above 98% in capacity markets [20].

B. Peak Shaving and Load Shifting

Peak shaving reduces demand charges for commercial and industrial consumers by discharging during
peak tariff periods and recharging during off-peak hours. Optimal peak-shaving algorithms use day-
ahead load forecasts and time-of-use (ToU) tariff structures to determine charge/discharge schedules that
minimise electricity costs while respecting SoC and power limits [21]. BESS-based peak shaving has
demonstrated bill reductions of 15-40% for large commercial consumers in deregulated markets [22].
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C. Voltage Support

Distribution networks with high PV penetration experience voltage rise during midday generation peaks.
BESS configured in reactive power priority mode can inject or absorb reactive power (Q) to maintain
voltage within +/-5% of nominal, as required by IEEE 1547-2018 [23]. Coordinated volt-var
optimisation (VVO) using BESS alongside on-load tap changers and capacitor banks has been shown to
reduce voltage violations by over 90% in high-PV feeders [24].

D. Renewable Firming and Ramp-Rate Control

Renewable firming uses BESS to smooth the output of wind and solar plants, meeting ramp-rate limits
imposed by grid operators (typically 10% of rated capacity per minute). Moving average and low-pass
filter-based control strategies are widely deployed, while MPC-based approaches optimise the trade-off
between smoothing performance and battery cycle ageing [25]. Co-located PV-BESS systems with
ramp-rate control have demonstrated compliance with Hawaiian Electric's 2 MW/min ramp limit across
varying irradiance conditions [26].

E. Black Start Capability

BESS can provide black-start capability by energising transmission lines and cranking generators
following a total grid blackout, without requiring an external power source. Inverter-based black-start
requires islanded voltage and frequency control algorithms that transition seamlessly to grid-following
mode upon synchronisation [27]. BESS black-start projects have been commissioned in the UK (2020)
and Australia (2023), demonstrating restoration times 40-60% faster than conventional diesel-based
solutions.

Distribution of BESS Applications in Grid Services
(Based on Literature Survey, 2018-2024)

Black Start / Resilience
Voltage Support

Other Ancillary Services

Renewable Firming

Frequency Regulation

Fig. 2. Distribution of BESS grid-service applications based on aggregated literature survey data.
Frequency regulation and peak shaving collectively account for over 55% of reported deployments.

V. MODELING, SIZING, AND OPTIMIZATION

A. Battery Modelling

Equivalent circuit models (ECMs) represent battery dynamics using resistor-capacitor (RC) networks
calibrated to electrochemical impedance spectroscopy (EIS) data. First-order RC models capture bulk
diffusion dynamics and are sufficient for energy management applications, while second-order models
improve accuracy during transient conditions [28]. Physics-based models such as the Doyle-Fuller-
Newman (DFN) model resolve concentration gradients within electrodes and electrolyte but require
significant computational resources, limiting their use in real-time control.

B. Sizing Methodologies

Mixed-integer linear programming (MILP) is the most widely adopted deterministic sizing method,
formulating BESS power and energy capacity as decision variables subject to operational and financial
constraints [29]. Stochastic programming extends MILP to account for renewable generation and price
uncertainty using scenario trees or chance constraints. Metaheuristic methods--including particle swarm
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optimisation (PSO), genetic algorithms (GA), and grey wolf optimiser (GWO)--offer global search
capability for non-convex sizing problems with multiple objectives [30].

C. Techno-Economic Optimisation

Techno-economic models evaluate BESS projects on the basis of net present value (NPV), levelised cost
of storage (LCOS), and internal rate of return (IRR). Revenue stacking--simultaneously capturing value
from energy arbitrage, frequency regulation, and capacity markets--has been shown to reduce LCOS by
20-35% compared to single-service operation [31]. Sensitivity analyses consistently identify battery
capital cost, cycle life, and electricity price spread as the dominant drivers of project economics [32].

V1. DEGRADATION, LIFETIME, AND THERMAL MANAGEMENT

A. Degradation Mechanisms

Capacity fade in lithium-ion batteries arises from multiple interacting mechanisms: solid electrolyte
interphase (SEI) growth on the anode consumes lithium inventory; lithium plating at high C-rates or low
temperatures accelerates capacity loss; and cathode structural disordering (e.g., Ni migration in NMC)
reduces accessible capacity [33]. Calendar ageing proceeds even at rest, driven by SEI growth and
electrolyte oxidation at elevated temperatures. Cyclic ageing depends on DoD, C-rate, and temperature,
with empirical models capturing these dependencies via Arrhenius-type degradation equations.

B. State-of-Health Estimation

Accurate SoH estimation is essential for BESS operational management and warranty compliance.
Coulomb counting, open-circuit voltage (OCV) mapping, and EIS-based methods are used in BMS
hardware, while data-driven approaches-including Gaussian process regression, long short-term memory
(LSTM) networks, and XGBoost-have achieved SoH estimation errors below 2% RMSE on public
battery datasets [34]. Hybrid physics-informed neural networks (PINNS) are emerging as a promising
approach combining model interpretability with data-driven accuracy [35].

C. Thermal Management

Thermal management is critical for both performance and safety. Cell temperature non-uniformity
exceeding 5 deg C accelerates differential ageing and can trigger thermal runaway in worst-case
scenarios [36]. Liquid cooling using cold plates or immersion cooling achieves temperature uniformity
within +/-1-2 deg C and is standard in utility-scale BESS containers. Phase-change material (PCM)
cooling offers passive thermal buffering for moderate duty cycles. Multi-scale thermal models coupling
cell-level heat generation with module- and pack-level thermal networks enable predictive thermal

management strategies that extend calendar life by 15-25% [37].
) Global Grid-5Scale BESS Installed Capacity Growth (2018-2024)
=0 Global BESS Installed Capacity

103 1

Installed Capadity [OWh)

X1k o] A il o okl P
Year

Fig. 3. Global grid-scale BESS installed capacity growth (2018-2024). Data sourced from IRENA and
IEA reports [4]. The compound annual growth rate (CAGR) over this period was approximately 47%.
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VII. CHALLENGES, STANDARDS, AND FUTURE TRENDS

A. Safety and Thermal Runaway

Thermal runaway-an uncontrolled exothermic reaction triggered by internal short circuits, overcharge,
or external abuse-remains the most serious safety hazard in BESS installations. Mitigation strategies
include flame-retardant electrolyte additives, ceramic-coated separators, multi-layer BMS protection,
and fire suppression systems using heptafluoropropane (HFP) or inert gas [38]. High-profile BESS fires
in South Korea (2018-2019) prompted regulatory revisions and stricter installation standards, including
mandatory fire detection, suppression, and ventilation requirements.

B. Applicable Standards

Key standards governing BESS deployment include: IEEE 1547-2018 (interconnection and
interoperability of distributed energy resources); IEC 62619:2022 (safety requirements for secondary
lithium cells and batteries for stationary applications); UL 9540 (standard for energy storage systems
and equipment); and IEEE 2030.2.1-2019 (guide for design, operation, and integration of energy storage
systems in the grid). Grid code requirements vary by jurisdiction; harmonisation of BESS grid-code
requirements remains an ongoing challenge for international project developers [39].

C. Supply Chain and Critical Materials

The rapid scaling of BESS deployments has intensified concerns over the supply of critical minerals
including lithium, cobalt, nickel, and manganese. Geographic concentration of mining (60% of cobalt
from the DRC; 50% of lithium from Australia and Chile) creates geopolitical risk [40]. Diversification
through cobalt-free chemistries (LFP, SIB), direct lithium extraction (DLE) technologies, and closed-
loop recycling are being pursued to mitigate supply-chain vulnerabilities.

D. Recycling and End-of-L.ife

Battery end-of-life management encompasses second-life repurposing and recycling. Second-life LIBs-
retired from EVs at 70-80% remaining capacity-can serve stationary BESS applications for an additional
5-10 years at lower cost than new cells [41]. Hydrometallurgical and direct recycling processes recover
90-98% of lithium, cobalt, and nickel, but remain energy-intensive and costly at current scales. Extended
producer responsibility (EPR) regulations in the EU (Battery Regulation 2023/1542) are accelerating the
development of industrially scalable recycling infrastructure.

E. Future Trends

Several converging trends will shape BESS evolution over the coming decade. Solid-state electrolytes
promise to eliminate liquid electrolyte flammability and enable energy densities exceeding 400 Wh/kg,
though manufacturing challenges must be resolved for grid-scale deployment. Al-driven predictive
maintenance and digital-twin platforms will enable condition-based asset management, reducing
operational expenditure by an estimated 20-30%. Vehicle-to-grid (V2G) integration will blur the
boundary between mobile and stationary storage, creating distributed virtual power plants. Finally, long-
duration energy storage (LDES) technologies--including iron-air batteries, gravity storage, and green
hydrogen--will complement BESS for seasonal balancing as VRES penetration approaches 80-100% in
leading grids [42].

IX. COMPARATIVE ANALYSIS: BESS vs. ALTERNATIVE STORAGE TECHNOLOGIES

A. Overview of Competing Technologies

Grid-scale energy storage encompasses a spectrum of technologies, each offering distinct trade-offs in
round-trip efficiency, response speed, energy density, scalability, and cost. The principal alternatives to
BESS are pumped hydroelectric storage (PHS), compressed air energy storage (CAES), flywheels,
hydrogen-based power-to-power (P2P2P) systems, and supercapacitors. Table | summarises the key
performance indicators for each technology class based on aggregated literature data.
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TABLE I. Key Performance Indicators: BESS vs. Alternative Grid-Scale Storage Technologies
(aggregated from IRENA 2024, NREL, Bloomberg NEF 2024, and peer-reviewed sources)

Technolog | RT | Respo Durati | Ener Cost Siting
y E nse on ay ($/kW
(% Densi | h)
) ty
BESS 92- | <200 1-8h High 250- Flexible
(LFP) 96 ms 320
BESS 90- | <200 1-6 h High 280- Flexible
(NMC) 95 ms 360
Pumped 70- | 1-5 4-24 h Very 100- Constrai
Hydro 82 min Low 250 ned
CAES 60- | 5-15 4-24 h Very 150- Constrai
(Adv.) 70 min Low 300 ned
Flywheel 90- | <10 ms | <1 min | Medi 1000+ | Flexible
95 um
Hydrogen 25- | min- Days+ High 500+ Moderat
P2P2P 40 hrs e
Supercapa | 90- | <1l ms Second | Low 3000+ | Flexible
citor 98 S
Na-ion 88- | <200 1-6 h Medi 200- Flexible
BESS 93 ms um 280

B. Round-Trip Efficiency

Round-trip efficiency (RTE) is the ratio of electrical energy output to input over a complete charge-
discharge cycle. BESS based on lithium iron phosphate (LFP) achieves RTE of 92-96%, surpassing all
competing technologies at grid scale. Flywheel systems attain comparable efficiencies (90-95%) but are
constrained to short-duration (<1 min) discharge applications due to self-discharge rates of 20-100% per
hour. Pumped hydro, the dominant installed storage technology globally, achieves RTE of 70-82%,
limited by hydraulic and mechanical conversion losses. Advanced adiabatic CAES (AA-CAES) reaches
60-70% RTE, while hydrogen-based P2P2P chains (electrolysis + fuel cell) remain at 25-40%, reflecting
cascaded conversion losses. Fig. 5 illustrates these efficiency ranges across technologies.
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Fig. 5. Round-trip efficiency comparison of grid-scale energy storage technologies. Bars represent
midpoint values; whiskers indicate reported min-max range from literature.

C. Response Speed and Application Fit

BESS provides sub-cycle response times of 20-200 ms, enabling primary frequency response (PFR), fast
frequency response (FFR), and synthetic inertia services that no other bulk storage technology can
match at comparable capacity. Pumped hydro requires 1-5 minutes to ramp from standby to full output,
disqualifying it from FFR markets. CAES start-up times of 5-15 minutes limit its role to energy
arbitrage and spinning reserve. Flywheels offer millisecond response but lack the energy capacity
(typically <30 MWh) for multi-hour applications. Hydrogen systems face the longest response latency
(minutes to hours) due to electrolyser warm-up and fuel-cell conditioning requirements. Fig. 6 positions
each technology in the cost-vs.-response-speed design space, illustrating the unique position of BESS as
the only technology combining fast response with moderate installed cost.
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Fig. 6. Costvs. Response Speed: Grid-Scale Energy Storage Technologies
(bubble size proportional to typical deployable capacity in W)

~2024)

Installed Cost (USDykWh,

300

ig-l'?ﬁ!' 5% o ity © (A
R L

1o 10 10 i} 10t i iR
Response Time (seconds, log scale)

Fig. 6. Installed cost (USD/kKWh) vs. response time for grid-scale energy storage technologies (2024
estimates). Bubble size is proportional to typical deployable capacity. BESS occupies the desirable low-
cost, fast-response quadrant.

D. Energy and Power Density

Lithium-ion BESS achieves energy densities of 150-250 Wh/kg (cell level) and power densities of 200-
500 W/kg, enabling compact, modular installations on constrained urban or industrial sites. Pumped
hydro requires large elevation differentials and reservoir volumes, making it unsuitable for most
locations; its energy density at system level is effectively site-dependent and not comparable on a per-kg
basis. CAES requires geological caverns or purpose-built pressure vessels, similarly constraining siting.
Vanadium redox flow batteries (VRFBs) achieve 15-25 Wh/kg at system level, roughly one-tenth that of
LFP, necessitating significantly larger footprints for equivalent capacity. Flywheels and supercapacitors
offer high power density but low energy density, suiting them only for power-quality and ride-through
applications rather than multi-hour energy storage.

E. Scalability and Siting Flexibility

BESS is uniquely scalable: containerised systems can be deployed from 100 kWh to hundreds of MWh
by paralleling standardised battery racks and power conversion modules, with no geographic constraints
beyond grid interconnection. The Hornsdale Power Reserve (150 MW/194 MWh, South Australia) and
the Moss Landing BESS (182.5 MW/730 MWh, California) exemplify utility-scale deployments that
would be infeasible with pumped hydro or CAES at the same locations. Pumped hydro is geographically
constrained to sites with adequate elevation change and water availability. CAES requires salt caverns,
depleted gas fields, or purpose-built pressure vessels. The modular nature of BESS also facilitates co-
location with solar PV and wind farms, enabling hybrid plant configurations that optimise revenue
stacking across multiple grid services.

F. Installed Cost and Levelized Cost of Storage

Bloomberg NEF (2024) reports utility-scale LFP BESS pack prices at approximately $115-130/kWh,
with installed system costs of $250-320/kWh for a 4-hour duration system. Pumped hydro installed costs
range from $100-250/kWh for greenfield projects but carry multi-year construction timelines and high
civil engineering risk. CAES costs range from $100-170/kWh for geological storage, but advanced
adiabatic variants with thermal storage remain at $150-300/kWh. Flywheel systems cost $1,000-
5,000/kWh due to precision mechanical components and vacuum enclosures. Hydrogen P2P2P costs
exceed $500/kWh when accounting for electrolyser, storage, and fuel-cell capital. On a levelized cost of
storage (LCOS) basis, LFP BESS is competitive at $150-200/MWh for daily cycling applications,
benefiting from high RTE, long cycle life, and declining capital costs.

G. Environmental and Safety Considerations

BESS carries environmental concerns related to lithium, cobalt, and nickel mining, and end-of-life
battery disposal. However, LFP chemistry eliminates cobalt and reduces lithium content relative to
NMC, and improving recycling infrastructure is progressively mitigating these concerns. Pumped hydro
and CAES have lower per-kWh material footprints but impose significant land-use and ecosystem
impacts. From a safety perspective, BESS thermal runaway risk is managed through cell-level fusing,

[JCRTBY02028 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ 245


http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 7 July 2026 | ISSN: 2320-2882

battery management systems, and fire suppression systems compliant with UL 9540A and NFPA 855.
Hydrogen storage introduces flammability and explosion risks that require additional safety
infrastructure. Flywheels pose mechanical failure (burst) risks at high rotational speeds, requiring robust
containment structures.

H. Multi-Attribute Comparison Summary

BESS (LFP) scores highest in round-trip efficiency, response speed, and scalability, and achieves
competitive scores in safety and cost. No single alternative dominates across all dimensions: pumped
hydro excels in cycle life and safety but is limited by siting constraints and slow response; flywheels
lead in response speed but lack energy capacity; hydrogen offers high energy density but suffers from
low efficiency and high cost. BESS therefore represents the most broadly applicable grid-scale storage
solution for the majority of deployment contexts, particularly where fast response, modularity, and co-
location with renewables are prioritised.

VIII. CONCLUSION

This review has examined the multi-dimensional landscape of battery energy storage systems for grid
and renewable energy integration. LFP chemistry has consolidated its position as the dominant grid-
scale technology, balancing cycle life, safety, and cost. VSG and MPC control strategies have matured
to the point of commercial deployment, providing synthetic inertia and optimised multi-service dispatch.
The techno-economic case for BESS has strengthened considerably as capital costs have fallen and
revenue-stacking frameworks have been validated in multiple markets.

Key challenges remain in thermal runaway mitigation, supply-chain resilience, and the harmonisation of
grid codes across jurisdictions. Advances in solid-state electrolytes, Al-based asset management, and
long-duration storage technologies are expected to further expand the operational envelope of
electrochemical storage over the next decade. The trajectory of global BESS deployment--from 9 GWh
in 2018 to a projected 700+ GWh by 2030--reflects the technology's indispensable role in the clean
energy transition.
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