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Abstract:Variable renewable energy from wind and photovoltaics is expanding rapidly, increasing
net-load ramps, curtailment risks, and voltage—frequency excursions that stress conventional
operating practices. Utility-scale battery energy storage offers fast active-power response and
independent P—Q control, enabling frequency regulation, voltage support, ramp control, and multi-
hour energy shifting while coordinating with plant and system controls. This review synthesizes the
current state of technology and practice for large-scale storage in wind and PV integration. We
examine architectures and components from battery chemistry to power-conversion systems,
supervisory control, thermal and safety design, and AC versus DC coupling within hybrid plants [1].
We survey control strategies spanning grid-following and grid-forming operation, including droop
and virtual-inertia behaviors, and relate these to operational roles in transmission, distribution, and
microgrids. Planning methods are organized around siting, sizing, and dispatch optimization with
explicit treatment of degradation and techno-economic outcomes. Evidence from studies and
deployments is consolidated to quantify impacts on stability, reliability, hosting capacity, and non-
wires deferral. The review concludes with priorities for research and deployment, including scalable
grid-forming validation, health-aware dispatch and markets, and pathways that combine lithium-ion
with longer-duration storage where adequacy and flexibility needs converge. [2],[5],[3]
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1. Introduction

Decarbonization targets are accelerating deployment of wind and PV, but weather-driven intermittency and
diurnal patterns (e.g., “duck curve”) intensify ramping and stability challenges for system operators.
Multiple studies and utility pilots document low mid-day net demand followed by steep evening peaks, as
well as voltage/frequency fluctuations that require new flexibility resources. [1][2]

Utility-scale BESS has emerged as a versatile option because it combines fast active-power response
with independent reactive-power support via the power-conversion system (PCS) and EMS/BMS
coordination. This makes BESS suitable for frequency regulation, voltage control, peak shaving/energy
shifting, and other ancillary services demonstrated in both literature and practice.[1][2]

252



Technium Vol. 30, pp.252-261 (2025)
|SSN: 2668-778X
WWw.techniumscience.com

(DTECHNIUM

BESS can be deployed at different grid layers. At the distribution level, properly sized systems
measurably increase feeder loadability and relieve voltage constraints; planning methods evaluate kW/kVar
set-points and sensitivity across operating scenarios. At the transmission level, placement relative to
load/generation affects frequency nadir and ROCOF, motivating uncertainty-aware studies that couple
power-system tools with Monte Carlo sampling.[4], [5]

Optimally integrating BESS with wind/PV remains multi-dimensional: selecting chemistries and PCS
interfaces; designing real-time controllers (P-Q control, frequency/voltage support); and solving
siting/sizing problems that jointly consider cost, reliability, and battery degradation. Recent reviews and
case studies emphasize multi-objective optimization and life-loss-aware operation for realistic
economics.[4], [6]

Looking forward, grid-forming BESS is gaining traction for weak and remote grids by providing
voltage-source behavior and virtual inertia without relying on a strong grid; early results show improved
terminal-grid voltage stability. Meanwhile, hybrid/Al-assisted energy-management and optimization
approaches are increasingly reported as future directions.[2], [7], [8]

2. Technologies and Architectures of Utility-Scale BESS

2.1 Overview of BESS types and system scale

Utility-scale BESS are typically assembled from containerized battery packs, a grid-interface power
conditioning system (PCS), and supervisory control (EMS/BMS/SCADA). The PCS sits at the PCC and
regulates real/reactive power; the EMS coordinates PCS, BMS and SCADA for protection and applications
such as firming and peak shifting [1]. In practice, utility systems deploy tens of MW per site, for example,
EGAT’s pilot projects at 21 MW/21 MWh and 16 MW/16 MWh tied at 115 kV, targeting semi-firming and
peak shifting for regional wind/PV portfolios.[1]

2.2 Battery technologies
Lead-acid, sodium—sulfur (NaS), lithium-ion (multiple chemistries), and flow batteries dominate grid
deployments, with technology choice driven by power/energy rating, lifecycle, safety, and cost. A concise
comparative view from a grid operator perspective is shown below. [1]

Table 1. Utility-scale battery chemistries (qualitative comparison)

Typlcal Energy .
Battery project cost density Cycle life Notes
signal
Lead-acid Low $/kWh Low Short Mature, low self-discharge;
slow charging and shorter life
are key drawbacks.
NS ModerieThigh | Moderte | o o300 Gt for
Long (:.4’500 duration high-power.
cycles cited)
Li-ion(family) | Moderate— High Long (5,000— Wide  chemistries;  high
High $/kWh 10.000+ performance but
’1 ted thermal/safety demands
cycles cited) increase BOS cost.
Flow (redox) Moderate— Low Long Po(;ver danci ' engr%y bsiiid
High $/kWh independently; suited to bulky
BESS.
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Within Li-ion, sub-chemistries trade energy density, power and life: LiCoO: offers high energy but
lower cycle life/power, while NCA achieves very high energy with some sacrifice in cycle life/power,
important when selecting for grid duty cycles. Safety/thermal robustness also varies across Li-ion types and
shapes cell integration choices.[9]

2.3 System components: PCS, EMS/BMS, thermal management, communication layers

PCS (grid interface). The PCS is a bidirectional AC/DC interface that sets P and Q at the PCC, manages
voltage phase/magnitude, and must meet design envelopes for efficiency, response time and operating
range. It also needs grid-synchronization (PLL) and filtering (e.g., LCL) to achieve low harmonic injection
and fast dynamic control.[10]

EMS/BMS/SCADA integration. The EMS supervises applications, communicates with PCS and BMS,
and implements protection/limits; this layered control is standard in utility deployments. BMS functions
(cell balancing, SOC/SOH safeguarding) are central to longevity and safety; poor balancing elevates
thermal stress and accelerates degradation.

Thermal & safety engineering. Containerized systems are typically temperature-controlled (=25 °C) to
achieve 15-year life targets, and adopt inert-gas fire suppression in battery enclosures.

Depth-of-discharge (DoD) strategy (e.g., £10% about mid-SOC for fast services) materially affects
cycle life and must be encoded in EMS/BMS limits.

2.4 Grid integration with wind and PV: AC vs. DC coupling and hybrid configurations

DC-coupled hybrids. Two-stage converter architectures can share a common DC-link: a grid-tied AC/DC
plus a bidirectional DC/DC for the battery, with PV injected via a boost converter onto the same DC bus,
representative of DC-coupled PV-BESS hybrids. [10]

AC-coupled hybrids. Alternatively, PV and BESS interface via separate VSCs at the PCC under
coordinated controls (inner current + outer PQ loops), typical for microgrids and distribution-level
plants[11]

Grid-forming options. At system level, grid-forming BESS can contribute voltage source behavior,
inertia and short-circuit strength, improving static and transient voltage stability, an architectural choice
increasingly relevant at high IBR penetration.[7]

2.5 Technical performance metrics

Harmonics & dynamic response. In a 10 kW PV-BESS DC-coupled prototype, closed-loop control held
DC-link ripple =2.5% with current THD =2.3-2.7% (normal) and =3.16% under undervoltage, with ~190—
210 ms restoration of DC-link set-points during power reversals.[10] Utility operators generally require
<5% current THD per IEEE/IEC interconnection standards, which these controllers target. [10]

Converter efficiency & protection. A recent partial-power converter for BESS achieved up to 98.93%
efficiency and integrates immediate DC-fault blocking (no spike/stickiness), improving safety and uptime
at scale.[12] System-level responsiveness. At grid scale, BESS provide sub-second response, critical for
frequency/voltage support and renewable firming, conditioning the PCS and EMS control requirements.
[10] - [10]

Table 2. Performance metrics reported in recent studies

Metric Reported value / behaviour
PCS current THD (normal operation) ~2.31-2.71%
PCS THD under undervoltage ~3.16%

DC-link t t-point
e recovery 1o set-potn ~190-210 ms after step change

Converter peak efficiency 98.93% (partial-power topology)
Utility-scale BESS response <1 s (grid applications)
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2.6 Safety, environmental, and deployment considerations
High energy density raises consequence of failure; designs therefore add multi-layer protection (BMS
limits, coordinated EMS/PCS controls), active thermal management at ~25 °C, and fixed fire suppression
(e.g., inert gas) in battery containers.[1]

Proper DoD/SOC windows avoid accelerated degradation and mitigate thermal events; operating near
0%/100% SOC is discouraged. [1]

Finally, technology selection and placement should reflect feeder constraints and voltage/reactive needs;
even modest MW/MV Ar BESS can relieve voltage margins and increase loadability on weak feeders.[4]

3. Control Strategies and Planning Methodologies

3.1 Operational roles of BESS in wind/PV systems

Utility-scale BESS deliver sub-second active-power response and independent P—Q control at the PCC,
enabling frequency regulation, ramp control, peak shaving/load shifting, and voltage support. Industry
deployment notes describe the PCS/EMS/BMS stack and pilot projects aimed at semi-firming and peak
shifting in renewable-rich grids.

3, . .
P =E(17dld + v4iq) (D

Q = 2 (vgiq — Vaia) @)

Standard dg-frame relations behind the PQ controller used in the microgrid study that demonstrates
accurate tracking of i4, iq and P,Q setpoints.[11]

3.2 Control layers and modes (real-time vs. scheduled; centralized vs. decentralized)

Device level (real-time): inner current/voltage loops plus an outer loop that is grid-following (PQ/PLL) in
grid-connected operation and frequency/voltage (droop-like) in islanded operation, with demonstrated
smooth handover and re-synchronization in hybrid microgrids. The EMS dispatches BESS setpoints against
forecasts while enforcing BMS limits, coordinating with SCADA/market signals. The microgrid controller
uses a simple P—f law for islanded operation:

Aw =kAP < f = fo+k (Pref — P) 3)
Increased active-power output raises frequency back to its setpoint; this is the form implemented in the

reported primary control that restores 50 Hz.For grid-forming storage at weak terminals, substitute a
voltage-source model (no PLL) with active and reactive droops,

W= wo— My, (P— Py) 4)

V="V,— no(@— Qo) )

which supplies inertial-like response and short-circuit strength, key to the static/transient stability gains
observed in terminal-grid case studies. [7]

3.3 Forecast-informed and adaptive control
Several works embed forecasts (wind/price) into receding-horizon control while constraining battery health.
The “linear life-loss” study derives a MILP-friendly cost for degradation from the DOD—cycle curve and
inserts it directly in the objective alongside schedule-tracking penalties.

SOC dynamics & bounds used by EMS:
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Nen PE"— Arg

SOC.1 = SOC, + E—”dt At ,SOCpin < SOC; < SOCpax (6)
Health-aware objective (generic):
min (¢ |7 = PEM | 4 Caeq (SOC) + cOP (PEM, PEES)) (7)

subject to the SOC and power constraints above. The cited MILP replaces Cg4e4(*) by a piecewise-linear
function built from the DOD-cycle curve and linearizes schedule-tracking penalties to keep the model
mixed-integer linear.[13]

For wind-farm smoothing and sizing, adaptive SOC control adds penalties when SOC approaches
bounds, adjusting P"/P%* to avoid over-charge/over-discharge while meeting grid-power targets,
practical for year-round operation.[14]

3.4 Planning models: siting, sizing, and dispatch optimization
Methodologically, three families dominate: (i) mathematical programming (LP/MILP, DP, stochastic
formulations) for precise dispatch and sizing with constraints; (ii) heuristics/evolutionary (GA, PSO,
NSGA-II, MOPSO) for multi-objective placement/sizing; and (iii) decomposition/weighted-sum/e-
constraint frameworks to trace Pareto fronts. Comparative reviews map objectives (cost, emissions,
curtailment, reliability) to algorithms and constraints.

System-level demonstrations show BESS placement matters: on the IEEE-39 system, placing BESS at
load buses improved nadir and ROCOF during wind ramps.[8]

On distribution feeders, optimal siting/sizing with coordinated P/Q controls can increase feeder
loadability and manage voltages; an SCE study compares P-priority vs Q-priority settings for a 2.5 MW
BESS and reports tangible headroom gains.

3.5 Techno-economic assessment (TEA) and degradation accounting
Ignoring degradation biases LCOS/LCOE, payback, and TCO. A linear life-loss term derived from the
DOD-cycle relation and embedded inside the optimization keeps dispatch within healthy regimes while
maintaining schedule tracking; the full model is solved as a MILP with charge/discharge logic, SOC
dynamics, and linearized penalties.[15]

An explicit life-loss cost expression:

Caeg(SOC) = Ysesszsy, with ¥ zg, = Etthroughput ®

Where the piecewise slopes a; come from the fitted DOD—cycle curve and the selector variables zg ,
realize the PWL approximation used in the cited MILP.

4. Grid Applications and Impacts

4.1 Reliability, inertia, and resilience

Battery energy storage enhances system reliability by stabilizing frequency and voltage, providing fast
active/reactive support, and, when operated in grid-forming mode, supplying virtual inertia and short-circuit
current to improve transient stability. Large-signal studies show grid-forming BESS can raise the power
transfer limit (e.g., +29.2 MW) and reduce transient over-voltage risks on stressed terminal grids,
evidencing meaningful resilience benefits in weak-grid conditions. [7]

256



=\ TECHNIUM Technium Vol. 30, pp.252-261 (2025)
\U |SSN: 2668-778X
Www.techniumscience.com

Placement also matters: frequency-stability analyses indicate BESS sited near load centers (as opposed

to only at wind-farm buses) can measurably improve nadir/ROCOF and overall dynamic performance,
useful guidance for transmission planners deciding between generation-side or load-side integration.[5]
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Figure 1. BESS headroom (MW) vs. RoCoF (Hz/s)

4.2 Ancillary services (voltage support, spinning reserve, black-start-like operation)

Through the power-conditioning system (PCS), a BESS can independently control real and reactive power
at the PCC (per standard phasor relations), enabling primary frequency response, voltage support, and fast
reserves. Utility guidance reports sub-second response times and explicit P/Q controllability from the PCS;
for microgrids, PCS with “virtual synchronous generator” capability can establish local voltage and supply
loads during outages.[1]

At the device-control level, PQ control in grid-connected mode and primary frequency (P—f) control in
islanded mode allow a BESS to track active/reactive setpoints, support frequency, and coordinate with
diesel/PV resources, demonstrated in microgrid simulations where BESS transitions from supplying to
absorbing power as the generator picks up load.[11]
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Figure 2. Volt/VAR (VV) curve with a unity-power-factor deadband
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Figure 4. Black-start operation of BESS

4.3 Transmission & distribution deferral and hosting-capacity gains
On distribution feeders, appropriately sized and controlled BESS can increase loadability and defer
upgrades by mitigating voltage drops and thermal overloads; studies on weak feeders show that reactive-
power support from BESS often yields larger voltage-profile benefits than active-power injections, and
coordinated control can enable ~20% higher peak loading before limits bind.[4]

When paired with high-penetration PV, co-optimizing PV inverter controls and BESS placement/sizing
increases hosting capacity by time-shifting excess generation and supplying localized VARs, improving
voltage compliance and reducing curtailment at the distribution level.[16]

4.4 Interactions with DERs and demand response
In microgrids and DER-rich feeders, BESS complements PV/wind and dispatchable DERs by arbitraging
energy across peak/off-peak windows, backing up local generation during ramps, and smoothing net-load
variability. Reliability-oriented planning shows that when grid exchange is constrained, optimally sized
BESS significantly reduces LOLE/EENS; in islanded operation, higher-cycle-life chemistries are preferred
due to increased cycling.[17]

Experimental work in diesel-hybrid mini-grids corroborates these roles: a cascaded-loop BESS
controller keeps gensets in their high-efficiency band (=40-90% of rating), balances negative-sequence
currents, and provides reactive compensation, thereby lowering fuel consumption and maintenance while
maintaining power quality.[18]
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4.5 Quantified benefits from deployments and studies

e Utility pilots: EGAT (Thailand) deployed 21 MW/21 MWh and 16 MW/16 MWh grid-scale
BESS at 115 kV to semi-firm ~520 MW of combined wind/PV and mitigate the evening “duck
curve,” highlighting fast (<1 s) response and P/Q controllability in utility settings.[1]

e Feeder capacity: On weak distribution feeders, coordinated BESS control delivered up to ~20%
higher peak loadability and more effective voltage support via reactive power.[4]

e Terminal-grid stability: Grid-forming BESS increased a corridor’s transfer limit by ~29.2 MW
while mitigating transient over-voltage risk.[7]

e Reliability indices & cost: In grid-connected microgrids with limited interchange, optimally
sized BESS cut LOLE by ~56% and EENS by ~36%, with ~8% total-cost reduction; islanded
cases still showed ~10% EENS improvement, guiding chemistry choice toward higher cycle
life.[17]

e Diesel-hybrid efficiency: Lab assessments confirmed smooth mode changes (grid-forming «»
genset support) and fuel-saving operation by holding gensets in efficient ranges and
supplying/absorbing P/Q as needed.[18]

5. Conclusion

Utility-scale battery energy storage has moved from a promising adjunct to a core element of wind/PV
integration. Across technologies, controls, and planning practice, one message is consistent: when storage
is treated as a grid asset, engineered with the same discipline we apply to generation and networks, it reliably
converts weather-driven variability into grid-quality power, strengthens stability margins, and unlocks new
operational flexibility. The technical stack is mature: containerized Li-ion remains the workhorse for 1-4-
hour applications, with flow/NaS and hybrids extending duration where economics or reliability require it.
Power-conversion systems provide independent P—Q control with sub-second response; BMS/EMS layers
now co-manage safety, state estimation, and dispatch; and integration can be tailored via AC coupling at
the PCC or DC-coupled hybrids inside plants. What distinguishes successful projects is not a single
component choice but the coherence of the whole architecture, clear operating envelopes, thermal design,
communication/SCADA fit, and commissioning tests that prove performance against grid codes.

Control strategy is the hinge between capability and realized value. Grid-following (PQ/PLL) control is
proven for frequency regulation, ramp control, and voltage support; grid-forming control adds voltage-
source behavior and virtual inertia that materially benefits weak or remote terminals. Rather than treating
these as competing paradigms, deployments should plan for mode-aware operation and measured
transitions (islanding, resynchronization) defined in the EMS. At distribution level, a “reactive-first”
mindset often yields bigger voltage and hosting-capacity gains than chasing active power alone; at
transmission level, placement matters, locating BESS where it influences load-side electromechanics can
improve nadir/ROCOF and damp inter-area modes. In microgrids, the same controls keep diesel units in
efficient operating bands while preserving power quality during fast load or topology changes.

Planning models must close the loop between economics and battery health. Degradation is not a post-
processing detail: embedding life-loss terms and SOC/DOD constraints directly in optimization changes
dispatch decisions and, ultimately, siting/sizing outcomes. Practical toolchains blend deterministic studies
(for grid compliance, protections, and P/Q envelopes) with stochastic or scenario-based runs (for
renewables, prices, and contingencies), and then validate controls at the converter timescale. Framed this
way, storage consistently emerges as a credible non-wires alternative, deferring upgrades by relieving
thermal and voltage constraints, while also enhancing reliability metrics in systems with limited interchange
or islanded operation.

Looking ahead, three priorities stand out. First, make grid-forming practical at scale: EMT-level
validation, protection coordination under current-limited inverters, short-circuit contribution definitions,
and clear interoperability with existing grid codes. Second, standardize health-aware operations: publish
degradation-cost modeling assumptions in  procurements, require dispatch to respect
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SOC/DOD/temperature guardrails, and align market products (fast frequency response, synthetic inertia,
black-start capabilities) with what inverter-based storage actually delivers. Third, plan for diversity in
duration: pair Li-ion with long-duration technologies where firming, adequacy, or transmission constraints
make multi-hour shifting valuable, and evaluate whole-life sustainability (thermal safety, fire protection,
recycling pathways) alongside LCOS.

For developers and operators, the practical checklist is short but decisive: specify P/Q capability curves
and thermal limits; choose placement that serves the targeted service (frequency near loads; VARs where
feeder impedance dominates); require degradation-aware scheduling; and instrument projects to measure
the outcomes you plan for (nadir, ROCOF, voltage profile, EENS, curtailment avoided). For regulators and
system planners, clarity on performance definitions and market signals will accelerate adoption while
protecting reliability. Done this way, utility-scale BESS is not just a bridge for variable renewables, it is a
foundation for a resilient, flexible, and lower-carbon power system.
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