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ABSTRACT

The adoption of renewable energy is accelerating globally in wind and solar energy generation, solar energy
particularly provides the promising outlook, its availability and flexibility of use makes it the most acceptable
energy source required to achieve high perceptions of intermittent renewable energy. Despite this, solar energy
storage capacity is currently underutilized in terms of minutes to hours of output at full power capacity.
Although, research efforts and resource planning have begun to forecast on large-scale solar energy storage for
a long duration, none has achieved a larger power capacity for a long duration. To this end, we explored the
essentials of long-duration energy storage systems by analysing energy density, cycle durability and capacity
rating for Hybrid Lithium-ion Battery (LiFePO4). In doing so, major components of potential long-duration
storage values and their sensitivity to key parameters were assessed and the resulting indicators compared. The
study showed a fast response time with improved energy density leading to a relatively high efficiency of about
42% as compare to the standard roundtrip efficiency of 45%. Cycle durability was highly influenced by depth
of discharge (DoD), leading to a relatively short 3.5-hour lifetime for charge management, which is common
when considering typical battery behaviour. Thus, strategies identified to improve Li-ion batteries: finding
alternative electrode materials to improve energy density, decrease the environmental and societal impact of
the raw materials, implementing self-healing mechanisms to improve cycle lifetime, and improving the

efficiency to decrease costs.
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INTRODUCTION

The current drive to progress renewable energy technology in
light of the global energy demand for the expansion of the
economy has become more challenging than ever. There is
the growing demand for energy both at industrial and
household sector, yet there are mainly dependent on the grid
system. Thus, considering the unsustainable nature of
nonrenewable energy resources and their impact on climate
change, the combination of renewable energy sources with
high standard energy storage option carries great promise for
a cleaner, more efficient energy future, particularly for the
housing and buildings sector in countryside ( Sayed et. al.,
2023). Solar cells and metal-based batteries are a few
examples of clean and sustainable energy technologies that
are so pervasive. However, the unpredictable availability of
renewable electricity sources necessitates the rapid
development of energy storage technologies that are
sustainable. These requirements are the outcome of an effort
to advance an eco-friendly solar energy storage that favors the
use of clean energy, rather than continually depleting
nonrenewable natural resources, in order to support a healthy
environment (Holechek et al., 2022).

This has led to tremendous recent advances in energy storage
in terms of adaptability, high energy density, cycle durability,
rate capacity and efficiency (Divya et al., 2009). More self-
sustaining approaches to energy management are being
looked into as a result of the world’s rapidly expanding
population, which will result in a higher rate of resource use
(Wang et al., 2021). The metal-ion battery is one of the most
important inventions for assisting with energy supply and
management (Abakumov et al, 2020). LIBs have been
explored as one of the most developed power supply
technologies with high charge—discharge current (Nazri et al.,
2003).

LIBs are known to be lightweight, more compact, design
flexible, able to operate at a voltage of 3.6 to 4 V, and have a
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capacity ranging from 700 to 2400 mAh for a single cell
battery (Reddy et al., 2013, BU-302, 2023). Although lithium
metal batteries theoretically have far higher energy densities
than LIBs, overuse and vulnerability will cause an explosion
because of their low recharge ability (Deng, 2015). The
development of materials for use in LIB devices has also been
the subject of extensive research during the past several years
(Atawi et al, 2022). The nanoscale ranges in engineering
electrode materials are known to be important in the field of
electrochemical energy storage (Wang et al, 2016).
Presently, a variety of nanostructures, including zero-, one-,
two-, and three dimensional ones, have been developed using
complementary electrode materials. Despite this, a significant
amount of improvement on LIB storage capacity is required
in order to meet up with the daily power demand for solar
storage. Thus, improvement on energy density, cycle
durability, rate capacity and nanostructured material can
widen the scope and challenges based on improving energy
storage. The present work focuses on the development and
analysis for improving energy density, cycle durability and
rate capacity for the next-generation hybrid lithium-ion
battery (LiFePOs). To this end, we anticipate that this
analysis will not only give a thorough overview of recent
developments in improving storage capacity but will also
throw light on the potential future development of unique
battery technologies that is sustainable and eco-friendly.

MATERIALS AND METHODS

Lithium-ion Battery (LiFePOx).

The Lithium Batteries (LiFePOs) are commonly use
nowadays for solar energy storage, this is due to their
effectiveness in storing energy, ease of upkeep, extended
lifespan, stability and temperature tolerance, this allow them
to be used for higher-level applications (Islam ef al., 2010). In
addition, the iron (Fe) transition metal is inexpensive,
accessible, and environmentally sustainable (Wu et al., 2018).
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Regardless of the beneficial factors, LiFePO4 is a poor
conductor of electricity and the charging voltage is between
3.5V- 4V for each cell (Shukla ez al, 2008). In spite of this,
two methods were implemented in order to improve it storage
capacity. The first technique involves reducing the particles
size to enhance the energy density and the second involves
using the conductive carbon nanostructure of LiFePO4
(Shukla ez al., 2008).

For charging process, the electrical supply is connected to two
electrodes, the electron is then driven to leave the cathode to
the anode, and while moving from cathode to anode through
the electrolyte, the lithium do so concurrently in the same
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direction. The reactions which occur through the lithium-ion
and electron generation are as follows

At the Anode

6C + xLi* + xe™ & Li,Cq 1
At the cathode

LiCOOZ A d +LixC002 + Ll+ + xe” (2)

To transit energy during the discharge process, the electron
from the anode travel to the cathode through the wire that
passes through an external load. This occurs simultaneously
from both anode to cathode as shown in figure 1.
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Figure 1: (a) Schematic diagram of a lithium-ion battery and (b) electrode potentials and the electrolyte energy gaps

relative energies in LIBs (Zhang et al., 2018, John, 2011)

Battery packs are used in the assemblage of the battery cell.
The process involves numerous battery cells merging to form
a module which results in a battery pack (Deng, 2015).
Furthermore, optimal efforts can be acquired based on the
electrode materials, especially for the anode and cathode (Liu
et al, 2016). This depends upon their electrochemical
potential values; in which mA is known as the anode and mC
is known as the cathode (Roy and Srivastava, 2015). To
achieve a stable cell, mA is required to have a lower energy
compared to the LUMO of the electrolyte. Thus, the
electrolyte will be reduced, thereby having a greater energy
than the HOMO of the electrolyte (John, 2011). Moreover,
high lithium intercalation power and the greatest
electrochemical potential difference between the anode and
the cathode may be used to achieve high energy storage
density (Liu and Cao, 2010). A variety of factors, including
specific energy, volumetric energy, particular capacity, abuse
tolerance, and discharging rate, affect how effectively LIBs
function.

Research Design Methodology

Improving Energy Density

Today's lithium ion batteries have an energy density of 200-
300 Wh/kg (Kowitkulkrai ez al., 2019). In other words, there
is 4kg of material per kWh of energy storage, of this material
build-up, 2 kg is in the cathode, 1 kg is in the anode, 0.6 kg in
the current collectors, 0.3 kg in the electrolyte and 0.1 kg in
the balance. In this research work, we introduces
Li[Ni0.92C00.06Al0.01Nbo.01]O2 (Nb-NCA93) cathode with a
high energy of 869 Wh kg''. The presence of Nb in the Nb-
NCA93 cathode induces the grain refinement of its secondary
particle thus, alleviating internal stress and preventing
heteroneity of Li concentration during cycling. Therefore, the
resulting full-cell reaches full charge within 12-15 minute and
retains 85.3% of its initial capacity rating after 1000 cycles
(cycle at full depth of discharge). In addition, the Nb-NCA93
cathode generates limited heat under XFC conditions due to
refined nanostructure. The high lithium intercalation power
produced after the introduction of
Li[Ni0.92C00.06A10.01Nb0.01]O2 (Nb-NCA93) which generate a
high electrochemical potential difference between the anode
and the cathode was used to achieve high energy storage
density in this research work.
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Figure 2: Thermal images of (a) NCA93- and (b) Nb-NCA93-based cells charged at 0.1 C and (c) NCA93-

and (d) Nb-NCA93-based cells charged at 3 C. [23]

RESULTS AND DISCUSSION

Lifecycle Durability and Sensitivity to Temperature

The lifecycle durability and temperature distribution
characteristics of the LiB for this works were investigated
using thermogams at a maximum temperature point of 3C-
rate. A comparison of cells between the LiB (A-1) and a
supplier Type SUPPER B (B-1) was conducted. The result
shows that A-1 cell has higher sensitivity to temperature
change than the edge and it is observed that the temperature
of the surface near left tab is relatively low. Meanwhile, the
entire active area of the B-2 cell is hotter than the rest, and the

Tawx = 38.53:[°C])
T s ™ 39.35(°C)
o — 0455 [°C]

No. of pixcls = $.87 E+05

36
Temp [°C]

34
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Figure 3: Temperature distribution of A-1 and B-2

Figure 4 shows the sensitivity test to temperature of cycling
aging A-1 series cells. It is observed that the lifespan
decreased by about 17.0% when the ambient temperature
increased by 4 °C. A-series battery experiences a negative
4.25% / °C lifespan change when the ambient temperature
increases near room temperature. Fig.4 (b) shows the

left part is observed to be hotter than the right. Histogram was
utilized for numerical analysis of the temperature distribution
as shown in figure 3. The average temperature of the active
area of B-2 is 14.6 °C higher than A-1. In temperature
standard deviation (¢) comparison of the active areas between
A-1 and B-2, A-1 had a denser temperature distribution than
B-2, an indication that the lower temperature distribution of
the top part of the cell contributes to a longer lifecycle. In
summary, A-1 cell showed better results than B- 2 in terms of
operating temperature, lifecycle durability and distribution
characteristics.

Tong = 53.13 [°C)

T e = 54.66 [°C]

o = 1.041 [°C]

No. of pixels = 3.09 E+0S
- I 1

44 6 as

Temp [7C])

normalized sensitivity to the temperature of A-1 and B-1
batteries from 15 to 40 °C. It is confirmed that the sensitivity
of A-1 and B-1 are 3.05 and 2.5% per °C respectively. In
addition, these results support how important the thermal
performances are in LIB.
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Figure 4: Sensitivity test results to the temperature of lifecycle of LiB. (a) Lifecycle test results at 28 °C and 32 °C. The number
of cycles versus relative capacity. The other test conditions are cycle depth = 97%, and 0.5 C-rate. The degradation trend is
fitted to an exponential equation up to the 0.8 relative capacity. (b) Normalized capacity rating Vs temperature. of A-1 and

B-1 cell is 3.7 and 5.9 mQ at 25 °C, respectively

Structural Analysis

To find structural causes that determine the performance
difference, computed tomography (CT) scanning was carried
out on the electrode. With a 0.10 mm spatial resolution of this
scanning, the anode and cathode details, such as partial size
and dimensions were determined and the tab structure was
analyzed. The tab serves to electrically connect the current
corrector (CC) attached to the electrode with an external
terminal. The tab design factors consider for this research
work is; the number, thickness, width, length, and material of
tabs, directly affect energy efficiency and heat generation. It
was understood from the CT analysis that the tab design
affects the performance difference between A-1 and B-1. (See
Figure 5 & 6) this can be explained in two parts; firstly, a tab

attachment part to a wound cell jelly roll and secondly, tab
design from the core cell to external terminal connection
inside the case. A structural difference in the connection
between the tab and the jelly roll of these two cells has been
observed. From A-1 analysis result, it was confirmed that all
CCs in a single jelly roll extend from the core cell area and
have batch welded to the single tab. This structure is a multi-
tab structure in which all the single CC layers are individually
tab-connected. On the other hand, the B-3 cell employs the
single tab structure in which one cell jelly roll depends on just
one tab. Because electrons collected on a single tab have to
migrate a long path along with the CC of a jelly roll, it will
not only increases the resistance but also induces unwanted
energy losses.

Figure 5: 2D image on cross-section of A-1

Figure 5 and 6 shows the single-tab structure of A-1 and the
multi-tab structure of B-1 respectively. The tab design
difference of both cells from the core cell to external terminal
connection and tab resistances were calculated based on the
tab geometry analysis. The estimated tab resistance of A-1

Figure 6: 2D image on xz cross-section of B-1

and B-2 are shown on Table 1, which is only about 0.07% of
the Rint measured at SOC = 50% and Temp. = 25°C, whereas
the resistance of B-1 is about 3.5%. These calculated results
are discussed below.

Table 1: Geometry Analysis From the Cell Core to Terminal of A-1 and B-2 Cells from 3D CT Scanning

Tab design [mm]

Positive tab Negative tab Res.

% -1
Cell Thickness _ Width  Length /(1 W) MMl Reg o) (Cu) [nQ]
Al 25 4538 145 0.063 1.7 1.0
B-1 0.75 15.2 544 4772 126.5 80.2

where L= the length, T = the thickness and W = the width on

Table 1. Resistivity (p) : p_Cu=1.68 * 108 [Q-m], p_ Al =2.65

* 108 [Qm]. - Rint): Rint of A-1 and B-1 is 3.7 and 5.9 mQ, respectively. They are measured at SOC = 50%.
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Discussion

This study confirmed that the produced Li-on 4-1 battery has
higher energy and power density compared to the SUPPER-B
B-1  Battery. With  the introduction of Li
[Ni0.92C00.06Al0.01Nbo.01]O2 (Nb-NCA93) cathode with a high
energy of 869 Wh kg! the energy density was enhanced. The
presence of Nb in the Nb-NCA93 cathode induces the grain
refinement of its secondary particle whereby alleviating
internal stress and preventing heteroneity of Li-on A-1
concentration during cycling. Therefore, the resulting full-cell
reaches full charge within 25-30 minute and retains 85.3% of
its initial capacity rating after 1000 cycles (cycle at full depth
of discharge). In addition, the Nb-NCA93 cathode generates
limited heat under XFC conditions due to refined
nanostructure.

On the temperature distribution characteristics between A-1
and B-1 cells both exhibit a temperature increase of 2.93 °C
and 7.33 °C respectively. It was revealed in the temperature
sensitivity evaluation that the lifespan and Rint of 4-1 battery
can decrease by 4.25% and by 3.05% respectively when the
temperature increases by 1 °C. As a result, lifespan of 4-1
battery is 12.5% degraded and Rint is 8.9% underestimated,
without any compensation to the error.

The investigated results in the CT structural analysis support
the electrical and thermal performance difference between
two sorts of batteries. It is found that the A4-1 cells with
multiple tabs and a shorter path between the core jelly roll to
the terminal has better Front Of Meter (FOM), round-trip
electrical efficiency, and thermal performance than the B-1
cells having a single tab design and a relatively long path.
These tabs act as transferring thermal energy as well as
electrical energy. Improvement of the internal tap design of
the battery can, hence, be expected to improve the substantial
electrical and thermal performance.

The limitations of this paper and future research directions are
proposed. First, the FOM proposed here only mathematically
explained the correlation with Joule heat but did not verify the
absolute amount of heat generated in the actual experiment
these are due to different errors like braking error, flux
leakage error etc.

However, its heat generate characteristics was confirmed
indirectly based on the temperature change result. The surface
temperature can be relied on thermal resistance and
capacitance characteristics. Surface temperature in operating
is affected not only by heat generation, but also by thermal
resistance and thermal capacitance. Nevertheless, the
theoretical validity of this FOM has been confirmed in various
thermal studies (Wang et al., 2017, Un-Hyuck et al., 2022).
Furthermore, this FOM can be extended to thermal modeling
and thermal characteristics researched.

CONCLUSION

From the results and analysis presented in this paper, we have
compared the performance of produced battery A-1 with an
LFP battery from a supplier (SUPER-B) B-1 based on
multiple perspectives such as the energy density, cycle
durability and rate capacity. Thus, to easily evaluate their long
duration capability and energy efficiency, a new approach
was adopted (FOM) which correlate with key thermal
performance indicators. The produced Li-on battery had a
better specific power, specific energy, and energy density
performance than the SUPER-B, however, their round-trip
energy efficiency and heat generation characteristics in terms
of operating temperature were relatively the same, especially,
in a maximum temperature condition, the temperature change
of the A-1 Li-on cell was 29.1 °C compared to the initial,
which was more than twice of the SUPER-B. As a result, more
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cooling load of Li-on battery was experienced than SUPER-
B battery, this enhanced the storage duration longer than
SUPER-B. Also, a relatively larger temperature distribution
characteristic was confirmed on the Li-on Battery using a
high-performance IR camera. Based on the cycling aging and
Rint characteristics of the A4-series cells, a 4.25% lifetime
reduction and 3.05% underestimated Rine values are expected
when the measured temperature is measured 1 °C lower than
the actual battery temperature.

Finally, A-1 Lithium-ion batteries offer high energy density
and improved thermal performance compared to older battery
technologies. This means they can store more energy in a
smaller, lighter package, and can operate effectively across a
wider temperature range, with few limitations. The results of
optimization of the package design of the produced LiB have
improved the temperature distribution characteristics. Hence,
the efforts proposed in this paper has enhance the capacity
rating, energy density, cycle durability, reliability, accuracy,
and safety of the of the LiB. By employing the new FOM,
temperature distribution analysis, and cell package structure
analysis, the balanced performance of batteries was evaluated.
We can understand that efficiency, thermal generation, and
thermal distribution characteristics are all factors to be
considered when designing a Li-on battery for long duration

application including optimize tab design for mass
production.
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