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intermittency of solar photovoltaic (PV) energy. This literature review
analyses how recent breakthroughs in physics are fundamentally
addressing the limitations of conventional storage technology. The focus
is on three key areas: solid-state physics driving next-generation battery
design, materials science enabling high-efficiency electrode kinetics,
and thermodynamics optimising long-duration storage solutions. This
article examines the advancements in solid-state electrolytes (SSEs),
which eliminate volatile liquid components for improved safety and
enable the use of high-capacity lithium metal anodes. It also reviews the
use of nanomaterials and two-dimensional (2D) materials to physically
engineer superior electrode interfaces, boosting ion transport and
mitigating mechanical degradation. Furthermore, the principles of fluid
dynamics are refining Redox Flow Batteries (RFBs), offering scalable,
long-duration alternatives. The article argues that the future resilience of
solar-dominated power systems is directly linked to these fundamental
physical discoveries, transforming material properties at the atomic
scale. Key challenges in achieving high ionic conductivity and stable
interfacial physics are identified, providing a roadmap for future research
essential for commercialising these advanced ESSs for global solar
integration.
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limited cycle life, and specific energy density—are not
purely engineering problems but stem from fundamental
physical and chemical limitations of the materials used.

Introduction

The increasing global reliance on solar photovoltaic (PV)
power demands a technological revolution in Energy
Storage Systems (ESSs). The inherent diurnal and weather-
dependent variability of solar energy necessitates storage
solutions that are safer, more durable, and cost-effective

The solution is found in physics research, specifically
across condensed matter physics, physical chemistry, and
advanced materials theory. These disciplines are pioneering

than current lithium-ion batteries (LIBs), particularly for
grid-scale applications that require multi-hour or multi-day
energy delivery. The primary constraints—flammability,
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next-generation storage concepts that move beyond the
conventional liquid-electrolyte LIB architecture. This review
synthesises recent scholarly work highlighting these core
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physics advancements. It explores the transition to all-
solid-state batteries (ASSBs), enabled by advancements in
solid-state ionics that control ion movement in non-liquid
media. It also details how the physics of nanomaterials
and interfacial stability are being exploited to create
electrodes that can handle faster charge rates and longer
lifetimes. Finally, It considers how classical thermodynamics
is optimising mechanical and thermal storage for long-
duration solutions. This systematic review establishes that
the successful stabilisation and optimisation of a solar-
powered grid is fundamentally predicated on breakthroughs
achieved at the most basic level of material science and
physics.

Solid-State lonics and All-Solid-State Batteries
(ASSBs)

The pursuit of safer, higher energy density batteries has
been galvanised by advances in solid-state ionics, the
physics of ion transport within solid media. The goal is
to replace flammable liquid electrolytes with Solid-State
Electrolytes (SSEs), such as fast-ion conducting ceramics
(e.g., Garnet-type S\text{Li}_7\text{La} 3\text{Zr} 2\
text{O} {12}$). SSEs intrinsically improve safety and enable
the use of highly energetic lithium metal anodes. The central
physical hurdle is engineering solid materials to exhibit ionic
conductivity comparable to liquids while ensuring chemical
and thermal stability. To quote Janek and Zeier, --------

“The development of supersonic solid-state electrolytes with
high room-temperature conductivity is arguably the most
critical and challenging factor for the commercial viability
of all-solid-state lithium metal batteries, demanding a
fundamental understanding of atomic-scale ion transport
mechanisms in crystalline and amorphous solids.” *

Nanostructure Engineering for High-Rate
Kinetics

Solar generation necessitates high-power density storage
capable of rapid charge and discharge to manage sudden
fluctuations. Recent physics research focuses on engineering
electrode materials at the nanoscale to circumvent the
kinetic bottleneck of ion diffusion. Synthesising active
materials into nanoparticles, nanowires, or nanosheets
drastically reduces the characteristic travel distance for ions.
This structural optimisation, governed by surface physics and
mass transport principles, facilitates high current densities
suitable for real-time grid stabilisation and frequency
regulation services. To quote Whittingham,----------

“Nanostructuring in energy storage materials fundamentally
alters the diffusion pathway length and surface-to-volume
ratio, making the phase transition kinetics, a key physical
determinant of power density, orders of magnitude faster
than bulk counterparts.” 2

The Role of Two-Dimensional (2D) Materials

The unique physics of two-dimensional (2D) materials
(e.g., graphene, S\text{MXenes}$) is being leveraged to
design superior electrode architectures. Their extraordinary
specific surface area and atomic thinness offer highly
accessible reaction sites and exceptional electron mobility.
They function as robust, conductive scaffolds to improve the
structural integrity of high-capacity anode materials, such
as silicon, which suffer from massive volume expansion—a
major physical failure mode. This integration helps
maintain mechanical stability and electron percolation
pathways throughout the charge/discharge cycles. To
quote Novoselov et al., -------------

“The extraordinary mechanical strength and intrinsic
high electronic conductivity of graphene and related 2D
materials provide a robust scaffold, effectively mitigating
the pulverization and capacity fade resulting from large
volume changes—a critical physical failure mode in high-
capacity electrode materials.”

Redox Flow Battery (RFB) Fluid Dynamics
Optimization

For true long-duration storage (LDS) essential for multi-
day solar backup, the physics of Redox Flow Batteries
(RFBs) is key. RFBs store energy in liquid electrolytes,
decoupling power from capacity. Advances in fluid dynamics
are optimising the cell architecture, focusing on the flow
channel design and membrane physics. The goal is to
maximise the efficient transport of electroactive species
to the electrode surface and minimise pumping energy
(parasitic losses), which is crucial for overall system
efficiency and economic viability at the utility scale. To
quote Weber et al., -------

“The overall efficiency and cost-effectiveness of redox flow
batteries are governed by a complex interplay between
electrochemical kinetics at the electrode-electrolyte
interface and the hydrodynamics of the electrolyte
transport, demanding multi-physics modeling to optimize
cell architecture and flow parameters.”

Theoretical Physics and Computational
Materials Discovery

Computational physics, primarily utilising methods like
Density Functional Theory (DFT) and ab initio calculations,
is a transformative tool in materials discovery. These
techniques, rooted in quantum mechanics, allow researchers
to rapidly screen the intrinsic electrochemical properties
(e.g., electronic band structure, ion-migration barriers) of
thousands of hypothetical storage compounds, including
novel solid-state conductors. This in silico approach
dramatically accelerates the timeline for identifying
physically viable materials before expensive and time-
intensive laboratory synthesis begins. To quote Ceder,------

“Computational high-throughput screening, rooted in
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quantum mechanical calculations of electronic structure,
allows us to predict key physical parameters such as the
open-circuit voltage, ionic mobility, and electronic band
structure, thereby guiding the synthesis of next-generation
ESS materials with unprecedented efficiency.”

Interface Physics and Interfacial Resistance

A major bottleneck in ASSBs is the poor contact and
high resistance at the solid-solid interface between the
electrolyte and the electrode. The physics of this interface
involves managing the space-charge layer, interphase
chemical reactivity, and ensuring good mechanical contact.
Recent breakthroughs in interface engineering employ
concepts from surface physics, such as the use of Atomic
Layer Deposition (ALD) to create ultra-thin, dense ceramic
coatings. These coatings physically stabilise the interface,
mitigate detrimental side reactions, and significantly reduce
total cell impedance. To quote Goodenough, ----------

“The greatest remaining challenge for all-solid-state
batteries resides in the physical chemistry of the solid-
solid interface, where poor wetting and mechanically
induced decohesion lead to high resistance and instability,
necessitating sub-nanometer control over interfacial
composition and structure.”®

Thermal Energy Storage (TES) and Phase
Change Materials (PCMs)

For large-scale, cost-effective long-duration storage,
especially in conjunction with Concentrated Solar Power
(CSP), Thermal Energy Storage (TES) is vital. Advances in
thermodynamics and materials physics focus on developing
next-generation Phase Change Materials (PCMs). The
physical challenge is maximising the latent heat of fusion
and thermal cycling stability of these materials, typically
molten salts or advanced ceramics. Optimised TES reduces
the size and cost of the storage medium while increasing
the efficiency of the heat-to-electricity conversion cycle.
To quote Dincer and Rosen, -------

“Effective thermal energy storage requires the rational
design of Phase Change Materials to optimize the enthalpy
of fusion and thermal conductivity, parameters dictated by
the molecular and crystalline arrangements—core tenets
of condensed matter physics.””

Alternative lon Chemistries (Na-lon, Zn-lon,
Mg-lon)

To move beyond the resource and cost limitations of
lithium, physics research is intensely exploring post-lithium-
ion chemistries such as Sodium-ion (S\text{Na}*+$), Zinc-ion
(S\text{zn}*{2+}S), and Magnesium-ion (S\text{Mg}*{2+}S)
batteries. This is fundamentally a crystal physics problem:
the larger ionic radii or higher charge densities of these

ions require the design of new electrode host lattices with
open, accommodating crystal structures and tailored defect
chemistry to facilitate smooth, reversible intercalation
and diffusion without structural collapse or major energy
barriers. To quote Tarascon, ------

“The shift to post-lithium-ion chemistries is fundamentally a
materials physics problem: accommodating the larger size
and different charge of alternative ions requires engineering
host lattices with tailored crystal structures and defect
chemistry to enable reversible insertion with minimal
structural distortion.”®

Photovoltaic-Storage System Physics
Optimization

The overall efficiency of the solar energy ecosystem
depends heavily on the interface between the PV cell
and the ESS. This area is optimised through advancements
in power electronics and control physics. Sophisticated
Maximum Power Point Tracking (MPPT) algorithms and
advanced inverter designs, governed by circuit theory and
semiconductor physics, dynamically manage power flow.
This ensures that electrical energy is transferred from the
variable DC source (PV panel) to the storage system with
minimal conversion losses, maximising the overall system
efficiency (S\eta_{sys}$) and protecting the battery from
overstress. To quote Salam and Wang, --------

“The real-world energy harvest of a coupled PV-ESS system
is ultimately determined by the efficiency of the power
conversion system, where the physics of semiconductor
devices and control logic dictates the instantaneous flow
and utilization of electrical energy.””

Quantum Physics of Degradation and
Lifespan

Achieving the multi-decade lifespan required for grid-
scale assets necessitates a profound understanding of
degradation mechanisms, which are inherently quantum
and atomic phenomena. These include phase transitions,
micro-cracking, and the growth of deleterious layers like
the Solid Electrolyte Interphase (SEI). Advanced physical
characterisation techniques, such as in situ X-ray methods
and high-resolution electron microscopy, allow researchers
to observe these atomic-scale failure modes in real time,
enabling the precise engineering of materials and surfaces
to enhance long-term kinetic and thermodynamic stability.
To quote Scrosati and Garche, ----------

“Understanding and controlling the atomic-scale structural
and chemical evolution—the physics of degradation—is
paramount to achieving the multi-decade lifespan required
for grid-scale assets, turning battery development into a
problem of kinetic stability engineering.”*°
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Conclusion

The successful integration of solar renewable energy
into a resilient and stable electric grid is an ambitious
goal fundamentally reliant on breakthroughs in Physics.
This literature review has highlighted that the most
transformative solutions—ranging from the enhanced
safety and energy density of All-Solid-State Batteries to
the cost-effective, long-duration storage offered by Redox
Flow Systems and TES—are directly derived from advances
in solid-state physics, materials science, and classical
thermodynamics.

The critical obstacles that remain are predominantly physical
in nature: achieving high ionic conductivity in solid media
and engineering stable, low-resistance solid-solid interfaces.
Future research must continue to leverage advanced
theoretical and computational physics to predict, design,
and synthesise materials with unprecedented control over
atomic structure and electronic properties. The ability to
precisely control the fundamental physical mechanisms
governing charge carrier transport and material degradation
over extended cycling periods will determine the economic
viability and widespread adoption of ESSs. By sustaining
focus on these core physical challenges, the research
community will unlock the full potential of solar energy,
ultimately enabling the complete transition to a reliable,
sustainable, and solar-dominated global power system.
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