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Biomass-based power sources have been developed in response to the growing global
demand for sustainable energy. With an emphasis on improving performance by adding
potassium chloride (KCI), this study investigates the possibility of employing leftover
pineapple and tomato peels as bio-battery electrolytes. The study used an experimental
approach in which liquid extracts from fruit waste were supplemented with different KC1
concentrations and fermented for 11 days. Six pineapple-based and six tomato-based cells
were stacked in Parallel to get the desired operating voltage. The findings showed that
with a composition of 60:10 on the fifth day of fermentation, electrochemical performance
was at its best. The hybrid design exceeded the original goal of 6 V and complied with
SNI IEC 60086-1:2015 regulations by successfully achieving a peak total voltage of 7.8
V. The tomato-based system achieved a higher peak efficiency of 42%, whereas
pineapple-based electrolytes exhibited higher ionic conductivity. Additionally, the KCI
enrichment greatly enhanced charge transfer, leading to a maximum LED illumination
durability of 720 minutes (12 hours). The hybrid pineapple-tomato bio-battery with KCI
addition demonstrates significant potential as a sustainable, low-cost renewable energy
solution, bridging the gap between waste valorization and practical low-power electronic
applications.

Contribution to Sustainable Development Goals (SDGs):
SDG 7: Affordable and Clean Energy
SDG 13: Climate Action

1. INTRODUCTION

1.1.  Research Background

various innovations in the field of energy storage and production
have begun to be developed, one of which is the bio-batter. A bio-
battery is an electrochemical system that utilizes organic
materials as an energy source through redox processes occurring
between electrodes and electrolytes [3].

Global demand for electrical energy has experienced a very
significant  increase along with  population growth,
industrialization, and the expansion of infrastructure in various
sectors [1]. Dependence on non-renewable fossil fuels has
become a major driver of the global environmental crisis,
including global warming, air pollution, and ecosystem
destruction. Therefore, the transition toward cleaner and more
sustainable alternative energy has become an urgent demand for
the international community [1] [2]. In facing these challenges,

The charge storage mechanism in these biomass-based
systems involves complex thermodynamic relationships, in
which the organic substrate's natural pore structure governs ion
diffusion kinetics within the cell [4]. Current global trends
indicate that the use of biomass-derived carbon materials is a key
pathway for the development of sustainable electrochemical
energy devices [5] [6].
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Organic waste, particularly from fruits and vegetables,
contains natural electrolytes such as citric acid, ascorbic acid, and
NADH (a cofactor that can generate cellular energy), which act
as electrolytes [2]. Pineapple (Ananas comosus) contains high
levels of citric acid, approximately 78% of its total acid content,
making pineapple peel a strong candidate as a natural electrolyte
[2]. Synergy with tomato (Solanum lycopersicum) waste, which
is rich in simple sugars and organic acids, is expected to improve
operational efficiency through the integration of biological and
electrochemical processes [6] [7] [8]. In principle, a bio-battery
operates based on a galvanic cell system consisting of two
different metal electrodes (Zn as the anode and Cu as the cathode)
immersed in an electrolyte solution [9]. The use of appropriate
electrodes is crucial, considering that the electrode surface area is
directly proportional to the ease of electron transfer and the
resulting current [10] [11].

To optimize the electrical potential of such waste, biological
strategies through fermentation processes become a crucial
variable. The fermentation of organic matter increases the
concentration of H+ ions, thereby increasing the solution's
electrical conductivity. Low pH conditions resulting from
fermentation facilitate better ionization processes, thereby
increasing the solution's reactivity toward the electrodes [2]. The
use of hybrid electrolytes has been shown to balance
electrochemical properties and accelerate reaction kinetics by
reducing internal resistance [12]. Additionally, the addition of
inorganic compounds such as Potassium Chloride (KCI) plays a
vital role in enhancing ion transport and electrolyte conductivity
[13] [14]. While previous attempts have integrated individual
parameters, such as NaOH catalysts, to improve generic electrical
outputs [15] [16], standalone single-biomass systems consistently
suffer from rapid voltage degradation due to the premature
exhaustion of a single organic acid profile [1].

The scientific novelty of this research lies in the hybrid
electrolyte design that strategically exploits the distinct
biochemical characteristics of both biomass wastes [2]. Pineapple
peel contains an exceptionally high concentration of citric acid
(around 78% of its total acidity), which serves as the primary
source of hydrogen ions (H+) that trigger the initial voltage surge
[17]. However, due to the aggressive nature of citric acid, the zinc
(Zn) anode experiences rapid corrosion and passivation [18]. This
is where tomato waste plays a critical role; the malic acid and
reducing sugars inherent in tomatoes act as a natural stabilizer and
buffering agent [8]. This hybrid synergy, when reinforced by the
addition of the inorganic salt KCl, creates a highly accelerated
ion-transport pathway via the dissociation of free K* and Cl- ions
[9]. These ions effectively minimize the thickness of the electrical
double layer at the electrode interfaces, reducing the system's
internal resistance to its minimum threshold [19]. Consequently,
this optimized configuration not only drives the peak open-circuit
voltage to 2.10 V for a single cell but also sustains a continuous
current flow to power an LED load for up to 720 minutes (12
hours) [2]—a significant performance leap that has not been
achieved by prior standalone bio-battery works [3] [8].

1.2.  Literature Review

Numerous previous studies have explored the use of
pineapple peel waste as a bio-battery electrolyte, with and without
the addition of NaOH [16] and various other strong electrolytes
[9]. Although global trends are shifting toward the use of complex
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bio-composites such as fungal bio-binders [20], the development
of simpler technologies for treating hybrid liquid waste remains a
primary focus in energy resource recovery efforts [11] [21] [22].
The novelty of this research lies in the synergistic effect of
pineapple peel and tomato extracts, reinforced with Potassium
Chloride (KCl), to enhance electrochemical performance [2].
Through this integration of technical and sustainability analysis,
this study aims to analyze the electrochemical characteristics and
efficiency of the bio-battery system in achieving a target working
voltage of 6 V in accordance with the primary battery parameter
standards of SNI IEC 60086-1:2015 [10] [23].

1.2.1.  Bio-Battery

A bio-battery is an electrochemical system that utilizes organic
materials as an energy source through redox processes occurring
between electrodes and electrolytes [24]. The charge storage
mechanism in these biomass-based systems involves complex
thermodynamic relationships, where the natural pore structure of
the organic substrate regulates ion diffusion kinetics within the
cell [19] [25]. Current global trends indicate that the use of
biomass-derived carbon materials is a primary roadmap in the
development of sustainable electrochemical energy devices [26].

1.2.2.  Pineapple and Tomato Waste as Hybrid
Electrolytes

Pineapple peel (Ananas comosus) contains high levels of citric
acid, accounting for approximately 78% of its total acid content,
making it a strong candidate as a natural electrolyte [17]. The
addition of KCl in bio-batteries aims to accelerate the charge
transfer process between electrodes [8], the tomato extract, which
is rich in simple sugars and organic acids, is expected to improve
operational efficiency through the integration of biological and
electrochemical processes [27]. In principle, a bio-battery
operates based on a galvanic cell system consisting of two
different metal electrodes (Zn as the anode and Cu as the cathode)
immersed in the electrolyte solution [18].

1.2.3. KCl Enrichment and Electrochemical
Enhancement

Enhancing electrolyte materials is a strategic step to strengthen
bio-battery system performance by increasing ionic conductivity
and charge-transfer efficiency between electrodes [15]. The
addition of strong electrolyte salts such as Potassium Chloride
(KCI) has been proven to increase output voltage by more than
50% due to the increased number of charged ions (K" and CI)
which accelerate redox reactions and minimize internal
resistance. The use of KCl in fruit-based bio-battery solutions can
even increase the output voltage by up to 30% compared to
solutions without additives, making it a crucial component in
stabilizing the electrical performance of bio-based systems [28].

1.3.  Research Objective

This study aims to analyze the electrochemical characteristics and
efficiency of a hybrid bio-battery system utilizing pineapple and
tomato peel waste with the addition of Potassium Chloride (KCI).
Furthermore, this research evaluates the system's performance in
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achieving a target working voltage of 6 V in accordance with the
SNI IEC 60086-1:2015 standards.

2. MATERIALS AND METHODS

2.1. Materials and Electrolyte Preparation

The research was conducted from August to December 2025 at
the Chemical Engineering Laboratory, Politeknik Negeri
Sriwijaya. The study focused on producing bio-batteries from
pineapple and tomato peel waste with Potassium Chloride (KCl)
addition and analyzing their efficiency. The procedure involved
four stages: electrolyte preparation, cell assembly, performance
testing, and observation. Liquid electrolytes were extracted,
blended, and enriched with varying KCI volumes (2-10 mL) to
enhance ionic conductivity, followed by pH and conductivity
stability measurements.

@J—ﬂ a

Elektrolit Cair Lampu
(Limbah Kulit Nanas dan Tomat) LED

-9

Kalium Klorida (KCI)

Fig 1. Bio-Battery Circuit

2.2.  Experimental Setup and Electrochemical Cell
Design

The bio-battery network was constructed using a customized
multi-chamber  rectangular transparent plastic container
integrated with 6 separated individual cell compartments. Each
cell possessed an effective volume capacity of 70 mL to submerge
the designated electrolyte mixtures. Every single cell
compartment utilized a high-purity Zinc (Zn) plate as the anode
and a Copper (Cu) plate as the cathode, with standard laboratory
dimensions of 80 mm x 20 mm x 1 mm. The electrode pairs were
vertically suspended and fixed at a constant inter-electrode
spacing of 30 mm to optimize the internal ohmic resistance.

The organic liquid electrolytes were prepared using raw
extracts from pure pineapple and tomato peel waste blended and
filtered through a two-stage filtration technique utilizing a 1000
mL glass beaker framework. The chemical enrichment process
involved adding varying volumes of stock Potassium Chloride
(KCI) solution, strictly ranging from 2 mL to 10 mL, to the
substrate mixtures. The natural fermentation and cell degradation
behaviors were continuously monitored under stationary room
temperature conditions controlled inside the laboratory at 28°C +
1°C. across an 11-day experimental cycle. To meet the necessary
voltage threshold required for low-power electronic operations, a
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illumination time until fade-out, with each variation tested in
three trials to ensure data reliability.

Voltage and current were measured with a digital multimeter,
and the illumination duration was recorded with a stopwatch.
Electrical power (P) and energy efficiency were calculated using
the following equations:

P=VxI (1)
P
Efficiency (%)= <A> x100 )

no-load.

The efficiency metrics represent the system's maximum
power-transfer efficiency. The input energy baseline is defined as
the theoretical power generated under load-free open-circuit
conditions (pno_loa d)’ while the output energy represents the
practical electrical power delivered across the active LED load
(Pioad)- Quantitative data were analyzed descriptively and
comparatively through efficiency vs KCI concentration graphs
and power vs duration graphs to determine the optimal KCI
concentration [19].

The experimental data were subjected to descriptive
statistical analysis. Voltage and current measurements were
conducted to assess the consistency of the bio-battery output. The
values presented represent the mean performance, with an
associated experimental uncertainty calculated based on the
measurement resolution and observed stability across the
observation intervals. This approach ensures the reliability of the
reported performance metrics within the operational constraints
of the biomass-based electrochemical system. To account for
experimental uncertainty, error bars (£5 %) were included in all
graphical representations [29], reflecting the instrumentation's
measurement tolerance and fluctuations observed during steady-
state operation.

3. RESULT AND DISCUSSION

3.1.  Analysis of Electrical Output

The electrical performance of the hybrid bio-battery was
characterized by monitoring the voltage, current, and power
output over an 11-day fermentation period [13]. The addition of
Potassium Chloride (KCI) as an inorganic additive significantly
enhanced the electrical potential of both pineapple and tomato
electrolytes compared to their pure organic forms. Based on the
experimental data, the optimal electrical output was achieved on
the 5th day of fermentation at a 60:10 ratio, corresponding to the
system's peak ionic activity [2]. Table 1 and Table 2 summarize
the specific values at this peak state.

Table 1. Electrical output of pineapple-based bio-battery at peak
performance (Ratio 60:10)

. . . . . Ratio Fermentation Voltage Current Power
strict 6-cell series interconnection layout was engineered using

highly conductive crocodile clips and copper terminal wires, Pineapple: KC1  Duration (days) ™) (mA) (mW)
summing up the specific peak bio-potentials generated by the 3 1.89 0.55 1.04
combined fruit matrices on Day 5. 5 2.10 0.60 1.26
To meet the 5 mm LED voltage requirements and optimize 60:10 7 1.79 0.40 0.72
operational duration, the bio-battery cells, utilizing Zn—Cu 9 1.39 0.32 0.44
11 1.25 0.34 0.43

electrode pairs, were connected in a parallel configuration.

Performance testing recorded open-circuit voltage, current, and
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Table 2. Electrical output of tomato-based bio-battery at peak

performance (Ratio 60:10)

Ratio Fermentation Voltage Current Power
Tomato:KCI Duration (days) V) (mA) (mW)
3 1.05 0.22 0.23
5 1.45 0.38 0.55
60:10 7 1.32 0.42 0.50
9 1.24 0.39 0.48
11 1.02 0.41 0.42

Data from Table 1 and Table 2 reveal a significant
performance gap at the 60:10 ratio over the 11-day fermentation
period, with the highest peak occurring on Day 5. The pineapple-
based bio-battery (60:10 ratio) achieved a peak output 0of 2.10 V,
0.60 mA, and 1.26 mW, surpassing the tomato-based battery,
which recorded 1.45 V, 0.38 mA, and 0.55 mW. This variation is
inherently tied to the structural configuration of the organic
substrates; pineapple peel waste naturally contains a higher
abundance of organic acids, providing a denser baseline of mobile
hydronium (H+) ions to drive interfacial charge transfer.[16].
Overall, KCl supplementation consistently enhanced the
electrical output across both electrolyte environments throughout
the 11-day experimental cycle [9].

Figure 2 illustrates the voltage dynamics of the bio-battery
over an llday fermentation period. The pineapple-based
electrolyte with KCI (P + KCI) consistently produced the highest
voltage, peaking at 2.10 V on Day 5. These significant
fluctuations in the KCl-enriched samples indicate high ionic
activity triggered by the addition of inorganic salt [3], whereas
the pure extracts (Pineapple and Tomato only) maintained a
lower, more linear stability throughout the test.

16
—&— Pineapple + KCI
141 —8— Tomato + KCI
124
& 101
(2]
208
3
> 0.6
0.4 1
0.2
0.0 - - - r r

3 5 7 9 1
Fermentation Time (days)

Fig 2. Dynamics of voltage output over an 11-day fermentation
period

The current output dynamics are shown in Fig. 3. As with the
voltage trends, the current flow is significantly enhanced by the
presence of KCI, with the pineapple-based sample (P + KCI)
reaching a maximum of 0.60 mA. This distinct surge is inherently
driven by the accelerated redox reaction mechanics at the
electrode-electrolyte interfaces. Zinc acts as the sacrificial anode,
undergoing continuous oxidation (Zn — Zn?" + 2¢°) to release free
electrons into the external circuit. The addition of inorganic KCI
supplies highly mobile dissolved K' and CI ions, which
effectively lower the solution's internal ohmic resistance and
mitigate charge polarization at the electrode surfaces. This ion
transport mechanism facilitates a more rapid rate of electron
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transfer from the anode to the cathode [19]. In contrast, the
tomato-based electrolytes exhibited lower currents, indicating a
slower electrochemical reaction rate and restricted ion mobility
compared to the pineapple peel waste framework [6] [7].

0.7
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0.6 —&— Tomato + KCI
0.5 A
= 04
B
5 03
o
0.2 1
0.1 4
0.0

3 5 i 9 11
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Fig 3. Dynamics of current output over an 11-day fermentation

period
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Fig 4. Dynamics of power output over an 11-day fermentation
period

The power-output dynamics are illustrated in Fig. 4, which
reflects the synergy between voltage and current performance.
The pineapple-based electrolyte with KCl (P + KCl) consistently
achieved the highest power levels, peaking at 1.26 mW on Day 5.
This performance is governed by the fermentation chemistry and
microbial influence within the matrices. During the peak phase
(Days 5), microbial metabolic pathways break down complex
saccharides into organic acids, maximizing free hydronium ion
release. The significant power surges in the KCl-enriched groups
indicate that the inorganic salt effectively synergizes with these
organic acids, lowering the cell's internal resistance and
optimizing the maximum power transfer capability. Conversely,
pure organic extracts and tomato-based samples exhibited much
lower power stability, highlighting the superior electrochemical
potential of pineapple peel waste when combined with KCI [16].

3.2.  Physicochemical Properties and Efficiency
Analysis

The electrochemical performance of the bio-battery is
intrinsically linked to the physicochemical properties of the
organic electrolytes, specifically pH and conductivity. Table 3
and Table 4 summarize these properties alongside the resulting

https://doi.org/10.29165/ajarcde.v10i2.1081
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efficiency recorded during the peak ratio of 60:10 performance
on Day 5.

Table 3. Physicochemical properties and efficiency of pineapple
electrolyte (Ratio 60:10)

Ratio Fermentation Conductivity  Efficiency
Pineapple:KCI  Duration (days) (uS/m) (%)
3 2 1460 36
5 2 1566 42
60:10 7 3 1699 36
9 3 1445 32
11 3 1400 24

Table 4. Physicochemical properties and efficiency of tomato
electrolyte (Ratio 60:10)

Ratio Fermentation Conductivity  Efficiency
Tomato:KCI  Duration (days) (1uS/m) (%)
3 3 1365 22
5 2 1432 26
60:10 7 3 1645 24
9 3 1429 18
11 3 1288 16

Analysis of the data reveals that the pineapple electrolyte has
higher conductivity than the tomato electrolyte. At a 60:10 ratio,
the pineapple electrolyte reached a peak conductivity of 1699
uS/m, whereas the tomato electrolyte reached 1645 pS/m.
However, based on the updated efficiency data, the pineapple
electrolyte demonstrated a higher efficiency of 42%, while the
tomato electrolyte reached a peak efficiency of 26%. This
phenomenon highlights the distinct role of organic acids and
chemical species in governing interfacial charge transfer versus
bulk solution conductivity. While the high citric acid content in
pineapple peel yields a denser concentration of total ionizable
species (hence higher conductivity), the malic and oxalic acid
profile dominant in the tomato matrix supports a more favorable
electrochemical interface at the sacrificial Zn anode. This
optimized interface significantly suppresses activation and
concentration polarization under load conditions [2]. These
specific organic molecules, combined with the inorganic KCI
additive, minimize internal charge-transfer resistance rather than
just bulk solution resistance, facilitating a more rapid and stable
continuous charge transfer within the cell [14]. This confirms that
the internal chemical environment of tomato-based systems
enables superior conversion and power-transfer efficiency in this
specific configuration [16].

Fig. 5 illustrates the pH stability of the electrolytes throughout
the fermentation process. The addition of KCI generally resulted
in a more acidic environment, with the pineapple electrolyte (P +
KCI) dropping to pH 2 during the peak activity day 5. This lower
pH indicates a higher concentration of H+ ions, which is crucial
for reducing internal resistance and improving ionic conductivity
in the bio-battery cell [2]. However, the subsequent fluctuations
and slight pH increases after Day 7 point to electrolyte
degradation and substrate depletion. As the microbial community
exhausts the nutrients, a metabolic shift occurs, causing organic
acid neutralization and reducing charge-carrier availability. In
contrast, pure samples remained stable at pH 3, showing less
aggressive chemical alterations.
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Fig 6. Dynamics of system efficiency over a 11-day
fermentation period

The dynamics of system efficiency are presented in Figure 6.
Based on the updated efficiency graph, the pineapple-based
electrolyte with KCl (T + KCI) consistently maintained the
highest efficiency trend, peaking at 42% on Day 5. The efficiency
was analyzed by comparing the electrical power output under
load (P4,q) to the maximum theoretical power potential under no-
load conditions (p,_,.4) using the formula P=YV x I. Based on
measurements on Day 5, the performance is calculated as follows:

Pioad=2.10 V x 0.60 mA = 1.26 mW
Pro-oad = 0.90 V x 0.50 mA = 0.45 mW

6
Efficiency (%) =( ) x100%

0.45
=42%

This peak efficiency value of 42% indicates the percentage
of maximum theoretical load-free power (pm_10a d) that was
successfully transferred to the active electronic LED load (Pjy4q),
reflecting a significant reduction in internal ohmic resistance. The
sharp fluctuations in efficiency across the KCI samples correlate
with the previously observed peaks in voltage and current. The
higher efficiency in the pineapple-enriched electrolytes is driven
by its organic acid profile, which allows for more effective energy
conversion compared to the tomato-based samples in this study
[2]. After Day 7, a general decline in efficiency is observed,
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corresponding to the depletion of the electrochemical substrate in
the biomass [5] [22].

3.3.  Series Circuit Analysis and LED Load Durability

Due to the relatively low voltage produced by a single bio-
battery cell, a series configuration was implemented to reach the
target operating voltage. In a series circuit, the total voltage
(Viotal) is the sum of each cell's potential, while the current
remains constant throughout the network. Mathematically, this
relationship is expressed as follows:

Vtotal: Vpincapplc + Vtomato
Vioa= 4 V+2V
Vi =6 V

The specific values of 4V and 2V represent the cumulative
voltage generated by grouping several pineapple and tomato cells,
respectively. This grouping is strategically balanced to ensure the
total system potential reaches the 6V target, which is the optimal
operating threshold for the integrated load.

The series configuration reached a peak voltage of 7.8 V on
Day 5, confirming the additive potential of combining six
pineapple and six tomato cells. This peak is driven by optimal
microbial activity and KCl enrichment, which lowers internal

ohmic resistance. The subsequent decline after Day 7 is governed
by electrode polarization and electrolyte degradation under
continuous load. As active hydronium ions are consumed and
zinc oxidation products accumulate at the interface, the internal
mass-transfer resistance increases, causing a gradual potential
drop [9].
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Fig 7. Total voltage and current dynamics of the hybrid series-
connected bio-battery over an 11-day fermentation period

Table 5. Durability of various bio-battery electrolyte compositions under LED load over an 11-day fermentation period

Pineapple Tomato

Pineapple + Tomato +

Day Electrolyte Electrolyte Pineapple + KCI Tomato + KCl KCl
3 30 mins 30 mins 7 hours 1 hour 8 hours
5 2 hours 1 hour 9 hours 3 hours 12 hours
7 3 hours 1.5 hours 5 hours 2.5 hours 7.5 hours
9 2 hours 1 hour 3.5 hours 2 hours 5.5 hours
11 30 mins 15 menit 1.5 hours 30 mins 2 hours

The practical durability of various electrolyte compositions is
summarized in Table 5, where the duration of LED illumination
serves as a direct indicator of steady energy discharge. The data
reveals that the combination of pineapple and tomato electrolytes
with KCI enrichment significantly outperforms single-substrate
variations, reaching a peak durability of 12 hours (720 minutes)
on Day 5. This extended lifespan is inherently dictated by the
fermentation chemistry and microbial influence, where the
synergistic mixture of organic acids provides a denser
concentration of mobile hydronium ions, while KCl effectively
lowers the internal resistance. These numerical results
demonstrate that the hybrid system does not only provide
sufficient voltage as shown in the series calculation (Viotal = 6 V)
but also maintains the necessary current stability to power
functional loads for extended periods.

3.4.  Research Limitations and Future Outlook

Although this study successfully demonstrates the
macroscopic electrical performance of the hybrid pineapple-
tomato bio-battery network over an 1l-day period, it is
acknowledged that advanced electrochemical characterizations
were not conducted. Crucial molecular-level parameters such as
internal resistance dynamics, electrochemical impedance
spectroscopy (EIS), polarization curves, and cyclic voltammetry
(CV) were not directly mapped due to laboratory instrumentation
constraints during the experimental phase. Instead, the internal
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cell behavior was evaluated based on available metrics, including
continuous tracking of voltage, current, pH, and conductivity
profiles. These advanced electrochemical analyses represent
critical gaps that will be systematically addressed as vital targets
in future research stages.

4. CONCLUSION

This research successfully developed a hybrid bio-battery system
utilizing pineapple and tomato peel waste enriched with
Potassium Chloride (KCI). The experimental results demonstrate
that the synergy between organic substrates and inorganic
additives significantly enhances electrochemical performance,
achieving a peak total voltage of 7.8 V on the 5th day of
fermentation. This value exceeds the target working voltage of 6
V, proving the system's compliance with primary battery
standards. While pineapple waste leads in conductivity, the
hybrid configuration demonstrated superior operational stability
driven by the high efficiency of the pineapple-based electrolyte,
which reached a peak of 42%. The system achieved a maximum
illumination duration of 720 minutes (12 hours).

In conclusion, the hybrid pineapple-tomato bio-battery
demonstrates potential as a low-power alternative energy source
strictly on a controlled laboratory scale. However, its practical
applicability remains constrained by several limitations. The
generated power is inherently small, and the testing framework

https://doi.org/10.29165/ajarcde.v10i2.1081
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was restricted to low-power LED applications. Furthermore, this

study did not conduct a long-term stability analysis beyond the
11-day fermentation cycle, and a comprehensive scalability

analysis for higher energy demands is currently lacking. Future
research must address these operational baselines, focusing on

structural scalability, lifecycle stability, and power density

optimization before the system can be considered for real-world

application pathways.
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