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Abstract

Indonesia's high solar irradiance, averaging 4.8 kWh/m?/day,
presents a significant opportunity to harness solar power to meet
growing energy demands. Fly ash, abundant in Indonesia and rich in
silicon dioxide (40-60% SiO:), can be repurposed into high-value
silicon anodes. The successful extraction of silicon from fly ash,
increasing SiO; content from 49.21% to 93.52%, demonstrates the
potential for converting industrial waste into valuable battery
components. Combining these advanced batteries with PV systems
improves overall efficiency and reliability. Energy charge and
discharge experiments reveal high energy efficiency for silicon-anode
batteries, peaking at 80.53% and declining to 67.67% after ten cycles.
Impedance spectroscopy tests indicate that the S120 sample, with the
lowest impedance values, is most suitable for high-efficiency
applications. Photovoltaic (PV) system integration experiments show
that while increased irradiance generally boosts power output, other
factors like PV cell characteristics and load conditions also play crucial
roles. In summary, leveraging Indonesia's solar potential with fly ash-
based silicon anode batteries and advanced predictive analytics
addresses energy and environmental challenges. This innovative
approach enhances battery performance and promotes the circular
economy by converting waste into high-value products, paving the
way for a sustainable and efficient energy future.

Keywords: Energy Storage, IES, PV system, Renewable Energy,
Silicon-anode Li-ion.

1. INTRODUCTION

Solar energy holds immense importance for Indonesia, offering a
sustainable and reliable solution to meet the country’s growing energy
needs[1][2]. With its high solar irradiance levels, Indonesia is well-positioned
to harness solar power to drive economic growth, enhance energy security,
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reduce environmental impact, and support rural electrification[4][5][6].
Realizing this potential requires concerted efforts from the government,
private sector, and local communities to create a conducive environment for
solar energy development. By embracing solar power, Indonesia can pave the
way for a greener, more sustainable future and set an example for other
nations in the region, such as to transform automatic farming by providing a
sustainable, cost-efficient, and reliable power source for various automated
systems[7][8][9][10].

The quest for sustainable energy solutions is driving significant
advancements in the integration of photovoltaic (PV) systems with cutting-
edge energy storage technologies[11][12]. Among these, lithium-ion batteries
(LIBs) stand out due to their high energy density, long cycle life, and
efficiency[13][14][15]. However, the environmental impact of traditional
battery materials and the necessity for improved performance necessitate the
exploration of alternative, sustainable materials. Fly ash, a byproduct of coal
combustion, has emerged as a promising candidate for this
purpose[16][17][18][19][20].

Fly ash is primarily composed of silicon dioxide (Si0O2), aluminum oxide
(Al203), and other trace elements, which contribute to its utility in various
industrial applications[16][17][18][19][20][21]. Traditionally regarded as an
industrial waste requiring costly disposal, fly ash contains a rich array of
minerals and compounds that can be repurposed into valuable resources for
battery technology. Recent research has focused on the use of fly ash to
develop silicon anodes for LIBs, revealing significant improvements in battery
performance and environmental sustainability.

Recent studies have demonstrated that the unique properties of fly ash,
such as its high silicon content and porous structure, contribute to enhanced
electrochemical performance when used in anode materials[14][21][22]. For
instance, Shigemoto et al. (1993) explored the selective formation of Na-X
zeolite from coal fly ash, highlighting the material's potential for high-value
applications[19]. Similarly, Bukhari et al. (2015) reviewed the conversion of
coal fly ash to zeolite utilizing microwave and ultrasound energies,
emphasizing the material's versatility[20].

This paper investigates the transformative potential of fly ash-based
silicon anode lithium-ion batteries and their role in enhancing the efficiency
and sustainability of PV systems. By converting industrial waste into high-
performance battery components, this approach addresses both
environmental and technological challenges[23]. The principles of the circular
economy are exemplified in this process, turning waste materials into high-
value products and promoting sustainable development. This article explores
the development and potential of fly ash-based silicone anode lithium-ion
batteries for enhancing PV systems. This study is the pilot project; hence, focus
more on the feasibility of implementing the idea of intersecting the material
science and machine learning, this study highlights the transformative impact
of these technologies on sustainable energy solutions
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2. RELATED WORKS

The utilization of coal fly ash in various industrial applications has
garnered significant attention due to its potential environmental and
economic benefits. This article presents the transformation of coal fly ash into
valuable materials, focusing on the feasibility of developing silicon-based
anodes for lithium-ion batteries (LIBs) and its implications for enhancing PV
systems.

Fly ash, a byproduct of coal combustion, has been extensively studied for
its potential conversion into valuable materials. Shigemoto, Hayashi, and
Miyaura (1993)[19] explored the selective formation of Na-X zeolite from coal
fly ash using sodium hydroxide fusion prior to hydrothermal reaction. Their
research demonstrated the feasibility of converting fly ash into zeolites, which
have numerous industrial applications. Similarly, Bukhari et al. (2015)[20]
reviewed the conversion of coal fly ash to zeolite utilizing microwave and
ultrasound energies, highlighting the efficiency and environmental benefits of
these methods.

Recent advancements have focused on the use of fly ash-derived silicon
in LIB anodes. Silicon-based anodes offer a high theoretical capacity but face
challenges related to volume expansion during lithiation. Jiang et al.
(2017)[18] developed a sustainable route from fly ash to silicon nanorods,
demonstrating their high performance in lithium-ion batteries. Liu et al.
(2017)[17] synthesized silica-derived hydrophobic colloidal nano-Si for
lithium-ion batteries, showcasing improved electrochemical performance.
These studies highlight the potential of fly ash-derived silicon in enhancing
battery performance and sustainability.

The integration of advanced lithium-ion batteries into PV systems can
significantly enhance their efficiency and reliability. Dunn, Kamath, and
Tarascon (2011) discussed the critical role of electrical energy storage for the
grid, emphasizing the importance of advanced batteries[13]. Liu et al. (2015)
explored the use of natural materials in battery anodes, demonstrating a
sustainable approach to energy storage[17]. These advancements in battery
technology are crucial for improving the performance of PV systems and
ensuring a stable energy supply.

This study realizes the possibility of implementing the silicon anode
lithium-ion battery from fly ash, which is environmentally beneficial.
Repurposing industrial waste, such as fly ash, for battery materials can reduce
the environmental impact of both coal combustion and battery production.

3. ORIGINALITY

The originality of this research lies in the innovative integration of coal
fly ash-derived silicon-based anodes into lithium-ion batteries (LIBs) and their
feasiblity of application in enhancing PV systems. This approach addresses
multiple critical challenges in energy storage, waste management, and
renewable energy integration, presenting a sustainable solution with
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significant environmental and economic benefits. This study offers a novel
pathway for utilizing industrial waste in high-value applications, thus
contributing to a circular economy.

The most groundbreaking aspect of this research is the development of
silicon-based anodes from fly ash for use in LIBs. Traditional silicon anodes
face significant challenges related to volume expansion during lithiation,
which affects battery performance and lifespan. Jiang et al. (2017) presented a
sustainable route to convert fly ash into silicon nanorods, which showed high
performance in lithium-ion batteries. Similarly, Liu et al. (2017) synthesized
silica-derived hydrophobic colloidal nano-Si, demonstrating its superior
electrochemical properties[17]. These studies provide a strong foundation for
the development of fly ash-derived silicon anodes, highlighting their potential
to revolutionize energy storage technologies.

The integration of advanced LIBs into PV systems can significantly
enhance their efficiency and reliability, addressing the intermittency of solar
energy. Dunn, Kamath, and Tarascon (2011) emphasized the critical role of
advanced energy storage systems in supporting renewable energy
integration[13]. By developing silicon-based anodes from fly ash, this research
not only provides a sustainable solution for LIBs but also enhances the
performance of PV systems. This dual benefit underscores the originality and
potential impact of the proposed approach.

The originality of this research lies in its innovative approach to
converting coal fly ash into silicon-based anodes for LIBs and integrating them
into PV systems. This study offers a comprehensive solution with significant
environmental and economic benefits by addressing critical challenges in
waste management, energy storage, and renewable energy integration. The
novel use of fly ash in high-value applications highlights the potential for
sustainable development and the transition to a circular economy.

4. SYSTEM DESIGN

Fly ash, a byproduct of coal combustion, contains 40-60% silicon dioxide
(Si02), 20-30% aluminum oxide (Al203), 5-10% iron oxide (Fe203), 1-10%
calcium oxide (CaO), and smaller amounts of magnesium oxide (Mg0), sulfate
(S03), potassium oxide (K20), sodium oxide (Naz0), titanium dioxide (TiOz2),
and trace elements like phosphorus pentoxide (P20s), manganese oxide
(MnO), boron oxide (B203), strontium oxide (Sr0O), zinc oxide (ZnO), copper
oxide (Cu0), and chromium oxide (Cr203) each typically constitute less than
1%. Its composition makes it ideal for producing silicon nanoparticles for
energy storage.

Figure 1 illustrates the process of converting fly ash into silicon
nanoparticles for lithium-ion battery anodes. It begins with fly ash undergoing
pre-treatment with sodium hydroxide (NaOH), creating fused fly ash through
high-temperature fusion. The fused fly ash is then subjected to hydrochloric
acid (HCI) leaching to remove aluminum and iron oxides, yielding high-purity
silica. Next, the purified silica is mixed with magnesium (Mg) in a high-
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temperature furnace, reducing silica (SiO2) to elemental silicon (Si). Post-
treatment processes like milling and classification produce uniform nanoscale
silicon particles. The final products, Nano SiO2 and MgO + Nano Si, are ready
for use in battery anodes. This process increases the energy density of lithium-
ion batteries, as silicon anodes have a much higher capacity than graphite,
resulting in longer battery life and greater range for electric vehicles.

Fused
Fly gsh

HCL Leach
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Mg0 + Nano Si

Nano SiO2

Figure 1. The process of extracting silicon Si from fly ash.

4.1 Battery Charging and Discharging Process

Figure 2 show the battery design process, where Figure 2 illustrates the
functioning of an electrochemical cell (electron and ion flow during charging
and discharging), inlcuding the anode (where oxidation occurs), the cathode
(where reduction occurs), the electrolyte (allowing ion flow between
electrodes), and the external circuit (connecting the anode and cathode
outside the electrolyte for electron flow).

Electrons
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Discharged
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Charged
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Figure 2. The process of producing Li-ion battery with silicon anode.
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During charging, electrons flow from the power source to the anode, with
positive ions (u*) moving towards the anode in the electrolyte. During
discharging, electrons flow from the anode to the cathode through the external
circuit, powering a bulb, while positive ions move towards the cathode in the
electrolyte.

The blue arrow shows electron flow during charging, and the red arrow
shows electron flow during discharging. The labels e™ and u* denote electrons
and positive ions, respectively. Charging involves an external energy source
forcing electrons to the anode, causing reduction reactions, while discharging
involves electrons flowing naturally from anode to cathode, causing oxidation
at the anode and reduction at the cathode. This setup demonstrates the basic
principles of converting chemical energy to electrical energy and vice versa, as
seen in batteries. The active material, NMC811, performs the main
electrochemical reactions. Carbon black enhances conductivity, while the
binder holds the components together.

4.2 EIS Mathematical Modeling
Electrochemical Impedance Spectroscopy (EIS) is a method used to
determine resistance (R), capacitance (C), and inductance (L) by observing the
current response to an applied AC voltage in an electrochemical cell. IES
analysis can be conducted by considering:
Z(w) =ZycosO + Z,sin@ j (D
where Z' .01 = Zy cos 8 (R) and Z",.4; = Z, sin 0 (C and L).
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(a) Li-ion circuit modeling (b) EIS analysis diagram

Figure 3. EIS modeling [24].

Figure 3.a is the simplified equivalent circuit of a lithium battery and
Figure 3.b. is the EIS graph to analyze the performance of the proposed
method, where Ry, is the bulk resistance of the cell, Rgg; and Cgg; are the
resistance and capacitance of the interfacial layer, Rer and Cgjectrogqe are the
charge-transfer resistance, and double layer capacitance, and W is the
diffusional effect of Li-ion battery on the host material. The Nyquist plot
provides key insights into lithium-ion batteries' characteristics. The initial x-
axis intercept, Rb, reflects the total resistance of the electrolyte, separator, and
electrodes, indicating the state of health. The first semicircle, RSEI,
corresponds to the interfacial layer formation on the electrode, useful for
analyzing the SEI layer formed from electrolyte decomposition and observing
polymeric gel-like films in nano-sized electrodes through EIS. The second
semicircle, Rct, relates to the electrochemical reaction kinetics, influenced by
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factors like surface coating and particle size, representing the faradic charge-
transfer resistance to elucidate the reaction mechanism and temperature-
dependent traits. Finally, the Warburg impedance, shown as the last straight
line, is associated with lithium-ion diffusion.

4.3. Battery Implementation to PV System Design

The battery produced in this study is integrated with a PV system. Figure
4 shows the design for charging lithium-ion with a silicon anode, and the load
considered is the LED lamp. This section aims to show the feasibility of
integrating a silicon anode battery with a PV system; hence, the design is kept
simple with only one load, as shown in Figure 4. The Mathematical Modeling
for a PV system with a silicon anode lithium-ion battery is similar to traditional
systems but accounts for higher energy densities and efficiencies. Energi
density calculation is given by:

Why  Battery Capacity (Ah) x Voltage(V) (2)
L ) B Battery Volume (L) ’

Energy Density (

PV Panel +—» Battery | » Load

Figure 4.The PV charged battery setting in this study.

Energy efficiency in batteries is a measure of how effectively the battery
converts input energy during charging into usable output energy during
discharging. To calculate energy efficiency from the graph, it is necessary to
determine the areas under the charge and discharge curves, as these areas
represent the energy involved in each process. The charge/efficiency (1) or
energy efficiency is given by:

Energy Out
Energy In
while battery’s cycle life is:
Cvele Life = Total Number of Cycles (4)
yele ke = Daily Cycles

and Coulumbic Efficiency is:
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(5)

Discharge Capacit
8¢ -aPaclly w100,

oulombic Efficiency (%) Charge Capacity

5. EXPERIMENT AND ANALYSIS

The experiment is conducted to show the effectiveness of the proposed
method. The experimental steps is to ensure that the integration is successful
and that the performance of the battery is thoroughly evaluated under real-
world conditions.

5.1 Silicon Extraction from Fly Ash Waste

The fly ash taken from combustion waste of PT Semen Baturaja (Cement
Manufacturing Company) is given in Figure 6.a and the extraced silica is given
in Figure 6.b from the process illustrated in Figure 1, and the complete
chemical component of fly as is given in Table 1.

(a) Fly ash (b) Silica
Figure 5. Fly ash and extracted silica.

Table 1. Chemical components extracted from fly ash

Component Fly ash (%) Extracted silica (%)
Si0; 49.21 93.52
Al O3 16.22 1.14
F6203 5.49 1.17
K20 0.50 0.06
Ca0 7.37 0.93
MgO 1.72 1.08

5.2 Battery Performance Analysis

The objective of this experiment is to thoroughly understand the
battery's behavior, determine its capacity, evaluate its charge and discharge
efficiency, analyze its cycle life, assess the impact of various operating
conditions such as temperature and load, and IES analysis. Figure 6 are the
battery produced in this study where Figure 6.a is 12 batteries pack, and figure
6.b is 3 batteries connected in series and paralel. Cycle life testing is another
critical part of the experiment, where the battery is subjected to repeated
charge and discharge cycles at a consistent current rate, such as C/2. Over
multiple cycles, typically around 100, the battery's capacity, voltage profiles,
and efficiency are closely monitored to assess performance degradation. Data
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collected from these cycles helps determine the battery's capacity retention
and degradation rate, providing valuable information about its long-term

durability.

Charge Capacity (Al

e o o o
[ N )
N T | 1

o
o
1

(a)

(b)

Figure 6. The silicon anode battery produced in this study.

= Charge Capacity (Ah)
e Discharge Capacity (Ah)
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Figure 7. Charge and discharge cycle.

Figure 7 depicts the charge and discharge capacities of a lithium-ion
battery over multiple cycles. The x-axis represents the cycle index, indicating
the number of charge-discharge cycles the battery has undergone, while the y-
axis represents the charge capacity in ampere-hours (Ah). Two sets of data are
plotted: charge capacity (represented by black squares) and discharge
capacity (represented by red circles). The charge capacity begins at
approximately 1.5 Ah in the initial cycle, indicating the maximum amount of
charge the battery can hold. However, there is a significant drop in capacity
after the first cycle, stabilizing around 1.0 Ah for several subsequent cycles.
Over time, the charge capacity gradually decreases, reaching about 0.7 Ah by
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the 10th cycle. This decline suggests that the battery's ability to accept and
store charge diminishes with repeated cycling, likely due to degradation
mechanisms such as the formation of a solid electrolyte interphase (SEI) layer
or structural changes in the silicon anode.

The discharge capacity, while initially close to the charge capacity, is
consistently lower. Starting at around 1.0 Ah in the first cycle, it too drops
significantly after the first cycle and continues to decrease steadily. By the 10th
cycle, the discharge capacity falls to approximately 0.5 Ah. The consistent
difference between the charge and discharge capacities indicates inefficiencies
and energy losses during the charge-discharge process. The Coulombic and
Energy efficiency of the proposed battery is given in Table 2, which measures
the efficiency of charge transfer within the battery and typically decreases
over time.

Table 2. Battery performance recapitulation

Cycle Charge | Discharge | Coulombic | Energy Energy Energy
Index Capacity | Capacity | Efficiency | Charge | Discharge | Efficiency
(Ah) (Ah) (%) (Wh) (Wh) (%)
1 1.5 1 66.67 5.7 3.6 63.16
2 1.2 1 83.33 4.56 3.6 78.95
3 1.1 0.9 81.82 4.18 3.24 77.51
4 0.85 85 3.8 3.06 80.53
5 0.8 80 3.8 2.88 75.79
6 0.9 0.75 83.33 342 2.7 78.95
7 0.8 0.65 81.25 3.04 2.34 76.97
8 0.75 0.6 80 2.85 2.16 75.79
9 0.7 0.55 78.57 2.66 1.98 74.44
10 0.7 0.5 71.43 2.66 1.8 67.67

Energy charge and discharge values are calculated based on assumed
average voltages of 3.8V for charging and 3.6V for discharging. The energy
charge starts at 5.7 Wh and drops to 2.66 Wh, while the energy discharge starts
at 3.6 Wh and decreases to 1.8 Wh over ten cycles. Energy efficiency, the ratio
of energy discharge to energy charge, starts at 63.16%, peaks at 80.53%, and
declines to 67.67%), reflecting similar trends seen in Coulombic efficiency.

Figure 8 shows the distinct voltage plateau regions, particularly around
4.0V, which correspond to the intercalation of lithium ions into the silicon
anode. The charge curve starts at around 2.4V and rises to approximately 4.2V
as capacity increases. Conversely, the discharge curve begins at 4.2V and
decreases, with a steep drop near the end indicating the battery's capacity
limit. Figure 8 gives the high capacity and stable voltage plateaus of a lithium-
ion battery with a silicon anode, while also pointing out areas for optimization
such as the steep voltage drop at the end of discharge and voltage hysteresis.
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Figure 8. Voltage and capacity features during charging and discharging.

The material samples in this study is subjected to sonification to
disperse and breakdown break down agglomerates, and enhance chemical
reactions, which is crucial in the preparation of materials for silicon anode
lithium batteries. The duration of sonication can significantly impact the
performance and properties of the silicon anode, influencing factors such as
particle dispersion, size reduction, and structural integrity, and this study 60
and 120 minutes sonification was conduction and both compared with
withoud sonification IES performance, given in Figure 9.

No Sonication leads to poorly dispersed, larger silicon particles with
broader XRD peaks and lower intensity. The resulting anode has poor
electrical contact, higher internal resistance, and suboptimal battery
performance. Sonication 60 achieves better particle dispersion and size
reduction, indicated by narrower and more intense XRD peaks. This improves
the silicon anode's distribution, electrical contact, and reduces internal
resistance, leading to enhanced battery capacity, cycle life, and rate capability
without significant structural changes, and Sonication 120 further improves
dispersion and reduces particle size, resulting in very sharp and intense XRD
peaks. While this maximizes surface area and reactivity, it may also induce
structural changes or defects in the silicon anode, potentially affecting
mechanical stability and leading to capacity fade and reduced cycle life.

Figure 9 displays a Nyquist plot used in electrochemical impedance
spectroscopy (EIS) to analyze the impedance characteristics of three different
samples silicon anode battery with no sonficiation (TS), 60 mins sonification
(S60) and 120 mins sonificatin (S120).

The TS sample exhibits the highest impedance values, with Z" reaching
up to 45 kQ and Z' extending to about 55 k(). This high impedance suggests
significant resistance and capacitive behavior, indicating that the TS sample
might have substantial internal resistance or poor conductivity. The large
semicircle observed in the high-frequency region of the Nyquist plot typically
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corresponds to charge transfer resistance (R_ct), which is a measure of the
difficulty of electron transfer at the electrode/electrolyte interface. The
substantial R_ct in the TS sample suggests it may be less efficient for
electrochemical applications due to high resistance and poor charge transfer
properties.

50

TS
S60
40 1 ~— 8120 n
304
g
= . &
?\l 204 .
104 -l- .;"" =i A
] 2 . 4 .A.
0 - aﬂ
T T T T T T T ¥ T T
10 20 30 40 50 60
Z' (KQ)

Figure 9. Charge and discharge cycle.

The S60 sample shows intermediate impedance values, with Z'" peaking
around 15 k() and Z' values extending to approximately 45 k(). The smaller
semicircle compared to the TS sample indicates lower charge transfer
resistance, suggesting better conductivity and more efficient charge transfer
at the electrode/electrolyte interface. The impedance characteristics of S60
imply that it has lower resistance and better electrochemical performance
than TS, making it more suitable for applications that require moderate
conductivity.

The S120 sample demonstrates the lowest impedance values among
the three samples, with Z" peaking around 10 k() and Z' values extending up
to 40 kQ. The smallest semicircle observed in the high-frequency region
indicates the lowest charge transfer resistance, suggesting superior ionic and
electronic conductivity. The low impedance values imply that the S120 sample
has excellent charge transfer properties and minimal internal resistance,
making it the most promising candidate for electrochemical applications, such
as batteries and supercapacitors, where high efficiency and low resistance are
crucial.

The differences in impedance characteristics among the TS, S60, and
S120 samples can be attributed to variations in material composition,
structure, and treatment processes. The high charge transfer resistance in the
TS sample suggests that its material properties may hinder efficient electron
transfer, whereas the lower charge transfer resistance in the S60 and S120
samples indicates better conductivity and more efficient electrochemical
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behavior. The superior performance of the S120 sample, as evidenced by its
low impedance and minimal charge transfer resistance, suggests that it has the
best material properties for applications requiring high conductivity and low
resistance; hence, this makes S120 the most suitable candidate for energy
storage systems like batteries and supercapacitors.

5.3 Integration of Silicon Anode Battery into PV System

Integrating silicon anode batteries with PV panels, as shown in Figure
10 by connecting a mini PV panel with battery and a LED for load which reflects
to Figure 4. This setup is used to test the performance of the PV system and the
battery pack's storage capabilities. Table 3 shows the result of implementing
proposed battery to a PV system where the irradiance, current, and voltage are
recorded per-hour.. At 10:00, the voltage is 0.83V and the current is 0.03A,
indicating low power generation. As the day progresses to 11:00, the voltage
increases to 1.07V and the current rises to 0.43A, showing a significant
increase in power generation. By 12:00, the voltage drops to 0.28V, while the
current reaches 1.56A, suggesting that although the voltage is lower, the
current is much higher, possibly due to different operating conditions or loads.
At 13:00, the voltage is 0.34V and the currentis 0.16A, which is a decrease from
the earlier peak values.

(b)

Figure 10. Silicon anode integrated PV System.

Table 3. Implementation of silicon anode battery to PV System

NO | Time | Voltage (V) | Current (A) | Irradiance (W/mz2)

1 | 10:00 0.83 0.03 638.6
2 |11:00 1.07 0.43 1173.7
3 |12:00 0.28 1.58 1181.3
4 |13:00 0.34 0.16 1244.2

The irradiance values show a consistent increase from 638.6 W/m? at
10:00 to a peak of 1244.2 W/m? at 13:00. Typically, higher irradiance results
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in higher power output from the PV system. However, the voltage does not
show a direct proportional relationship with irradiance, indicating that factors
such as PV cell characteristics, load conditions, and temperature effects may
influence the results.

The integration of silicon-anode battery to PV panels is implemented in
this study, where the silicon is extracted from fly ash. The experimental results
show that the battery is working as a storage system for PV panels.

6. CONCLUSION

The integration of silicon-anode lithium-ion batteries with photovoltaic
(PV) systems significantly enhances energy storage capabilities. The
successful extraction of silicon from fly ash, increasing SiO2 content from
49.21% to 93.52%, demonstrates the potential for repurposing industrial
waste into valuable battery components. The energy charge and discharge
experiments reveal that silicon-anode batteries maintain a high energy
efficiency, peaking at 80.53%, although it declines to 67.67% after ten cycles.
Impedance spectroscopy tests show that the S120 sample has the lowest
impedance values, indicating superior electrochemical performance and
making it the most suitable for high-efficiency applications like batteries and
supercapacitors. The PV system integration experiments illustrate that while
increased irradiance generally boosts power output, other factors such as PV
cell characteristics and load conditions also play critical roles. The data
indicates that voltage and current do not always proportionally align with
irradiance levels. The random forest model shows limitations in accurately
predicting current values, highlighting the need for further refinement in
predictive analytics. In summary, the integration of fly ash-derived silicon
anodes in lithium-ion batteries with PV systems offers a sustainable and
efficient solution for energy storage, addressing both environmental and
technological challenges. This approach not only improves battery
performance but also promotes the circular economy by converting waste into
high-value products.
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