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Abstract
The various battery energy storage technologies were investigated and analyzed; the
findings show that the lithium-ion battery technology was found to have better performance
than other conventional battery technologies. It can store large energy quickly and slowly
discharge, as shown in the various research works reviewed in this research work. The
various results were related to enhancing the characteristics of the lithium-ion battery
charge and discharge performance, all the simulation results were obtained from various
higher quality research work used to increase the efficiency of storage and the speed at
which can enhance the charged and discharged cycle of the battery. The results also
analysed the state of charge and depth of discharge lifecycle of the batteries connected both
in series and parallel, under severe and harsh operating conditions.
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INTRODUCTION
1.1 Background of Study
Renewable energy will play a greater role as an energy source in the future, but the missing
link to renewable energy is energy storage, which makes it difficult for it to contribute the
same way coal and nuclear plant do today. The energy will reduce the burning of fossil fuels
for electricity generation which is associated with CO2 production. It will reduce global
warming due to dependency on fossil fuels as a primary source of energy. Renewable energy
sources include the following: wind, sun, water, dam, etc. energy storage is used to attain
decoupling between energy generation and consumption. Due to the increasing demand for
renewable energy, energy storage will be required to compensate for the fluctuating power
generated by wind power and solar photovoltaics to ensure a stable power supply. The
challenges can be overcome usinga proper energy storage system.
This research work deals with battery energy storage systems in terms of important
characteristics of theirlifetime and efficiency. Lithium-ion batteries storages system would
be carefully chosen due to some of their important characteristics such as the efficiency and
reliability of the battery in the presence of solar and wind power plant systems. This is to
evaluate the efficiency of the charge and discharge of a lithium-ion battery to improve its
efficiency and reliability.
In the past, conventional power plants can only be considerably adapted to the current power
demands during production before the image of wind or solar power plants. These changes
are not possible with wind or solar power plants, in case of high demand the maximum
producible amount of power by the wind and solar system. On the contrary, a reduction of
an electrical power output wasted isminimized in the presenceof a suitable battery energy
storage system. The result would be aproperly utilized renewable energy power plant.
According to Fang et al. (2020), renewable energy has been on the political agenda for
several years, and now that renewable energy technologies have become competitive with
fossil fuel technology in some countries andhavebeen commercialized. Despite the slow
uptake of energy in some countries compared to other countries, some events have already
taken place which could indicate that the energy system is transitioning (Arpit, Nikolaos,
Massimo & Madeleine, 2020).

Figure 1.1: Number of research papers published per year found on Science Direct
using EES-related keywords (Zhizhang et al., 2016).
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According to Zhizhang et al. (2016), energy storage technologies have upgraded rapidly over
the last few years, mostly driven by innovations in the mobility sector and by demand from
electrical and electronic firms. This research work will focus on an overview of the current
state of lithium-ion batteries’ energy storage technologies, specifically on charge and
discharge capacities and enhancement as well as its future applications. These will give a
viewpoint for the future of a better method approach to enhancing lithium-ion batteries’
energy storage system. It is written for the more technology-minded reader interested in
deploying energy storage from a commercial perspective, but parts of this research work may
also serve policymakers, energy traders, or researchers, because of the multiple perspectives
present in this research work.
1.2 Statement of the Problem
Why does energy storage remain the major challenge associated with renewable energy
particularly wind and solar energy plants to contribute the same way coal and nuclear plants
do today? The main research question is divided into several sub-questions which capture
the full approach of this study.
i.
Which kind of BESS technology will succeed in the desired objectives?
ii.

iv.
v.
vi.
vii.

What is the current technological state of battery technology and what are the
expectations for improvement in the terms of performance? iii. How can large battery
storage systems be implemented most efficiently?
In what ways can energy storage be used to create value on different system levels?
What are viable use cases for the commercial application of energy storage?
In what ways can the electricity market design be improved to optimize the value
creation of energy storage systems?
How can energy storage provide functionality in technical and economic impacts on
the electricity grid on different system levels and how could answering these
questions and sub questions would lead to improvement in future electricity
generation?

The discrepancy between use cases for which storage is needed may also suggest that
different types of energy storage technologies might be more appropriate for different use
cases. The findings which result from answering the research questions can be generalizedto
generating electricity grid-oriented systems. In this research work, the best battery energy
storage system was highlighted and analysed. The studies which analysed the integration of
batteries energy storage suggested, that the use of lithium-ion battery technology will
overcome the difficulties associated with the battery’s energy storage systems. The energy
generated could be used to achieve the desired objective and allow solar and wind energy to
contribute to the national grid the same way other energy plants do nowadays.
1.3 Aim
This research work aims to optimizethe battery energy storage system (BESS)
1.4 Objectives
The objectives of this research work are to;
i.
Investigate the significant characteristic of life and efficiency of battery energy
storage systems (BESS).
ii.
To analyze the impact of battery energy storage system (BESS) on power system
efficiency in micro solar grid storage.
iii. To optimize the battery energy storage system (BESS).
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1.5 Significant of the Research Work
This research work consists of five stages to give a clear picture of the steps which the
research work passes through.Stage one is the introduction which introduces the main topic
of the research work and its aims and objectives. Stage two is the methodology of the
research work in this stageoutlines the steps which followto complete this research work.
Stage three is the literature review of all the different aspects related to the research work
tasks which has been reviewed. Stage four is the various designs of the previous relevant
research work and results obtained from other research work in this stage both the software
and the hardware design were explained in detail. Stage five is the conclusion and
recommendations. This stage is summarised and concludes the research work achievements.
In the first part, the design and function of a lithium-ion battery cell and the rate of the
current flow of the battery in charge and discharge as well as the applications of large
Battery Energy Storage Systems are technically described. In the second part, the largest
research works are listed and statistically evaluated. Some interesting research works are
described in detail. The case study is calculated, and the results are presented.
1.6 Scope of The Research Work
For the analysis in this stage, storage technologies are selected based on their ability to be
location independent, excluding pumped hydro storage and large-scale compressed air
energy storage. In 2.2 an overview is provided of research works that are in operation, under
construction, or announced. Lithium-ion energy storage is by far the most popular and
therefore likely to be closest to large-scale commercial applications. For this reason, lithiumion technology will be covered extensively in this research work.
This research work will also discuss second-life applications of storage technologies as there
are currently only a few applications of energy storage that would allow for a second-life
application. Topics such as the behavior of second-life batteries, where such batteries could
be applied, and how they should be valued compared to their new counterparts are currently
under research and would justify a more in-depth study focused on this topic. For this
reason, it is currently out of scope for this research.
LITERATURE REVIEW
2.1 Introduction
This section provides an overview of the other research works that have been done on
battery energy storage systems the research that was carried out indicates the importance of
lithium-ion battery technology throughmanyresearches works and many studies. Many
researchers give different design solutions to the challenges associated with lithium-ion
battery technology. Many studies have been getting desired results through their models
which are used to improve the system performance and reduce the effect of heat/temperature
for charge and discharge that are still looking for a possible solution.
2.2 largest Battery Energy Storage System
There were 20 largest Battery Energy Storage Systemresearch works in Germany which
were1 MW to 15MW and range between 15 MWh and 0.5 MWh. The research work
provided about 10,000 households per day with electrical power, and together have a rated
capacity of 90 MW which will rapidly increase the security of the electrical power supply in
the regions. The research work was based on lithium-ion cell technology which was built
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directly into a power plant. The challenges for this system are the expansions of renewable
energy because their energy generation was difficult to predict. The increasing amount of
solar and wind energy leads also to the reduction of conventional power plants. The optimal
use of control reserve through wind and PV power plants can avoid the expensive up and
downward adjustments of conventional power plants.
The Research works consist of lithium-ion cells because the production of Lithium-ion
batteries has reached a high quantity and quality level. These are reasons for using them in
the market of primary control reserve. The state of charge (SOC) for lithium-ion cells can be
determined by mathematical algorithms. Continuous monitoring of the cell voltage and a
sophisticated battery management system was necessary to ensure a safe operation. The
battery management system cares for the optimal charge and discharge cycles and therefore
the utmost operating lifetime is guaranteed. The batteries are recyclable to a high degree so
that the environmental risk is low. Lithium ionphosphate (LiFePO4) is currently the most
used lithium technology in large storage units, as the research work demonstrates in figure
2.1 below.

Figure 2.1: 15 MW power Lithium-ion Battery Energy Storage System in Germany
(Zhizhang et al., 2016)
2.2.2 Lithium-ion batteries:
Lithium-ion batteries show the largest capacity of bulk energy produced than all other
batteries and have successfully displaced the competing systems. Lithium is the lightest
solid element in the chemical periodic table (atomic mass 6,941 g/mol; density 0.53 g / cm3)
and has the lowest electrochemical potential of all metals (-3.04 V vs. standard hydrogen
electrode). The high cell voltage of the lithium cells allows the construction of batteries with
only a single cell.
There are two different types of lithium batteries: The primary lithium batteries (lithium
metal) batteries are non-rechargeable and therefore intended for single use. The anode is
made of metallic lithium and the cathode is made of manganese dioxide (MnO2). The
primary lithium batteries LiMnO2are commercially the most widely used. During
discharging the metallic lithium in the anode oxidizes to a lithium-ion and an electron. The
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electrolyte is a solution of a lithium salt, e.g., Lithium perchlorate (LiClO4) in a mixture of
organic solvents.
Lithium secondary batteries (lithium-ion batteries) provide multiple reversible
transformations of chemical energy into electrical energy so that these batteries can be often
used. Lithium-ion batteries, unlike conventional batteries, do not have a memory effect (loss
of capacity by not completing loading/unloading) and achieve high efficiency of up to 95%
(ratio of discharge to charge amount). Rechargeable lithium-ion batteries have high specific
power as illustrated below and energy density and have no or in the case of lithium
ionphosphate only one low memory effect.

Figure 2.2: Capacity for different battery types (Zhizhang et al., 2016)
The cathode side and the anode side of the active material can store the lithium ions
reversibly as shown in 3.2 below. The negative electrode contains a carbon modification
having a layered structure as an active material.

Figure 2.3: LIB: charging and discharging of a Lithium-ion cell (Zhizhang et al., 2016)
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Figure 2.4: Chemical process in Lithium-ions (Zhizhang et al., 2016)
. The advantages of rechargeable lithium batteries compared to conventional chemical
energy accumulators (lead-acid batteries, nickel-cadmium batteries, nickel metal hydride
batteries) result from the electrochemical performance parameters. Increasing applications
need increasingly larger storage systems with more capacity and performance.

Figure 2.5: Comparison of the parameters for different Lithium-ion Battery types
(Zhizhang et al., 2016)
The anode material of lithium-ins provides good properties for certain applications (high
cycle stability, long calendar life). Lithium-ion`-based battery cells have a lower cell
voltage, which increases their safety. The batteries are recharged rapidly and can be operated
nicely one to their chemical stability in a wider temperature range. depending on the cathode
material is also better. Another disadvantage is that due to the material high costs apply.
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Table 1: Cathode and anode materials of Lithium-ion (Zhizhang et al., 2016)

Figure 2.6: Cycle life of a Lithium-ion cell Battery University (2016)
2.2.3 Lithium sulphur batteries:
Comprised of a lithium anode and a sulphur and carbon cathode, characterized by a very high
energy density. The chemistry would theoretically provide systems with an energy density of
6000Wh/kg, but the end of the energy density will be about 2000 Wh/kg.

Figure 2.7: Discharge of a Lithium sulphur battery (Zhizhang et al., 2016)
In the lithium-air battery, the cathode is replaced by air (see figure 2.8), and the anode
consists of lithium. It is still open when lithium-air batteries can be implemented as a
rechargeable system for use as a BESS. The lithium sulphur and air batteries are now under
research and development.
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Figure 2.8: Chemical process of a lithium-air battery
Proven advantages of lithium-ions in practice as electrolyte solutions.
i. Flow battery delivers power up to several megawatts.
ii. They have very high efficiency.
iii. iii. They can have a huge capacity depending on the liquid storage size.
iv. iv. A self-discharge can be almost completely avoided. The electrode material itself
does not chemically react with the electrolyte and therefore no unwanted discharge can
take place. Memory effects do not occur in the batteries. There are more than 10,000
charge cycles possible, which enables a lifetime of 20 years or more.
2.3.6 The Review of Related Literature
The above literature review demonstrated the advantages of a battery energy storage system
(BESS) and analysis shows that lithium-ions batteries technology has better performance
over other conventional batteries. Most of the research work demonstrated and analyzed in
this review research works is based on lithium-ion battery technologies. Their various
models show the efficiency of the battery technology. Most of their contributions were based
on the effect of heat and temperature on charge and discharge capacities as well as quality
voltage as illustrated in table 2.1 below.
Table 2.1: Summary of Related Literature
S/No

Author

Contributions

Research Gap

1

Arpit et al.

Improving the operation of energy
storage using a non-linear lithium-ion

Flow rate or higher discharge
under high temperature.

Lithium-ion Storage State-of-Charge
forecasting models for optimization and
Accuracy.

Low electrons movement for
temperature effect of chargedischarge cycles.

(2020)
2

David et al.
(2019)

3

Lei et al. (2021)

Identification of Parameter of the
High-Power Li-ions

Non-tolerant to temperature on
charge-discharge cycles

4

(Ramin &

Evolutionary Algorithms of Enhancing
lithium ions in the Presence of Wind
Power Plants.

Irregular supply affects the
lithium-ions cell’s lifecycle

Hamdi, 2020)
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5

Fang et al.
(2020)

6

Wei et al.
(2021)

7

Ramadas et al.
(2021)

Identification of electrolyte flow field
variation and optimization of a
membrane electrode assembly for
Vanadium Redox flow for chargedischarge cycles.

Non-tolerant to the heat of
electrolyte flow.

Seleno-phosphate material increases the
anode for high-performance lithium-ion
battery charge-discharge cycles.

The strain of development of
new electrode materials with
high energy and power
densities.

lithium-ion batteries’ high voltage and
charge per unit of mass and volume
were observed.

fewer micro-permeable
centrifuges between the anode
and cathode.

8

Marin-Montin
and Montero
Chacón (2021)

Obtaining the crack patterns associated
with specific charge and discharge
strategies and potential initial defects.

weak lithium-ions are
constrained by the degradation
mechanisms during charge and
discharge cycles.

9

Cheng et al.

Produce zero heat-dissipation on
lithium-ion batteries during charging.

Direct measurements of
reversible heat are challenging
due to the limited temperature
resolution of applied
thermometry.

The use of Supercritical CO2 synthesis
and composite anode for Li-ion battery
applications would improve the
minimum charge transfer resistance.

The thin and conformal coating
must be fabricated.

(2021)

10

Hernandha et al.
(2021)

2.4 Summary
The advantages of lithium-ionbattery technology over other conventional batteries were
discussed and analyzed. Many categories of battery energy storage systems were illustrated
and analyzed in the above review research works. Different methods were used in their
various models which they used to obtain their various results for effectiveness and desired
operation results. However, I would like to conclude that, all the findings in this stage show
that lithium-ion is much better than any battery technologies, in terms of charge and
discharge capacities as well as quality voltage and uninterrupted power supply.
METHODOLOGY
3.1 Introduction
The first step is to give an overall understanding of the optimization of battery Energy
Storage systems using statistical analysis to complete a literature review for which detailed
and comprehensive research about the topic is to be conducted. This will assist the
preparation of this research work’s aims and objectives, and problems associated with the
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chosen research topic which is lithium-ion battery technology, and provide the possible
solution to the problems through the laboratory simulation results and theoretical analysis
using higher quality research papers. This would be achieved by reviewing related works to
understand the different aspects of lithium-ion battery technology design, implementation,
and improvement. Within this stage, the structure of the research work would be described
to support its replicability and results. Before assessing the various parts in depth, the
research work would be outlined. This stage allows the readers to understand the results of
this study. This study uses a multi-method approach, combining, amongst others, theory on
and application of the System of Innovation approach, a literature study on the state of
technology, and a scenario analysis, mostly using qualitative methods. This stage should be
considered as an addition to the methodology which is already described throughout the
research work. The reader should be able to understand the concepts of this research work
without reading this stage but may find this stage useful for additional clarification.
3.2.1 General flow chart for the battery energy storage System
The simplified battery energy storage system designs and simulations were carried out using
various higher-quality research papers to check the performance of batteries regarding bulk
energy storage capacity. In this research work, the lithium-ion battery is found to have better
performance than other conventional battery technologies. It was investigated and the
findings show that it can store large energy quickly and slowly discharge as demonstrated in
the various research works reviewed in the above stages. Various analyses would be
conducted on this. Figure 3.1 below illustrated the flow Chart of the lithium-ion battery
energy storage system.

Figure 3.1: Flow Chart
We have chosen the proper battery energy storage technology of higher capacity which
could be used in bulk energy applications. But the chosen technology is still looking for
further enhancement with the recommendation of this research work that could be achieved
which have to do with the followings:
•

Cycles of charge and discharge: It determines the battery life. If this amount
surpasses the specified number, the rated power is not produced by the battery. In
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•

•

this study, by employing a lithium-ion battery, the life cycle was up to 730 cycles per
year.
Depth of discharge: The range of the life cycle is wide in terms of the type of
lithium-ion batteries. To find the exact life cycle, it is necessary to calculate the
accurate battery life. The minimum range of the battery life cycle occurs when
operating at high DOD and vice versa.
Rate of discharge: It is related to battery life. If the battery is charged or discharged
at a higher rate, it can significantly reduce battery life. However, if the battery is used
at or below its rated value, it can remarkably increase the battery life.

According to Zhizhang et al. (2016), the rated power of one lithium-ion battery could be up
to 1 MW, this makeslithium-ionbattery technology to be considered the best battery energy
storage system. The rated power of the battery isa standby battery. It is also worth noting
that all the battery branches consisted of a group of battery cells connected in a series to
raise the voltage capacity. Moreover, the branches could be connected in parallel to the
battery pack to increase the total capacity of the battery.
Moreover, the results of optimizing the battery characteristics were obtained using various
research papers. The energy of the battery could be generated from the wind farm or solar
PV arrays. The investigation of the battery also focused on the lifecycle of all batteries at the
same time charge and discharge capacity. To satisfy this condition all the DODs of each
branch (even the backup branch) should be kept at the same level. This idea was employed
during the design of the proposed lithium-ion battery to prevent cycling currents from being
produced between the battery branches during the charge and discharge process.
3.3 Summary
This stage illustrated the stages followed step by step to carry out the research work which
gives an overall understanding of the research work, which is the optimization of the battery
Energy Storage System. This shows how the research work research used statistical analysis
to complete a literature review for which detailed and comprehensive research about the
topic was to be conducted. This helped in achieving the desired objective of the research
work. This was also achieved by reviewing the higher-qualityresearch-related works.
RESULT AND DISCUSSION
4.1 Introduction
All the simulation results obtained from various research work used to increase their
efficiency of storage and the speed at which they can be charged and discharged, in this
research work for charge and discharge of the lithium-ion technology would be displayed
and analyzed here. The various results were related to optimizing the characteristics of the
lithium-ion battery charge and discharge performance. Besides, the initial SOC and DOD the
life of the batteries connected to the system in series and parallel were defined differently to
test the confirmation of the battery under severe conditions and the harsh operating condition
of a single-phase-to-ground fault in the test study system, as well as a variable three-phase
dynamic load and what happens to the real power systems to be operated under these
abnormal conditions due to the protection system actions all these were analyzed. This stage
describes the problems in counter to the findings in this research work and the solution
offers to the problems.
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4.2.1 Nature of aging in lithium-ion batteries

The capacity of a battery over time is not constant. The main factors that cause a decline in
capacity are external factors: temperature, and time. Internal factors: State of Charge,
current, Depth of Discharge, Calendar and Cycle aging, Dependence on internal factors, a
physical model to explain the effect of mean State of Charge has been developed. This
behavior has been assigned to the volume changes in the graphite electrode present in most
lithium-ion batteries. Not only the cycle life vs. Depth of Discharge but also the amp/hour
(Ah) throughput method does not consider this effect of the average State of Charge on
battery degradation (Arpit et al., 2020). Figure 4.1 illustrates the effect of current on
capacity fade is depicted, the number of equivalent full cycles until the cell capacity
decreases to 80% is considerably different for the two currents shown. The effect of current
in the degradation models used in battery scheduling strategies cannot be ignored (Arpit et
al., 2020).

Fig. 4.1. Experimental aging behavior in the lithium-ion batteries (Arpit et al., 2020)
4.2.2 RESULTS ANALYSIS
Experimental working conditions
The experimental equipment includes a ternary Lithium-ion battery, the battery testing
equipment (CT4016-5V100A-NTFA), the temperature box (DGBELL BTT-331C), and a
computer for human-computer interaction. The voltage and current curves during the
BBDST test are shown in Fig.4.2 (a) and (b), respectively. A complete BBDST cycle lasts
for 300s. Fig.4 (c) and (d) are the voltage and current curves during the BBDST test of one
cycle respectively (Lei, Shunli, Hong, Carlos, & Xin, 2021)
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(c)
Single period voltage
(d) Single period current
Figure 4.2: Experimental data of BBDST condition (Lei et al., 2021)
4.2.4 Battery sustainability
The model’s simulations were conducted in a computer with an Intel Core i7 CPU of
3.1GHz, a RAM of 8 GB, and a 64-bit processor in the MATLAB 8.1.0.604 (R2013a)
environment. The results were related to optimizing the characteristics of the lithium-ions
that are powered by the wind turbine (Ramin & Hamdi, 2020).
Moreover, the initial SOC and the life of tee batteries connected to the system in parallel
were defined differently to test the confirmation of the lithium-ions under severe conditions.
Moreover, the real power systems will rarely be operated continually under these abnormal
conditions due to the protection system actions (Ramin & Hamdi, 2020).
TABLE 4.6: Battery sustainability (David et al., 2019).
Battery

A
B
C

Initial State of
Charge (SOC)
(%)
80
70
75

Final SOC
(%)

Initial Life
(%)

55.70
59.26
56.81

70
75
85

Remaining
Expected Life
(REL) (%)
68.03
73.15
82.38

During the simulation process, some parameters can affect the results more than the other
parameters. In other words, these parameters have a significant role in changing the final
results, or the obtained results are more sensitive to their changes during simulating the
proposed model. In addition, the internal resistance of each cell of the batteries is the most
significant factor affecting both power loss and the SOC. Applying some changes to this
parameter results in some undesirable values in power loss, if the changes are not reasonable
or are out of the range. To be more detailed, this item determines the type of battery cells in
terms of the electrochemical process. That is why calculating and regulating this parameter
should be attentively considered (Ramin & Hamdi, 2020).
14
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Figure 4.3: Number of batteries connected to the power system for 60 min without
optimization and the backup battery branch.
We analyzed the results obtained from optimizing the lithium-ions using the nine algorithms.
To obtain better results, all the initial values for the SOC in each battery (Battery A, B, and
C) were assumed to be 100% in the optimization process; this was because, in setting the
parameters of each evolutionary algorithm to obtain the best global solution, all the target
variables should be set at 100% (Ramin & Hamdi, 2020).

Figure 4.4: The numerical comparison between final SOC (%) and REL (%) by
applying the evolutionary algorithms for Battery A.
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Figure 4.5: The numerical comparison between final SOC (%) and REL (%) by applying
the evolutionary algorithms for Battery B.

Figure 4.6: The numerical comparison between final SOC (%) and REL (%) by
applying the evolutionary algorithms for Battery C.
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Figure 4.7: The number of batteries connected to the power system under optimization while
considering the standby battery branch during 60 min ((a) optimizing with ABC algorithm,
(b) optimizing with DE algorithm, (c) optimizing with GSA algorithm, (d) optimizing with
PSO algorithm) (Ramin & Hamdi, 2020).
4.3.2 Polarization curves for different flow fields
Firstly, the discharge power increases with the flow rate but the slope of this dependency is
different for each type of flow field. Secondly, the serpentine flow field demonstrates higher
power densities at medium and high flow rates whereas at low flow rates becomes like the
flow-through system. Finally, interdigitated flowed exhibits the smallest discharge power
densities at all flow rates. On the contrary, the dependencies of charge power densities on
the flow rate should demonstrate the opposite trends. Higher charge power density indicates
a negative effect, implying that the test cell has higher voltage losses at fixed current
(Roman et al., 2020) densities.
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Figure 4.8: Discharge peak power densities (SOC 50) at various flow rates measured on the
cells with different flow fields and N211 membrane (Roman et al., 2020).
Among studied flow field types with certain flow field parameters (land width, rib width,
etc.) the serpentine flow field demonstrates smaller charge power at all operating current
densities which should lead to the higher efficiency of the cell. The optimal flow field
system should ensure that liquid 6 electrolytes penetrate the carbon electrode at a reasonable
level (Roman et al., 2020)
4.4.1 Flexible graphene-based lithium-ion batteries with ultrafast charge and discharge
rates
This research used a thin, lightweight, and flexible lithium-ion battery made from graphene
foam, a three-dimensional, flexible, and conductive interconnected network, as a Chen
current collector, loaded with Li4Ti5O12 and LiFePO4, for use as anode and cathode,
respectively (Li, Chen, Ren, Li, & Cheng, 2012)
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Figure 4.9.1 a: Capacity (mAh/g) of flexible graphene-based lithium-ion batteries

Figure 4.9.1 b: Rate (C) of flexible graphene-based lithium-ion batteries

Figure 4.9.2.1 c: Cycle number of flexible graphene-based lithium-ion batteries
Figure 5.2.1: Discharge rate and cyclic performance of the LTO/GF electrode (Li et al.,
2012).
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The above simulation results of the 3D porous LTO/ GF hybrid electrode produce a highly
conductive pathway for electrons, a short ion diffusion length, and a fast transport channel
for a high Li+flux, which provide the electrodes with a great potential for fast charge and
lowly discharge. The work investigated the lithium insertion/extraction properties of the
LTO/GF material by galvanostatic charge-discharge measurements showing a specific
capacity of about 170 and 160 mAh/g, respectively, and even at a charge and discharge rate
of 200 C (corresponding to an 18-s full discharge) (Li et al., 2012).
According to Li et al. (2012), a thin, lightweight, and flexible Lithium-ion Battery uses a 3D
flexible and conductive interconnected GF network as both a highly conductive pathway for
electrons/lithium ions and a light current collector. By using the flexible LTO/GF and
LFP/GF as anode and cathode, respectively, a flexible full battery was assembled. The
battery has shown good flexibility, high capacity, high rate, and long-life cyclic performance
even under repeated bending to a small radius of 5 mm, and high-power rate and fully
charged in a very short time.
4.5 Large Plastic Deformation in High-Capacity Lithium-Ion Batteries Caused
According to Zhao, Pharr, Cai, Vlassak, and Suo (2011) evidence has accumulated recently
that a high-capacity electrode of a lithium-ion battery may not recover its initial shape after a
cycle of charge and discharge. The theory is combined with a diffusion equation to be
analyzed a spherical particle of an electrode being charged and discharged at a constant rate.
When the charging rate is low, the distribution of lithium in the particle is nearly
homogeneous, the stress in the particle is low, and no plastic deformation occurs. When the
charging rate is high, the distribution of lithium-ions in the particle were in homogeneous,
and the stress in the particle is high, possibly leading to fracture and cavitation (Zhao, Pharr,
Cai, Vlassak, & Suo, 2011).

Figure 4.9.2.2: As a spherical particle is being charged at the rate of t51 h, various fields
evolve: (a) concentration of lithium, (b) deformation field of the hoop stretch, (Zhao, Pharr,
Cai, Vlassak, & Suo, 2021)
Lithium is homogenized, and the stress is relaxed, as shown in Figure 4.9.2.2. The effect of
the charging rate on the triaxial tension at the center of the particle may be used to guide
future experiments to study cavitation. It also shows the time evolution of the lithium
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concentration and the stress fields as lithium desorbs from the spherical particle. The
simulation begins when the particle is at full capacity of lithium and is stress-free, and is
terminated when the concentration of lithium vanishes near the surface of the particle. As
lithium desorbs, the concentration near the surface becomes lower than it is near the center
of the particle. This inhomogeneity causes the particle to contract more near the surface than
at the center. Consequently, compressive radial stress develops. The hoop stress at the
surface becomes tensile with magnitude Y. This tensile stress may result in the propagation
of surface flaws. Because the tensile stress is limited by the yield strength, a fracture may be
averted when the yield strength is low. According to Zhao et al. (2021), a spherical particle
subject to a constant rate of charge and discharge was analyzed by coupling diffusion and
large plastic deformation. The effect of plastic yielding, stress on the chemical potential of
lithium, and charging rates are studied. When the charging rate is low, the distribution of
lithium in the particle is nearly homogeneous, and the stress is low. When the charging rate
is high, the stress at the center of the particle can substantially exceed the yield strength. The
developed stress gradient also greatly influences the diffusion of lithium-ions, tending to
homogenize the distribution of lithium in the particle. Plastic yielding can markedly reduce
the magnitude of stress.
4.6 Multiscale modeling and analysis of lithium-ion battery charge and discharge
According to Richardson, Denuault, and Please (2012), the novel feature of the
homogenization process is that it allows the coefficients in the electrode-scale model to be
derived in terms of the microscopic features of the electrode (e.g., particle size and shape)
and can thus be used as a systematic way of investigating the effects of changes in particle
design. It is found that for low discharge currents, the battery acts almost uniformly while
above a critical current, regions of the battery become depleted of lithium ions and have
greatly reduced reaction rates leading to spatially nonuniform use of the electrode
(Richardson et al., 2012).
Hence, if the galvanostatic current is less than the critical value Icrit, then the electrolyte has
significant amounts of lithium throughout the battery and, to the lowest order, the discharge
is uniform. The dominant behaviour of the concentration and the potential is independent of
the particular Butler–Volmer condition that was considered. However, there are details, as
shown by the corrections, that are dependent on the model that is exploited. Such details
may indicate the appropriate model that is required to be used.

Figure 4.9.2.3: a) The current is low enough to allow significant reaction throughout both
electrodes, the solution b) the current was greater of the positive electrode are unable to
discharge properly
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We now return to the question of whether a physical solution exists when the current is
greater than Christ. Physically, it can be seen that breaks down for large I because of the
inability of ions to diffuse sufficiently rapidly towards the ion-depleted region of the
negative electrode. Since the diffusion timescale is highly dependent on the distance over
which diffusion takes place, it might be expected that, at high currents, the regions of the
negative electrode farthest from the separator will become depleted of lithium-ions in the
electrolyte and effectively switch off. Since the total current is specified, this will result in
increased reaction rates in parts of the electrode close to the separator.
However, this work illustrates the detailed model of a lithium-ion battery accounting for the
electrolyte, the electrode particles, and the reactions at the interface between electrode
particles and the electrolyte. Exploiting the small size of the particles used in the electrodes,
then the method of multiple scales to homogenize used, this model over the microstructure
in the case where diffusion of intercalated lithium-ions within individual electrode particles
occurs over a much faster timescale than that of lithium ions across the whole cell. Also, an
asymptotic method based on parameters estimated from the literature was used, to attain a
greatly simplified version of the homogenized model, which is applicable when open circuit
potential curves of the electrode materials show appreciable changes with a lithium-ion
concentration within the material.
Other obvious extensions to this study can include the effects of electrical resistance within
the electrode material and investigation of the effect of lithium diffusion within (large)
electrode particles for which the timescale for solid-state lithium diffusion, within the
electrode particles, is comparable to that for lithium-ion diffusion, through the electrolyte.
This work points out that there is scope to extend the homogenization method used here to
three-scale battery problems such as those investigated by Dargaville and Farrell.
4.7Memory effect in a lithium-ion battery
According to Sasaki, Ukyo, and Novák (2013) Memory effects are well known to users of
nickel-cadmium and nickel-metal-hydride batteries. If these batteries are recharged
repeatedly after being only partially discharged, they gradually lose usable capacity owing to
a reduced working voltage. Lithium-ion batteries, in contrast, are considered to have no
memory effect. The work reported a memory effect in LiFePO4—one of the materials used
for the positive electrode in Lithium-ion batteries—that appears already after only one cycle
of partial charge and discharge. It also characterizes this memory effect of LiFePO4 and
explains its connection to the particle-by-particle charge/discharge model. This effect is
important for most battery uses, as the slight voltage change it causes can lead to substantial
miscalculations in estimating the state of charge of batteries.
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Figure 4.9.4: illustrates the demonstration of a memory effect in LiFePO4 at a SOC of
charge and discharge curve.

Figure 4.9.2.4: shows the memory effect in LiFePO4 at several SOC sand the required
accuracy of the SOCs.
Finally, the research works investigated the effect of the rest time after shallow depth
discharge in the memory-writing cycle. In contrast to the situation after full discharge, the
memory effect did not disappear even after a rest time of 24h, as predicted. LiFePO4 is one
of the most promising positive-electrode materials for lithium-ions. The small memory
bump can have severe consequences on the durability and safety of industrial battery
systems, due to the SOC misestimate by software algorithms. In contrast to the memory
effects in Ni–MH batteries, the memory effects in Lithium-ion batteries occur after only one
partial charge/discharge cycle. It may therefore serve as a reliable indicator for estimating
the SOCs of the Lithium-ion batteries.
According to Wei, Mourdikoudis, Huaijuan, Wu, and Sofer (2021) carbon materials can
enhance lithium-ion battery conductivity, increases the interface contact area, and upgrade
the volume change during the repeated insertion/extraction of Lithium-ion, thus contributing
to fast charge. Following this inclination, promising electrochemical performances in terms
of low discharge charge polarization, reversibility, cycling stability (660 mAh g−1 after 70
cycles), and capacity retention (89%) was observed as illustrated in the figure below.
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Figure 4.9.4.3: Selenophosphate at (a) voltage profiles of selected cycles and (b) cycling
trend.
According to Ramadas et al. (2021), Li-ions are a necessary part of electrochemistry.
throughout the discharge cycle, the lithium atoms within the anode are ionized and separated
from their electrons. Anode and submit to the solution till they reach the cathode, wherever
they reconnect with their electrons and electrically neutralize every other. The lithium ions
are sufficiently little to pass through the micro-permeable centrifuge between the anode and
cathode. because of the tiny size of lithium (third solely once atomic number 1 and helium),
lithium-ion batteries will have a high voltage and charge per unit of mass and volume.
Lithium-ion batteries will use many various materials as electrodes.
According to Ramadas et al. (2021), Lithium-ion is a necessary part of electrochemistry
throughout the discharge cycle, the lithium atoms within the anode are ionized and separated
from their electrons. Anode and submit to the solution till they reach the cathode, wherever
they reconnect with their electrons and electrically neutralize every other. The lithium ions
are not sufficient to pass through the micro-permeable centrifuge between the anode and
cathode. because of the tiny size of lithium (third solely once atomic number 1 and helium),
lithium-ion batteries’ high voltage and charge per unit of mass and volume were observed.
According to Marin-Montin and Montero-Chacón (2021), the performance and durability of
lithium-ion batteries are constrained by the degradation mechanisms that take place during
charge and discharge cycles. The degradation of active particles of LIBs is a complex
problem involving several physical phenomena (e.g., diffusion, mechanical deformation, and
heat transfer, to cite a few). The simulation result of a lattice network was used for both
charge and discharge, following a classical lattice model approach to characterize the
fracture behaviour of a single active particle of a LIB anode when subjected to
charge/discharge cycles (Marin-Montin & Montero-Chacón, 2021). The material of the
active particles analyzed, presents a brittle, disordered material structure, making it suitable
for lattice modelling. The mechanical problem is solved, obtaining the crack patterns
associated with specific charge and discharge strategies and potential initial defects as
shown in the figure below (Marin-Montin & Montero-Chacón, 2021).
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Figure 4.9.4.4: Stress profile during (a) lithiation and (b) delithiation at different time
steps (Marin-Montin& Montero-Chacón, 2021)
According to Cheng, Ji, and Cahill (2021) heat/temperature can affect the LIB during charge
and discharge due to reversible heat in lithium-ion batteries (LIBs) of entropy change of
chemical reactions, it observes reversible heat absorption of a LIR2032 coin cell during
charging with negligible irreversible heat generation. It also developed proper thermal
management strategies which effectively reveal reversible heat absorption to cool LIBs
during charging and produce a zero-heat-dissipation LIB during charging as illustrated in the
figure below (Cheng et al., 2021).
According to Hernandha et al. (2021), the use of Supercritical CO2 synthesis and composite
anode for Li-ion battery applications would enhance the minimum charge transfer resistance,
and the best Li+ transport kinetics among the electrodes, resulting in a maximum specific
capacity of the battery. The integrity and the accumulation of the solid electrolyte were
retained by the electrode after charge-discharge cycles.

Figure 4.9.4.5: Effect of temperature in the state of charge and discharge on lithium-ion
battery (Cheng et al., 2021)
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4.8 Summary
Most of the research work above investigated the performance of various battery energy
storage technologies, and the findings demonstrated indicated that lithium-ion battery
technology was found to have better performance than other conventional battery
technologies. The various simulations’ results above aim of improving the energy storage
efficiency and speed of charged and discharged cycle. The findings also showed how to
optimize the characteristics of the lithium-ions under severe conditions and harsh operating
conditions.

CONCLUSION AND RECOMMENDATION
5.1 Conclusions
Several research papers were used which investigated the various battery energy storage
technologies, and the lithium-ion battery technology was found to have better performance
than other conventional battery technologies. The various simulation results were used to
enhance the efficiency of storage and speed of charged and discharged cycle, which was
related to optimizing the characteristics of the lithium-ions under severe conditions and
harsh operating conditions. It found that when the charging rate was low the distribution of
lithium ions particles was nearly homogeneous, and when the charging rate is high, the
strain at the center of the particle can substantially exceed the yield strength.
Other investigation of this study includes the effects of electrical resistance within the
electrode material, and the effect of lithium-ions diffusion within large electrode particles for
which the period for solid-state lithium-ions diffusion. These affect the capacity, rate,
lifecycle, and performance of the lithium-ions, which can be used to fabricate a broad of
anode and cathode materials. Some research also investigations and findings were how to
improve the operation of energy storage using non-linear lithium-ions,Lithium-ion Storage
State-of-Charge forecasting models for optimization and Accuracy, Identification of
Parameters of the High-Power Lithium ion, and evolutionary Algorithms of enhancing
lithium ions in the Presence of Wind Power Plants. The challenges and possible solutions
associated with lithium-ions for the effect of temperature and electrical resistance were
analyzed, and the results obtained illustrated how a reversible heat absorption could be used
to produce a zero-heat-dissipation on lithium-ion batteries during charging. And it was
revealed that the use of Supercritical CO2 synthesis and composite anode for Lithium-ions
battery applications was found to improve the minimum charge transfer resistance. The use
of Seleno-phosphate material was reported to increase anode for high-performance lithiumioncharge-discharge cycles.
5.2 Recommendations

The following challenges were reported: Flowrate or higher discharge under high
temperature, Low electrons movement for temperature effect of charge-discharge cycles.
Non-tolerant to temperature on charge-discharge cycles, Irregular supply affects the lithiumions cell’s lifecycle. Non-tolerant to the heat of electrolyte flow, Strain of development of
new electrode materials with high energy and power densities. Fewer micro-permeable
centrifuge between anode and cathode, weak lithium-ions constrained by the degradation
mechanisms during charge and discharge cycles. Direct measurements of reversible heat are
challenging due to the limited temperature resolution of applied thermometry. All the above
challenges could be mitigated through laboratory simulation results using appropriate
software
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