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Abstract 

Advances in battery storage technology are critical to improved reliability and efficiency of renewable 

energy systems, underpinning a sustainable energy future. Innovations exist in many different kinds of 

battery technologies-being developed and tested, and the leading contenders include innovations such 

as lithium-ion and sodium-ion, and much newer entrants like the solid-state and lithium-sulfur batteries. 

These developments respond to growing needs for sustainable solutions towards better integration of 

intermittent renewable energy sources, namely solar and wind, in support of their integration into the 

power grid, improvement of grid stability, and reduction of the dependence on fossil fuels. The massive 

declines in costs of batteries-around 90 percent since 2010 have dramatically accelerated the design 

and deployment of BESSs around the world. Still, though significant progress has been achieved over 

the past decades in creating battery storage technologies for increased efficiency in renewable sources 

integration, more issues include impacts on the environment regarding producing batteries, the 

responsible mining of resources such as lithium and cobalt, as well as an inept recycling method. This 

paper addresses battery evolution, their environmental concerns associated with battery technologies 

and all the ethics concerns while working on battery-related policy requirements necessary to drive an 

ecologically sound energy storage market ecosystem. The system that is proposed leverages IoT and 

embedded technologies for effective real-time data acquisition and communication. The pole unit has 

a low-power microcontroller which processes sensor data and sends out alerts within milliseconds of 

identifying aberrant leakage currents. The master control unit with a graphical user interface logs the 

fault history per pole and performs preventive maintenance through analysis of repetitive faults. Future 

advances are targeted towards integration with GPS mapping for pictorial fault representation, 

predictive analytics through machine learning for predicting likely failures, and solar-powered pole 

units for green deployment. The system's modular design makes it flexible for both urban and rural 

grids, thus enhancing smarter, safer, and more 

resilient energy infrastructure. 
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INTRODUCTION 

The increasing demand for global energy makes 

efficient energy forms sustainable. Solar and wind 

energy sources have more promise in reducing the 
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reliance on fossil fuels, which directly supports the fight against climate change and the reduction of 

emitted greenhouse gases. However, such energy is intermittent, making it very challenging to rely on 

for the integration of the electrical grid. Battery energy storage systems are an essential technology for 

addressing this issue, and energy can be stored and released in response to fluctuations in supply and 

demand [1]. 

 

Advances in battery technology, including lithium-ion and emerging alternatives such as sodium-ion, 

solid-state, and lithium-sulfur batteries, have dramatically improved both the capacity and economic 
viability of BESS. Innovations in these technologies have not only reduced the price of batteries by 90 

percent since the start of the decade, but have also improved the door to better stabilization of grids, 
greater autonomy in energy, and presumably smaller carbon footprints [2].  

 
However, deploying a BESS on this scale is not easy. Battery production is accompanied by critical 

environmental concerns because lithium and cobalt are extracted in energy-intensive processes and have 
social-ethical concerns related to labor practices. Finally, end-of-life management and recycling of 

batteries have become a problem because current recycling methods are often inefficient and contribute 
to environmental degradation [3]. 

 
LITERATURE REVIEW 

The integration of renewable energy sources (RES), such as solar and wind, into power systems has 
increased significantly in recent decades owing to growing environmental concerns and depleting fossil 

fuel reserves. However, the intermittent and variable nature of these energy sources presents challenges 
in ensuring grid stability and reliability. Advancements in battery storage technologies are pivotal to 

address these challenges. 
 

Importance of Energy Storage in Renewable Systems 

Energy storage systems (ESS) play a critical role in mitigating the variability of RES by storing 
excess energy during periods of high generation and releasing it during periods of low generation. This 

capability enhances the reliability and dispatchability of renewable energy sources, thereby enabling 
smoother grid integration. 

 
Types of Battery Technologies 

Multiple battery technologies have been explored for use in renewable energy applications. Lithium-
ion batteries have emerged as the leading choice owing to their high energy density and efficiency. 

Lithium-ion batteries have potential for large-scale applications owing to their advantages in cycle life 
and charge efficiency. Recent improvements in solid-state electrolytes and battery management systems 

have further enhanced their safety and performance levels. 
 

Flow batteries, such as vanadium redox flow batteries (VRFBs), have gained attention for large-scale 
storage applications because of their scalability and long cycle life. Although their energy density is 

lower than that of lithium-ion batteries, their decoupled energy and power ratings make them suitable 
for grid applications. 

 

Emerging Battery Technologies 

Recent research has focused on novel battery chemistries, such as sodium-ion, zinc-air, and lithium-

sulfur batteries, to improve cost-effectiveness and sustainability. Owing to the abundance of sodium, 
sodium-ion batteries can serve as a promising alternative to lithium-based systems, particularly for 

stationary applications. 
 

Efficiency and Lifecycle Improvements 

Advances in materials science, such as the use of nanostructured electrodes and hybrid composites, 

have led to significant improvements in battery efficiency and lifespan. The role of cathode engineering 
and electrolyte optimization in improving energy density and thermal stability is discussed. 



 

Journal of Alternate Energy Sources & Technologies 

Volume 17, Issue 2 

ISSN: 2230-7982 (Online), ISSN: 2321-5186 (Print) 

 

© STM Journals 2026. All Rights Reserved 53  
 

Integration with Smart Grid and Renewable Systems 
The integration of ESS with smart grid technologies enhances demand response and enables real-

time energy management. Various storage solutions have concluded that optimized battery storage 
integrated with forecasting and AI-based control systems can drastically improve the overall efficiency 
and reliability of RES. 
 
Environmental and Economic Considerations 

Although battery storage supports sustainability, concerns regarding material sourcing, recycling, 
and lifecycle emissions remain. This highlights the importance of developing efficient recycling 
techniques and adopting circular economy practices to mitigate environmental impacts. 
 
EASE OF USE 
BESS Usability 

The usability of BESS technology should be determined in the minds of all energy providers, 
policymakers, and end-users for the implementation of BESS technology towards technological 
advancement in the areas. In addition to ease of use, high operational effectiveness requires the design 
of technology with intuitive interfaces, standardized protocols, and flexible integration capabilities to 
support the existing grid infrastructure towards wide adoption in various geographies and economies 
[4].  
 

It is easier to standardize, considering that BESS solutions will interact with various renewable 
sources and grid management systems. A straightforward design, modularity, and interoperability 
between these components would ease installation, minimize technical complexity, and decrease 
operational costs. Furthermore, standard guidelines and user-friendly interfaces will enable operators to 
achieve efficiency in the monitoring, control, and optimization of the energy storage function, assuming 
importance in terms of maintaining stability in the grid while efficiently ensuring the distribution of 
energy [5]. 
 

In doing so, these BESS technologies will not only play a more active role toward the realization of 
sustainable energy goals but, more importantly, serve users' demands for capacity of energy storage, 
reliability, and safety. This study focuses on the issues connected with the above topic: it appeals to 
exactly how optimized BESS technologies have achieved ease of application in the storage of renewable 
energies, hence making them highly practical and efficient for more widespread use [6]. 
 
TYPES OF BATTERY TECHNOLOGIES 

Battery technologies play an important role in renewable energy systems, offering real solutions for 
energy storage, increasing reliability, and thus enhancing overall efficiency. Renewable energy systems 
can be classified under major types of battery technologies, which include primary, secondary, and next-
generation batteries. 
 
Primary Batteries 

Primary batteries are not rechargeable and are used where a long shelf life and reliability are required. 
Alkaline Batteries. 
 
Alkaline Batteries 

The most common type is alkaline batteries, where manganese dioxide is the cathode, zinc powder 
is the anode, and the electrolyte is alkaline potassium hydroxide. They have a high energy density, 
stable voltage output, and a shelf life of 5–7 years. Hence, they are perfectly suitable for use in 
flashlights and remote controls [7]. 
 
Zinc-Carbon Batteries 

Zinc-carbon batteries, also called carbon-zinc or dry cell batteries, contain a zinc anode, carbon 
cathode, and electrolyte gel. They are relatively inexpensive and yield 1.5 V of voltage with a shelf life 
of approximately 5 years. Due to their very low energy density, they are used for lower power devices 
such as radios and smoke detectors. 
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Lithium Primary Cells 

These cells employ lithium metal as the anode and have non-aqueous organic electrolytes. Primary 
lithium cells have a high energy density of 3 V, a wide operational temperature range of 55 to 150 °C, 

and a shelf life of 10–15 years. They are used in specialized devices, such as cardiac pacemakers and 
calculators. 

 
Secondary Batteries 

Secondary batteries, or rechargeable batteries, are gaining importance and have significant 
applications in consumer electronics and electric vehicles. 

 
Lithium-Ion Batteries 

Rechargeable batteries are the most popular, that is, lithium-ion batteries. It was used commercially 

in 1991. Li-ion batteries have high energy density and efficiency, but more importantly, a life of 1000-
3000 cycles. This battery consists of cathodes made of a layered compound of lithium and an anode 

made of graphite. The chemistries of Li-ion batteries are lithium nickel cobalt aluminum oxide (NCA) 
and lithium iron phosphate (LiFePO4). Li-ion batteries dominate the markets for consumer electronics, 

electric vehicles, and grid-scale energy storage. with the market size likely to grow from $44 billion in 
2020 to $135 billion by 2030 [8]. 

 
Next Generation Batteries 

Advancements in battery technology have led to the development of newer types of batteries designed 
to overcome the limitations of conventional lithium-ion cells. 

 
Solid State Batteries 

Solid-state batteries utilize a solid electrolyte that improves safety and adds more energy density over 
classical lithium-ion batteries. These are engineered to eliminate the dangers of liquid electrolytes, 

which tend to cause dendrites and thermal runaway, thereby maximizing the overall stability and 
lifespan. Currently available commercial solid-state batteries appear as thin-film batteries and can be 

described as light and flexible, making them suitable for compact electronic devices. 
 

Magnesium and Calcium-Ion Batteries 

Magnesium or calcium-ion batteries are promising new battery technologies that may replace current 
lithium-based systems. Magnesium and calcium-ion batteries rely on the abundance of magnesium and 

calcium ions in the environment. magnesium, and calcium, which have the potential for higher energy 
density and better safety. The number of positive charges is greater; therefore, higher operating voltages 

along with a higher capacity for storing energy are increased. The need to continually develop battery 
technology is paramount so that renewable sources can be incorporated into building strength in the 

grid, powering decentralized energy systems, and turning towards a more sustainable energy 
infrastructure [9]. 

 
ADVANCE IN TECHNOLOGY 

Renewable Energy Source Combinations 

The integration of renewable energy sources, particularly wind and solar energy, into the existing 

energy structure presents both great opportunities and challenges. Most of the world is experiencing 

this toward a better sustainable energy future. Advanced energy storage solutions have become pertinent 

in addressing the intermittent nature of these sources. Efficiency and scalability in energy storage are 

required. This is essentially due to the natural misalignment between generation and demand, which 

can potentially cause instability within a grid unless properly managed. Solutions to 

IntermittencyRenewable output fluctuates primarily because it is produced according to environmental 

conditions, which cover the sun's availability conditions and wind speed. These fluctuations are 

undesirable for grid operators because the hours of energy production may not encourage repetitive 

buying patterns by consumers. Thus, is only an immediate It needs to store excessive energy produced 

at the time of peak [10]. 
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Equations 

Dynamic Payback Period (DPP) 

This formula estimates the economic value and time required for a battery storage system to recover 

its costs, considering factors such as subsidies and energy production value. 

DPP = 
𝐼𝑛𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 − 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑒𝑠

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ×  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑖𝑐𝑒
 (1) 

where: 

• Initial Investment Cost is the total cost of the battery storage system, 

• Subsidies are any financial incentives provided, 

• Annual Energy Savings is the amount of energy stored and used per year, and 

• Electricity Price is the cost of electricity per kWh in the market 

 

Energy Storage Efficiency 

This formula assesses how effectively a battery storage system stores and releases energy, which is 

often crucial for renewable integration. 

Efficiency = 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
× 100% (2) 

where: 

• Energy Input is the total energy stored in the battery, and 

• Energy Output is the usable energy released from the battery system. 

• A high efficiency percentage indicates minimal energy loss and effective storage, which is 

essential for optimizing the use of renewable energy. 

 

Role of Energy Storage Solution 

Energy storage solutions are of great importance for the mass adaptation of renewables, including 

grid stabilization and resilience techniques that maximize advanced energy sources and provide 

decentralized, flexible, low-carbon energy supplies. These technologies make it easier to shift toward a 

low-carbon energy system because of the ease of storing excess energy produced at varying times, thus 

allowing households and businesses to store and reuse energy locally, reducing demand on the central 

power grid, and effectively decentralizing the energy infrastructure, particularly for microgrids, which 

enhance energy security in remote or off-grid locations and can operate either in island or parallel 

configuration with the main grid. 

 

Reliability and Performance Enhanced 

Introduction to Battery Energy Storage Systems is crucial for improving the reliability and efficiency 

of renewable energy systems: The new world is developing a critical dependence on intermittent 

renewables, such as solar and wind power. Energy Storage Solutions are indispensable for robust 

solutions that support consumption management and effective energy production. 

 

Dynamic Pay-Back Period and Economic Value 

The DPP of BESS depends on government price subsidies, feed-in tariffs, and the aggregated value 

of electricity generated in the national economy. Studies indicate that the DPP ranges from 5 to 15 RMB 

yuan/kWh, and higher reliability would lead to more compressed payback periods. If BESS installation 

is optimized, utility operators would maximize high reliability gains, amounting to three to five value 

times per kWh of electricity output. This is accompanied by improvements in economic viability. With 

the flexibility offered by BESS, the scheduling of energy resources can be optimized. This plays a vital 

role in accommodating peak-to-valley load changes. The BESS can improve the flexibility index of 

distribution systems with an optimal impact on the capacity margins of lines and reduced voltage 

deviations. In addition, the effective use of BESS in peaking markets will ensure cost recovery through 

the application of TOU tariffs and help generate revenue toward faster payback and the development of 

BESS infrastructure. Incentive Policies and Market Development Supportive incentive policies must be 
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introduced to help foster the further development of BESS by recognizing the reliability and flexibility 

benefits provided by these systems. Improvements in design based on electric ancillary service markets 

must include both peak-valley pricing and reliability pricing. 

 

Advances in Battery Technology 

Advances in battery technology, as shown in Figure 1, now allow renewable energy to be added to 

power supply systems. Next-generation batteries can serve as a store of electricity and further help 

switch the entire energy infrastructure to something more sustainable and resilient. These developments 

unlock the total renewable energy potential, making it more frequent and accessible. In addition, the 

development of EGS is unlocking the innovative potential for renewable energy sourcing and storage, 

thereby further increasing the renewable geothermal electricity potential, with the amalgamation of all 

other sources of renewable and associated power in the grid. 

 

Role of Energy Storage Solution 

Energy storage solutions are of great importance for the mass adaptation of renewables. Such sources, 

including grid stabilization and resilience techniques that maximize advanced energy sources, provide 

decentralized, flexible, low-carbon energy supplies. These technologies make it easier to shift toward a 

low-carbon energy system owing to the ease of storing excess energy produced at varying times, thus 

allowing households and businesses to store and reuse energy locally, reducing the demand on the 

central power grid, and effectively decentralizing the energy infrastructure. In particular, microgrids 

enhance energy security in remote or off-grid locations, as they can operate either in an island or parallel 

configuration with the main grid. 
 

 
Figure 1. Advances in battery technology. 

Anode 

output 

Anode 

input 

Cathode 

output 

Cathode 

input 

Energy 

generation 

Energy storage 



 

Journal of Alternate Energy Sources & Technologies 

Volume 17, Issue 2 

ISSN: 2230-7982 (Online), ISSN: 2321-5186 (Print) 

 

© STM Journals 2026. All Rights Reserved 57  
 

 

C
o

lo
r 

le
g

en
d

 

P
V

 S
y

st
em

 

D
C

-D
C

 C
o
n
v
er

te
r 

D
C

 L
in

k
 

D
C

-A
C

 I
n
v
er

te
r 

F
il

te
r 

an
d
 g

ri
d

 

P
V

 A
rr

ay
 

Ip
v

 

V
p

v
 

D
C

-D
C

 B
o

o
st

 

co
n

v
er

te
r 

V
d

c_
in

 

D
C

 L
in

k
 

V
d

c 

D
C

-A
C

 I
n

v
er

te
r 

L
C

L
 F

il
te

r 

L
f 

L
g

 G
ri

d
 m

ea
su

re
m

en
ts

 

V
ab

c 
g
ri

d
 

la
b
c 

g
ri

d
 

G
ri

d
 (

A
C

) 

A
 

B
 

C
 

N
 

B
o

o
st

 c
o

n
v

er
te

r 

m
ea

su
re

m
en

ts
 

In
v

er
te

r 
m

ea
su

re
m

en
ts

 

(V
ab

c,
 l

ab
c)

 A
 

B
 

C
 

C
f 

C
f 

V
p
v

 

M
P

P
T

 

C
o

n
tr

o
ll

e
r 

V
re

f 

P
I 

C
o
n
tr

o
ll

er
 

P
W

M
 G

en
er

a
to

r 

D
C

 L
in

k
 v

o
lt

ag
e 

m
ea

su
re

m
en

t 

P
W

M
 

G
en

e
ra

to
r 

(i
n

v
er

te
r)

 G
at

e 
si

g
n

al
s 

(5
1

, 
5

6
 

V
d

c 

T
h
re

e-
p
h
as

e 
cu

rr
en

t 

m
ea

su
re

m
en

t 

la
b
c 

A
 

B
 

C
 

a b
 

c 

A
 

B
 

C
 

a b
 

c 

T
h
re

e-
p
h
as

e 
v
o
lt

ag
e 

m
ea

su
re

m
en

t 

V
ab

c 
g
ri

d
 

V
ab

c 
g
ri

d
 

A
C

 B
re

ak
er

 

A
 

B
 

C
 

a b
 c 

T
o
 g

ri
d
/l

o
ad

 

B
re

ak
er

 s
ta

tu
s 

R
ef

er
en

ce
 

g
en

er
at

o
r 

V
ab

c 
re

f 

la
b

c_
re

f 

F
au

lt
/t

ri
p

 

T
ri

p
 s

ig
n

al
 

C
o

n
tr

o
l 

&
 p

ro
te

ct
io

n
 s

y
st

em
 

•
D

C
 L

in
k

 v
o

lt
ag

e 
co

n
tr

o
l 

•
C

u
rr

en
t 

co
n

tr
o

l 
(i

d
, 

ig
) 

•
L

im
it

s 
&

 p
ro

te
ct

io
n

 

•
S

y
n

ch
ro

n
iz

at
io

n
 

B
re

ak
er

 

co
n

tr
o

l 

d
a 

d
q
 

T
ra

n
sf

o
rm

at
io

n
 

P
ro

te
ct

io
n
 l

o
g
ic

 

O
v
er

 v
o
lt

ag
e
 

U
n
d
er

 v
o
lt

ag
e
 

O
v
er

 c
u
rr

en
t 

G
ri

d
 f

au
lt

 

G
ri

d
 P

L
L

 

ab
c 

V
ab

e 
g

ri
d

 

si
n
(θ

) 

co
s(

θ
) 

id
 

iq
 

V
id

c 

M
P

P
T

 O
u
tp

u
t 

F
ig

u
re

 2
. 

M
A

T
L

A
B

 s
im

u
la

ti
o

n
. 

 



 

 

Advancements in Battery Storage Technology for Renewable                                                              Shinde et al. 

 

 

© STM Journals 2026. All Rights Reserved 58  
 

RESEARCH AND ANALYSIS 

MATLAB Simulation 

This is the simulation, as shown in Figure 2, of the entire model of renewable energy, in which a 

photovoltaic array is integrated with battery storage and a three-phase power supply. The renewable 

energy source is a 60 kW PV source that supplies electrical energy to both the load and battery systems. 

The key components are a battery charger/discharge controller that controls the energy flow between 

the PV source, battery, and load, thus enabling effective energy storage and retrieval.  

 

The three-phase source also allows for a supplementary or auxiliary source of power input and feeds 

through a switchboard and is protected by circuit breakers to ensure safe operation. Models of 

transformers and RLC branches help represent the interconnection between the grid and the source of 

energy, thus allowing the system to dynamically respond to the changing load demand. Scopes and 

measurement blocks are presented to help follow parameters such as voltage, current, and power out to 

realize the possible performance.  

 

Such a simulation is required to confirm the reliability and efficiency of the entire system that 

constitutes renewable energy systems. The variation in the loading conditions will be responded to by 

the system, thus making it possible to study the dynamics of the operational state of the system. 

 

Figures 

Performance Metrics Chart in Table 1 and Figure 3, which displays key metrics such as 

Charge/Discharge Efficiency, Voltage Stability, Power Demand, and State of Charge (SOC).  

 

Table 1. System components performance metrics. 

Component Specification Function Performance metric 

PV Array 60 kW Primary renewable energy source Output Power (kW) 

Battery Storage Variable capacity 

(specified) 

Energy storage for load balancing Charge/Discharge Efficiency 

(%) 

Three-Phase Source Measurement Backup power supply Voltage Stability (V) 

Battery 

Charger/Controller 

Bidirectional, 

automated 

Regulates energy flow between 

PV, battery, and load 

State of Charge (SOC), 

Efficiency (%) 

Three-Phase 

Transformer 

Delta-Wye 

configuration 

Matches grid and load voltage Voltage Regulation (%) 

RLC Branches Series and Parallel  Simulates grid interaction and 

filtering 

Power Quality (THD %) 

Measurement Real-time monitoring Monitors voltage, current, power Real-Time Data Logging 

 

 
Figure 3. Performance metrics of renewable energy system. 
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