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A B S T R A C T

In the face of the global warming crisis, reliance on non-renewable energy sources poses significant ecological 
threats, prompting the international community to explore renewable alternatives. Numerous alternative energy 
sources are currently being studied, including solar, wind, hydropower, geothermal, plant-based, and biomass. 
This review highlights recent advancements in extracting energy from living plants by looking at 70 peer- 
reviewed research studies published from 2010 to 2025, including 15 that focused on Plant-Based Cells 
(PBCs), 24 on Plant Microbial Fuel Cells (PMFCs), and 21 that examined the physical traits of plants that in
fluence how efficiently energy can be harvested. PMFC harnesses electron generation through the interaction of 
plant roots and soil bacteria during organic matter decomposition, while PBC captures electrical energy directly 
from the plant’s metabolic processes via embedded electrodes. PMFCs typically generate lower voltage and 
power, whereas PBCs achieve significantly higher outputs, up to 3.5 V and 58.8 mW. The analysis examines key 
factors influencing energy efficiency, including plant species, age, soil composition, electrode materials, envi
ronmental conditions, and circuit design, and addresses scalability and integration challenges. The findings 
underscore the necessity for further research on optimal sizing, aging effects, and practical applications. Overall, 
this review aims to provide a solid foundation for advancing green energy technologies and their deployment in 
low-energy devices, such as IoT sensors, in smart farming and remote areas.

1. Introduction

The overdependence on non-renewable resources like coal, oil and 
natural gas has caused many issues such as environmental crisis, 
increased prices, and depletion of available resources (Xu and Zhao, 
2023). The burning of fossil fuels retains and increases the emission of 
greenhouse gases, for example carbon dioxide (CO2), which worsens 
climate change and global warming, and to a very large extent damages 
ecological health (Bertrand, 2021). This activity results in the loss of 
ecological balance and biodiversity because of acid rains, soil erosion, 
and habitat destruction. This also leads to fossil fuel extraction and 

usage pollution for air and water systems, which severely affects eco
systems and human health (Abas et al., 2015). Shifting to plants, 
geothermal, hydropower, biomass, wind, and solar energy helps over
come this issue and becomes essential in achieving sustained develop
ment (Gayen et al., 2024;Tan and Chan, 2024;Haram et al., 2023;Haram 
et al., 2021). As these alternatives lower greenhouse gas emissions and 
slow down climate change, they become economically feasible, which 
decreases dependence on established sources of energy. This greatly 
strengthens global energy security while reducing the impact on the 
environment (Paraschiv and Paraschiv, 2023).

It’s a well-known fact that plants have incredible abilities, 
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particularly in their ability to convert solar energy to chemical energy 
via photosynthesis (Muladi et al., 2021). Besides their ecological and 
agricultural importance, other recent research examined plant struc
tures and found their capacity to serve as renewable energy sources 
capable of generating electric energy. The method of getting electrical 
energy from living plants, called plant-based energy, uses the unique 
ways plants work, like the movement of ions, sugars, and other sub
stances, to create energy without harming the plants much. This inno
vative method of energy harvesting is noteworthy (Teng et al., 2018). It 
provides a reasonable solution for use in micro energy applications, 
particularly where conventional renewable energy approaches, such as 
solar panels and wind turbines, are impractical because of infra
structural constraints, high costs, or inconsistent performance. 
Plant-based energy systems are generally more autonomous compared 
to the prevalent systems designed for medium to large-scale power 
generation. They are capable of operating without dependence on the 
sun or wind, using biological phenomena that require minimal inter
ference. For this reason, they are a less intrusive and environmentally 
integrated alternative to sustainable energy generation.

Plant-derived energy systems hold enormous promise in solving 
modern global problems, such as acting as renewable and decentralized 
power sources with a significantly reduced carbon footprint, lower 
environmental impact, and climate change mitigation (Singh, 2022). 
Research indicates that the emerging technologies use the 
bio-electrochemical processes of plants to create alternative energy 
systems that are dependable and require little maintenance, particularly 
in remote or off-grid areas with no access to traditional energy infra
structure (De La Rosa et al., 2019). Plant-based energy enables inno
vation with environmental monitoring and precision agriculture, and 
aids the creation of green urban infrastructure, which helps foster sus
tainability and innovation (Leoni et al., 2022a). Because of how easy this 
technology is to scale and adapt, it can target a wide range of applica
tions, from small-scale IoT and sensor devices (Ting and Chan, 2024;
Lokman et al., 2024) to urban projects, thus making it a leader in 
developing sustainable energy solutions. Recent research has proven 
that PMFCs and PBCs are viable sources of low-energy electricity for 
powering agricultural processes. In other words, Aloe vera and some 
other plants have the capacity to support rural agriculturally connected 
microgrids. This study shows how plant-derived energy is necessary to 
reduce the use of non-renewable resources and the satisfaction of 
growing electricity demand brought about through sustainable means.

Researchers have thoroughly studied new ways to use living plants to 
generate electrical energy, looking at methods like electrode potential, 
triboelectric, piezoelectric, electrostatic, electromagnetic, and thermal 
energy harvesting. Particularly popular among scholars are the Plant 
Microbial Fuel Cell (PMFC) and the Plant-Based Cell (PBC), which are 
both classified under the electrode potential method (Lajis et al., 2021). 
The PMFC further enhances the interdependence between plant roots 
and microorganisms in the soil: the bacteria decompose organic mate
rials, which generate electrons, and the electrodes capture the energy to 
convert it to electricity (Martinez and Bermudez, 2023). In comparison, 
the PBC extracts electricity from the metabolic activities of plants and 
uses electrolytes, which are the metabolic waste products the plant 
produces within the system, and electrodes are placed in plant tissues 
like leaves or stems (Guesmi et al., 2022).

The use of live plants as energy sources has numerous social, envi
ronmental, and financial benefits, including the reduction of carbon 
emissions and air pollution, improved power grid resilience, and 
enhanced energy access for remote populations. Unlike fossil fuels, 
plant-based energy sources provide a locally sourced, environmentally 
protective alternative with minimal risks and corresponding impacts 
(Ying Ying and Dayou, 2016). Moreover, the development of renewable 
energy research technologies like PMFC and PBC suggests the existence 
of further plant-based power generation systems for sustaining energy 
development. This illustrates the ability to harness natural environ
mental resources to produce electricity while fostering ecological and 

societal benefits.
Many studies concentrating on PBC and PMFC have contributed to 

the body of research related to these technologies and renewable energy 
capturing. Discussions have thoroughly tackled issues such as the spe
cies of the plants to be used, electrodes, soil type, the influence of 
environmental factors, and the scalability of the systems. However, 
important aspects, such as the impact of plant size and maturity and the 
reliability of PBC and PMFC systems over time, have not been 
adequately addressed, requiring additional work to enhance their 
effectiveness and sustainable use in renewable energy.

This review aims to clarify the questions around the gaps in the 
existing literature by documenting what has already been done and 
what did not get the attention it required. It covers all the previous 
research while highlighting new work, like the mix of PMFC and PBC 
techniques, which could help boost energy generation from waste in 
customized structures or devices used in IoT applications. The review is 
structured to present a foundational overview of relevant technologies 
in Section 2, followed by an analysis of state-of-the-art advancements 
and their limitations in Section 3. Section 4 identifies new research 
domains, emphasizing potential developments and challenges. Finally, 
Section 5 concludes the key insights and outlines future research 
directions.

1.1. Methodology of literature selection

This review consolidates findings from 70 peer-reviewed publica
tions published from 2010 to 2025. The literature was sourced from 
Scopus, Web of Science, IEEE Xplore, and additional academic databases 
by searching for the terms “Plant Microbial Fuel Cell,” “Plant-Based 
Cell,” “plant electricity,” “photosynthetic bioelectricity,” and “electrode 
potential.” The inclusion criteria were: (i) research focusing on PMFC or 
PBC technologies; (ii) evidence of power generation via living plants or 
plant–microbe systems; (iii) system-level performance metrics such as 
power output or integration feasibility; and (iv) publication in journals, 
conference proceedings, books, or encyclopaedias following peer 
review.

Among the 70 studies, 15 examined PBC, 24 investigated PMFC, and 
21 analyzed the physiological, structural, or morphological character
istics of plants affecting energy harvesting efficiency. This review aims 
to evaluate methods based on electrode potential, focusing on their low 
invasiveness and material requirements in natural or remote environ
ments. Studies that did not present experimental validation or lacked 
direct relevance to plant-based energy generation were excluded.

2. Introduction of related technologies

The goal of this section is to present the approaches and techniques 
for energy harvesting from living plants, particularly with an emphasis 
on the biological and electrochemical actions. The energy harvesting 
process in plants begins with photosynthesis, which is the same as the 
natural process taking place in the plants where the sunlight is captured 
by the plants and then turned by them into chemical energy, which gives 
the plant-based energy harvesting a head start. Thereafter, plant-based 
energy harvesting processes are discussed; the focus shifts to PMFCs 
and discusses how soil microorganisms and plant roots work synergis
tically to produce energy. The section concludes with a discussion of 
PBC technology, which harnesses a plant’s metabolic activity and ionic 
movement to produce electricity.

Using a living plant’s biochemical properties, the electrode potential 
method can be employed to harvest energy, making it a feasible alter
native option for energy extraction from plants. This energy harvesting 
mechanism requires an implantable understanding of how these or
ganisms produce electrical energy first. This outcome is achieved by the 
process of photosynthesis, as one of the most essential fundamental 
processes providing chemical energy from sunlight to the living systems 
is photosynthesis. Electrochemistry and botany have an undeniable 
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synergy, enabling tremendous possibilities here for energy-growing 
opportunities in long-term sustainability (Najhi et al., 2024).

2.1. Basic photosynthesis

Photosynthesis is how plants produce food. This important biological 
process takes place mainly in the leaves, where the green part of plants, 
called chlorophyll, captures light energy. In plants, photosynthesis takes 
place in a specialized organelle called the chloroplasts, which are 
plentiful in the leaf tissues. Plants absorb water (H₂O) from the soil 
through their vascular system, in particular through the xylem, and 
supply it to their leaves. Simultaneously, leaves absorb carbon dioxide 
(CO2) from the air through tiny openings known as stomata. In addition 
to this, we must also consider that carbon dioxide (CO₂) is also released 
from natural and anthropogenic processes such as respiration, oxidation 
of organic matter, and fossil fuels source combustion Fig. 1.

The water (H2O) and carbon dioxide (CO2) undergo a chemical re
action essential for photosynthesis, which commences once the plant’s 
leaves assimilate all three requisite components. In this process, light 
energy is absorbed by water molecules, producing hydrogen (H2) and 
oxygen (O2). The released oxygen is expelled through the stomata of the 
leaves, leaving behind hydrogen and carbon dioxide for further re
actions. The energy derived from sunlight is pivotal in catalyzing this 
transformation, ultimately converting the resultant mixture into glucose 
(C6H12O6), a fundamental plant energy source. Glucose acts as a critical 
nutrient, facilitating growth and development within the plant organism 
(Gurram and Kothapalli, 2017). 

6H2O + 6CO2 → C6H12O6 + 6O2                                                    (1)

Leaves face a serious problem because of the structure and function 
of leaf tissues. The walls of leaf cells are thin, and the air captured in the 
spaces between leaf cells is water vapor. To fix CO₂, leaves need to 
balance the very high CO₂ capture and photosynthetic air volume pro
portions at leaf surface temperature. To make just 1 g of sucrose, the 
plant needs roughly 5000 L of air. This means that there can be a great 
loss of water vapor through the stomata when CO₂ is being captured. To 
counteract this problem, certain plants, particularly desert or semi-arid 
region drought-tolerant plants, have developed Crassulacean Acid 

Metabolism (CAM) photosynthesis. In such cases, to avoid loss of water, 
stomata remain closed in the daytime. Stomata will open at night to 
facilitate gas exchange. Thus, transpiration is reduced, and a greater 
water efficiency capacity is achieved. CAM is viewed as an important 
adaptation strategy, as shown by the fact that about 5–10 % of plants 
may use this system (Leegood, 2004).

In arid conditions, CAM plants show a special adaptation by sepa
rating the photosynthetic process into separate day and night cycles, so 
reducing water loss. Under this physiological approach, stoma
ta—microscopic openings on the leaf surface—are opened during the 
cooler, more humid nighttime hours (Chen and Blankenship, 2021), so 
fixing CO2. These plants create phosphoenolpyruvate (PEP) as a 
byproduct as the chloroplasts synthesize starch and sucrose throughout 
the day. Though it fixes atmospheric CO2 into oxaloacetate (OAA), 
which is then reduced to malate and stored in vacuoles as malic acid 
(C4H6O5), this PEP plays a pivotal role in the fixation of CO2 (Guesmi 
et al., 2022). Besides pointing out the efficiency of this metabolic 
adaptation is that the Calvin cycle is dependent on adenosine triphos
phate (ATP) and nicotinamide adenine dinucleotide phosphate 
(NADPH), byproducts of the light-dependent process, absent during the 
night cycle.

Nighttime reaction: 

PEP + CO2 → PEP → OAA → C4H6O5                                             (2)

C4H6O5 → Stored in vacuoles                                                         (3)

Daytime reaction: 

C4H6O5 → CO2 + Pyruvate → PEP                                                  (4)

CO2 + RuBP → PGA → C6H12O6                                                     (5)

Where OAA is oxaloacetate, PEP stands for phosphoenolpyruvate 
carboxylase, RuBP denotes Ribulose-1,5-bisphosphate, and PGA is for 3- 
phosphoglycerate. RuBP and PGA are key molecules in the Calvin cycle.

2.2. Plant microbial fuel cell (PMFC)

The PMFC is a sustainable technology that exploits the rhizosphere’s 
symbiotic relationship between living plants and their accompanying 
microbial communities to generate electricity. This process leverages 
organic matter released by plants during photosynthesis (Martinez and 
Bermudez, 2023), where, notably, they utilize only about 30 % of the 
glucose (C6H12O6) produced, with the remaining 70 % exuded through 
the roots into the surrounding soil. This surplus organic material is a 
substrate for microbial activity, producing electrical energy. Impor
tantly, the extraction of this excess glucose does not compromise the 
health or vitality of the plants, thereby offering a method to harness 
renewable energy while maintaining the ecological balance (Teng et al., 
2018).

PMFCs are sophisticated energy harvesting systems consisting of two 
electrodes, which allow for the transfer of electrons. The anode is placed 
near the plant roots, where the oxidation half-reaction occurs. The 
cathode is away from the anode and is usually in air or water. There, the 
reduction half-reaction occurs. An ion exchange membrane or separator 
is often incorporated to guarantee that the anode stays the main electron 
acceptor and is not influenced by oxidizing agents, such as oxygen. This 
membrane divides the cell into two separate chambers and helps to 
preserve electron flow, so enabling proton migration from the anode to 
the cathode (Martinez and Bermudez, 2023). Single- and 
double-chamber configurations (Deng et al., 2012) define PMFCs most 
essentially Fig. 2.

The double-chamber architecture uses a proton exchange membrane 
to divide the anodic and cathodic chambers, allowing selective proton 
transfer and avoiding catalyst and oxygen diffusion to the anode. On the 
other hand, the single-chambered PMFC highlights the basic ideas of 
microbial fuel cell operation, employing its different structural 

Fig. 1. Photosynthesis (Overview of photosynthesis process) (Wikipedia con
tributors, 2024).
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configurations since it lacks a membrane and consists just of an anode 
chamber coupled with a cathode chamber. Two main processes define 
the PMFCs (Martinez and Bermudez, 2023).

2.2.1. Rhizodeposition of organic compounds (C6H12O6)
Plant roots release various organic compounds into the soil through a 

process known as rhizodeposition. This includes water-soluble exudates 
such as sugars, organic acids, vitamins, and water-insoluble materials 
like cell walls and cellular debris. Additionally, roots secrete complex 
carbohydrates and enzymes—collectively termed rhizodeposits—that 
nourish soil microbes and influence nutrient cycling (Lynch and de Leij, 
2012).

2.2.2. Electricity generation
Approximately 70 % of glucose is exuded into the soil as rhizode

posits via root systems. This trait makes soils an important resource for 
incorporation into biological treatment systems, mainly due to the 
presence of many, often overwhelming numbers, of available naturally 
occurring bacteria, which can be used as substrates in PMFC processes. 
This glucose (C₆H₁₂O₆) serves as a substrate that gives chemical energy 
obtained by the naturally occurring electrochemically active bacteria 
found in the soil food web as a part of their metabolic processes, with the 
byproducts of CO₂, protons (H⁺), and electrons (e⁻). As electrons are 
produced, anodic oxidation occurs, an important process in PMFC pro
cesses. A half-reaction can be utilized to represent the relationship be
tween rhizodeposits and electrochemical functioning within the soil 
matrix Fig. 3. 

12H2O + C6H12O6 → 6HCO3− + 3H+ + 24e− (6)

Electrons are transformed from the cathode of an electrochemical 
cell, which is a major feature of electrochemical reactions. Protons that 
are released at the anode will eventually get to the cathode, where the 
protons react with oxygen gas (O2) and the electrons (e-) that have been 
transferred to generate water (H2O). This process may be summarized by 
the following half-reaction that characterizes the process of reduction of 
oxygen to water at the cathodic location. Thus, highlighting the dynamic 
of protons, electrons and molecular oxygen to carry out the reaction: 

6O2 + 24H+ + 24e− → 12H2O                                                       (7)

In PMFC, the anode, situated within a substrate rich in microbial 
populations, plays a critical role in electron capture. During this elec
trochemical process, electrons generated by microbial metabolism tra
verse an external circuit towards the cathode, which is generally 
positioned above the soil and exposed to ambient oxygen. This config
uration enables the efficient generation of electricity, as electrons flow 
through the external circuit while protons migrate through an ion ex
change membrane (Martinez and Bermudez, 2023). Here, electrons 

through an external circuit, Protons through an ion exchange mem
brane, and O2 as the terminal acceptor are reduced to water in the 
cathode.

The condition of plant roots plays a crucial role in the surrounding 
soil ecosystem, particularly through its influence on organic matter 
availability for microbial activity. Healthy and decomposing roots 
enhance the accessibility of organic compounds, specifically glucose 
(C6H12O6), which serves as a substrate for microbial metabolism. While 
decomposed roots contain significant cellulose content (ranging from 
35 % to 50 %), bacteria do not directly utilize this material for energy 
production. However, the decomposition process yields low-molecular- 
weight organic molecules derived from hydrolyzed cellulose, facilitating 
energy generation (Liu et al., 2018). Furthermore, the breakdown of 
dead roots increases rhizodeposits and substrates, providing essential 
resources for microbial food synthesis and electron release. In instances 
of plant mortality, accumulating these substrates within the soil matrix 
may extend the viability of the microbial community, thereby sustaining 
ecological functions in the system (Martinez and Bermudez, 2023).

The decay of organic matter from plant rhizodeposition is supported 
by a bacterial community composed of a wide variety of organisms. 
These organisms are able to utilize the substrates to make energy and 
transfer electrons to the anode. The substrate is metabolized through 
two primary metabolic groups: anaerobic does not require oxygen, and 
aerobic does. Organisms oxidize energy-rich substrates in aerobic 
metabolism to fulfil nutritional needs, resulting in non-electrochemical 
byproducts due to the metabolic reactions involved. This process illus
trates the wide variability and complexity of microbial behavior and 
energy production under various environmental conditions. In the pro
cess, they produced electrochemically inactive byproducts, which are 
part of this reaction: 

6O2 + C6H12O6 → 6CO2 + 6H2O                                                    (8)

In conditions of limited oxygen, bacteria employ enzymatic pro
cesses to release electrons for the degradation of rhizodeposits. This 
response demonstrates the point effectively: 

6CO2 + 24H+ + 24e - → C6H12O6 + 6H2O                                      (9)

The effective operation of a PMFC necessitates the preservation of 
selectivity within the anaerobic metabolic system. This requirement 
underscores the critical importance of aerobic reactions in facilitating 

Fig. 2. Schematic diagram of PMFC technology to explain the process (Gurram 
and Kothapalli, 2017).

Fig. 3. Scheme of a plant-microbial fuel cell with external resistance (Martinez 
and Bermudez, 2023).
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the growth and development of microorganisms responsible for electron 
transfer into the surrounding medium. Consequently, promoting 
anaerobic metabolic pathways to mitigate competition for glucose re
sources is essential rather than depleting the oxygen necessary for aer
obic metabolism. Such an approach is fundamental to optimizing the 
overall efficiency and functionality of the microbial fuel cell ecosystem 
(Martinez and Bermudez, 2023).

In conclusion, PMFC technology has great potential as a sustainable 
and renewable energy source that demands more research. The perfor
mance of PMFC systems is much influenced by several factors, including 
plant species, soil conditions, the choice of electrode materials, and the 
structural design of the operation. Particularly, PMFC voltage genera
tion is much influenced by elements including root shape, biomass 
composition, and microbial exudation. The practical application of this 
technology depends on the promotion of more resilient plant species 
displaying consistent rhizodeposition and the engineering of buildings 
enabling effective electron transfer rates (Muladi et al., 2021).

2.3. Plant-based cell (PBC)

The PBC system represents another electric bioenergy generation 
technique relying on the direct use of electrical energy from living 
plants, through their natural biological processes as a living organism. In 
the PBC system, electrodes made from conductive materials, including 
zinc and copper are inserted into the tissues of the plants through the 
roots, stems and leaves (Teng et al., 2018;Singh, 2022;Leoni et al., 
2022a; Guesmi et al., 2022; Najhi et al., 2024; Singh and Kumar, 2021; 
Chong et al., 2018; Chong et al., 2019; Nouhalla and Adepoju, 2022; 
Concepcion et al., 2023). The electrodes are positioned as electrical 
bridges that may harness the electricity generated via metabolism by the 
plant and convert biological energy to usable electric energy. This is a 
clear example of combining plant biology with electrical engineering to 
create electricity with a bioenergy configuration Fig. 4.

The operational principles of PBC are founded on the electro
chemical phenomena that occur at the interface of plant cells, estab
lishing a potential difference between paired electrodes (Choo et al., 
2014). During photosynthesis, plants synthesize carbohydrate sugars 
and other chemical compounds transported through the vascular system 
(Encyclopaedia Britannica, 2024). This process generates a small elec
trical potential due to the movement of ions and electrons, which the 
electrodes convert into current for the external load circuit. Given the 
inherently low power output of PBCs, integrating electrochemical and 
photosynthetic processes is essential for enhancing their energy output 
and ultimately generating practical electricity (Ying Ying and Dayou, 
2014).

Plants possess sap primarily consisting of water, sugars, nutrients, 
hormones, and various organic compounds (Encyclopaedia Britannica, 
2024). The ionic components, particularly potassium (K⁺), sodium (Na⁺), 
and chloride (Cl⁻), in conjunction with organic compounds, contribute 
to the conductive properties of plant sap. The properties outlined are 
critical for the electrochemical processes involved in plant-based energy 

harvesting. In these systems, sap serves a dual role as both the electro
lyte and the medium for ionic transfer, particularly in configurations 
that include electrodes (Ying Ying and Dayou, 2016).

The action of two electrodes made of dissimilar materials creates a 
dichotomous reactivity and electrochemical potential between the 
electrodes. These potentials lead to the simultaneous electrochemical 
processes of oxidation at the anode and reduction at the cathode. In this 
case, positive ions enable electrons to be released at the anode 
(LibreTexts, 2024). With an applied voltage across the electrodes, there 
is now an external circuit that allows electrons to travel to the cathode. 
Once there, dissolved oxygen (O2) from the sap is available for reduc
tion, water is formed across the electrodes.

O2 + 4 H+ + 4e− → 2 H2O (10)
A variety of ion species in plant sap (i.e., K⁺, Na⁺, Cl⁻) permit efficient 

movements of charge particles between the two electrodes in the circuit. 
The external current travels through the circuit connecting the elec
trodes, which elicits the internal current due to the movement of ions 
occurring in the plant. This is how the external and internal circuits 
work collaboratively, reinforcing the vital role of ionic species in 
increasing conductivity and maintaining electrical activity in the plant 
(Ying Ying and Dayou, 2016; Choo et al., 2014; Encyclopaedia Bri
tannica, 2024; Ying Ying and Dayou, 2014; LibreTexts, 2024).

Voltage differences are utilized to monitor plant activity and are 
thought to arise from multiple sources. The "Streaming potential" 
mechanism is the most significant among these, as it elucidates the 
generation of voltage resulting from sap flow. The mathematical rep
resentation of this mechanism is as follows: 

Vsapstream =
ε0εr

ση ΔP⋅ζ (11) 

where, ΔP is the pressure difference between ends of the capillary, σ is 
the typical conductivity, η is the viscosity, and Zeta (ζ) is the voltage 
difference due to flow difference in the center of the capillary (Teng 
et al., 2018).

Transroot potential is the potential difference between the roots and 
the soil. This potential occurs from complex biochemical activity in the 
xylem sap, which involves charged gradients of H+, K+, and Ca2+ ions 
(De Boer and Volkov, 2003; Weisenseel and Meyer, 1997). It has been 
shown that both glucose and H+, the activity of K+ ions, can raise 
transroot potentials by approximately 50 mV (Wegner and Zimmer
mann, 2002) when moving in opposing directions (Wright and Fisher, 
1981). This suggests that trees inherently can generate electrical energy. 
Hence, trees with substantial ionic flux and dissolved nutrient sap con
ductivity can act as bio-generators, particularly with suitable electrode 
materials.

3. State of arts research

The harvesting of energy from living plants has emerged as a critical 
area of research, particularly in advancing sustainability and renewable 
energy objectives. This innovative approach leverages the organic 
metabolic processes of plants to generate low-power electricity in an 
environmentally friendly and carbon-neutral manner. Such a technique 
establishes a continuous and self-sustaining energy source, which is 
particularly advantageous for decentralized power systems in remote 
locations. Furthermore, it aligns with the increasing demand for 
renewable energy solutions. Additionally, integrating this plant-based 
energy system within the IoT ecosystem enhances its significance, as it 
enables the powering of low-energy devices, such as sensors used in 
smart city frameworks, precision agriculture, and environmental 
monitoring. Implementing plant-derived energy sources may reduce 
reliance on external power supplies and batteries, promoting energy- 
efficient and sustainable practices across various sectors.

In electrochemical studies, PBC and PMFC are pivotal technologies 
exhibiting significant potential. Both methodologies leverage the Fig. 4. Experiment setup for embedding electrodes in the leaf and stem of Aloe 

vera (Chong et al., 2018).
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inherent biological processes associated with plants, which are intrin
sically linked to the interactions between vegetative systems and soil- 
dwelling microorganisms, particularly bacteria. This symbiotic rela
tionship underpins the electrochemical mechanisms that facilitate en
ergy conversion and substrate utilization, highlighting the critical role of 
microbial activity in enhancing plant performance and sustainability 
within these innovative approaches.

Extensive research has been conducted on energy harvesting from 
living plants utilizing PBC and PMFC methodologies. Six key focus areas 
have emerged within this domain, highlighting the considerations most 
pertinent to advancing this technology. These areas include: 1) plant and 
leaf morphology, soil condition and chemistry, electrode material se
lection, and their spatial arrangement; 2) the influence of weather 
conditions; 3) scalability of energy harvesting systems; 4) the effects of 
decay and aging on energy production; 5) the potential of hybrid sys
tems that integrate multiple energy sources; and 6) the practical appli
cations of harvested energy in various fields.

3.1. Living plant investigation

Previous research has shown that several factors influence plants’ 
energy harvesting potential, including plant species selection. A 2017 
experiment applying the PMFC method to rice plants achieved a 
maximum power density of 1.1 W/m². This result demonstrates that 
PMFC technology is 16 times more efficient than traditional biomass 
electricity generation, underscoring its potential as a sustainable energy 
source (Gurram and Kothapalli, 2017).

Subsequently, in 2019, two trials were conducted on grassy potted 
plants. Both works underwent the PMFC technique. The diverse potted 
plants exhibited the greatest voltage level (Di Lorenzo et al., 2019). The 
areas they examined include plant selection, soil conditions, artificial 
and natural light availability, unhealthy plants, and environmental 
factors. This indicated that if a single plant is in poor condition, the 
entire network of connections will see a reduction in voltage. Further
more, the system operates effectively in wet soil, reducing internal 
resistance (Di Lorenzo et al., 2019; Imbrogno et al., 2019). Several 
research studies indicate that succulent plants produce greater energy 
due to the substantial volume of sap (fleshy) within their stems and 
leaves, which acts as an electrolyte. Consequently, Aloe vera and Cactus 
species are favored by numerous researchers, despite the existence of 
many other plants with higher sap content (Teng et al., 2018; Singh, 
2022; Leoni et al., 2022a; Guesmi et al., 2022; Singh and Kumar, 2021; 
Chong et al., 2018; Chong et al., 2019; Nouhalla and Adepoju, 2022; 
Concepcion et al., 2023; Pechsiri and Puengsungwan, 2022; Leoni et al., 
2022b). In 2018 and 2019, two successive studies were conducted on the 
Aloe vera plant. Nevertheless, these two works were executed via the 
PBC approach. The researchers examined many experimental parame
ters, including plant selection, dimensions, leaf size, and types (Chong 
et al., 2018; Chong et al., 2019).

Some researchers administered glucose externally when the PMFC 
was installed in the stem bark the subsequent year. Implementing PMFC 
in the stem bark instead of the rhizosphere constituted a diversified 
strategy. The bacterial habitat was also introduced there (Lu et al., 
2020). Employing the PMFC methodology, a separate study was 
executed in the same year, wherein researchers endeavored to hybridize 
the MFC and PMFC systems utilizing Trigonella foenum (terrestrial) and 
Azolla (aquatic) plants, elucidating the factors influencing each system 
independently, with soil conditions being a focal point of investigation 
(DAVE et al., 2020).

In 2021, an experiment employing the PBC approach was conducted 
with four succulent plants, wherein the Sansevieria exhibited superior 
performance (Singh and Kumar, 2021). In the same year, researchers 
expanded their focus from small plants to investigate seven tropical 
forest species using the PBC method. The voltage stability was evalu
ated, yielding maximum output from the Sengon tree, while other trees 
exhibited performance fluctuations (Muladi et al., 2021).

Subsequently, in 2022, an extensive investigation was conducted 
consecutively. The ideal plant from the preceding investigation was 
utilized. To achieve optimal yield, the researchers evaluated leaf type 
and size, soil conditions, ambient factors, and other variables. Numerous 
investigations highlighted the dimensions of plants and leaves as well 
(Singh, 2022; Martinez and Bermudez, 2023; Chong et al., 2018; Chong 
et al., 2019; Nouhalla and Adepoju, 2022; Pechsiri and Puengsungwan, 
2022; Lu et al., 2020; Moqsud and Okamoto, 2023). They recorded the 
size during the experimentation but demonstrated no effects attributable 
to the size, except for one instance. If the leaf breadth of the Sansevieria 
plant is less than 4 cm, power increases; if it exceeds 5 cm, a drop in 
power is observed. Nonetheless, power stays invariant when the leaf 
width is maintained between 4 cm and 5 cm (Singh, 2022). In 2022, the 
PMFC system was tested with a 1.30 m avocado plant and effectively 
extracted energy (Pechsiri and Puengsungwan, 2022). Another experi
ment with PMFC was conducted that year, utilizing corn plants under 
various environmental variables (Leoni et al., 2022b). In 2022, an 
additional PMFC-based system was tested with two flowering plants, 
yielding results in several areas, including soil chemistry, external var
iables, and others (Luong and Thomas, 2022). Nonetheless, multiple 
tests with PBC were also performed in the same year. A cohort of re
searchers conducted experiments on prickly pear plants. They con
ducted tests on parameters such as leaf thickness. They compared 
prickly pear and non-prickly pear plants, finding that they generate 
more energy than their non-prickly pear plants (Guesmi et al., 2022). A 
separate study emphasized the plant soil to examine the variations in 
output power. The state of the soil is a variable that can influence output, 
particularly in the context of PMFC. Acidic soil is the most efficient 
conductor of electricity (Singh, 2022; Leoni et al., 2022a).

The next year, in 2023, two study teams witnessed plants harvesting 
energy using a PMFC-based system, as per our findings. One group 
examined the plant’s size and various other characteristics under diverse 
external conditions, including solar radiation, mean temperature, and 
precipitation (Moqsud and Okamoto, 2023). Another group examined 
the power variation among five plant species concerning several envi
ronmental conditions (Martinez and Bermudez, 2023). This year, a 
PBC-based energy harvesting system was also examined. The re
searchers selected the dragon fruit plant for investigation (Concepcion 
et al., 2023).

In 2024, several researchers established a differentiation between 
large outdoor non-succulent plants and succulent plants, categorizing 
them into seven separate varieties. They were employed in a PBC-based 
energy-obtaining system during various weather conditions, where the 
maximum voltage was derived from the succulent one (Najhi et al., 
2024). In the same year, a PMFC-based experiment was undertaken by a 
group of researchers using six distinct flowering plants, focusing on soil 
mixtures, various bacteria, and individual plant efficiency, among other 
factors. This study showed that various plants connected in series had 
the highest power output. Flowering specimens exhibit a voltage of 
2.050 V (Ballestas et al., 2024).

According to the literature, some plant species, particularly succu
lents, have enhanced electrical outputs due to the electrolyte-rich 
composition of their sap. Prickly pear plants produce far more energy 
than non-prickly pear plants. Despite the corn plants exhibiting minimal 
microbial activity, their yield was significantly enhanced using bamboo 
charcoal as an electrode. Pot plants frequently generate the highest 
voltage; flowering plants can generate up to 2.050 V, but rice plants may 
obtain a power density of 1.1 W/m². Recent advancements have 
enhanced plant selection, electrode materials, soil conditions, and 
environmental parameters in PMFC systems, which harness microbial 
activity at plant roots to generate energy.

3.2. Electrode

The output power exhibits the greatest variability due to the utili
zation of electrode materials. Copper (Cu) is the most used electrode 
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material due to its conductivity. Numerous studies have employed 
electrode pairs rather than individual electrodes (Singh, 2022; Guesmi 
et al., 2022; Chong et al., 2018; Chong et al., 2019; Nouhalla and Ade
poju, 2022). Zinc (Zn) constitutes an optimal electrode pair with Copper 
(Cu). The Zn-Cu electrode pair is identified as the optimal combination 
for maximizing electron capture (Guesmi et al., 2022; Najhi et al., 2024; 
Chong et al., 2018; Chong et al., 2019; Nouhalla and Adepoju, 2022).

In 2022, the maximum power of 58.8 mW was extracted from prickly 
pear plants utilizing Zn-Cu electrode pairs embedded in the leaves 
(Guesmi et al., 2022). A notable combination identified is Aluminium 
(Al) and Copper (Cu) (Singh, 2022; Chong et al., 2018; Pechsiri and 
Puengsungwan, 2022; Leoni et al., 2022b). Graphite was the predomi
nant material utilized in PMFC systems due to its accessibility, low cost, 
and efficacy (Martinez and Bermudez, 2023)., (Lu et al., 2020; DAVE 
et al., 2020; Ballestas et al., 2024). Nonetheless, the maximum voltage 
was produced utilizing titanium or gold as the anode and carbon 
felt-coated titanium or gold as the cathode, albeit at a significant cost (Di 
Lorenzo et al., 2019). Graphene Quantum Dots (GQDs) are substances 
that sequester electrons, augment plant metabolic processes and energy 
output, and generate potential changes between electrodes (Xu et al., 
2021). Alternatively, bamboo charcoal was used as the electrode ma
terial due to its superior sustainability and natural properties. The most 
advantageous aspect is that this electrode is reusable (Moqsud and 
Okamoto, 2023).

The dimensions and configuration of the electrode are also signifi
cant factors to consider. The dimensions and configuration of the elec
trodes substantially influence output power (Teng et al., 2018; Leoni 
et al., 2022a; Martinez and Bermudez, 2023; Guesmi et al., 2022; Gur
ram and Kothapalli, 2017; Chong et al., 2018; Chong et al., 2019; 
Nouhalla and Adepoju, 2022; Di Lorenzo et al., 2019; DAVE et al., 2020; 
Moqsud and Okamoto, 2023; Ballestas et al., 2024). Rectangular elec
trodes augment output power (Leoni et al., 2022a). Smaller electrodes 
exhibited superior output compared to bigger electrodes (DAVE et al., 
2020).

The positioning of electrodes also affects the output power (Teng 
et al., 2018; Singh, 2022; Leoni et al., 2022a; Martinez and Bermudez, 
2023; Guesmi et al., 2022; Singh and Kumar, 2021; Chong et al., 2018; 
Chong et al., 2019; Nouhalla and Adepoju, 2022; Concepcion et al., 
2023; Leoni et al., 2022b). Placing electrodes within the same leaf in
creases the voltage (Singh and Kumar, 2021). Inserting electrodes into 
the outermost edges of the soft leaves of two distinct plants increases 
output power (Singh, 2022). Positioning the electrode horizontally 
alongside the plant yields the maximum voltage (Moqsud and Okamoto, 
2023). Nonetheless, a novel approach was implemented by inserting the 
electrodes within the intercellular spaces of the vascular bundle (icVB) 
and inter-parenchyma cells (iPC). The researchers established that 
optimal output is attained when electrodes are embedded in the iPC 
region. The peak voltage recorded was 20.7 V, and pin-type Ag-coated 
Cu electrodes were positioned in the intercellular regions of the dragon 
fruit plant in 2023 (Concepcion et al., 2023).

A significant alteration in power is observed, fluctuating the distance 
between the electrodes (Teng et al., 2018; Singh, 2022; Martinez and 
Bermudez, 2023; Guesmi et al., 2022; Singh and Kumar, 2021; Chong 
et al., 2018; Chong et al., 2019; Nouhalla and Adepoju, 2022; Con
cepcion et al., 2023). In the PMFC system, the electrodes are typically 
positioned with one (anode) in the rhizosphere and the other (cathode) 
external to the soil. The inter-electrode spacing can affect the output 
(Martinez and Bermudez, 2023; Gurram and Kothapalli, 2017). A 
reduced distance between electrodes correlates with increased power in 
the PBC system (Singh, 2022; Chong et al., 2018). The current increment 
transpires without voltage variation when the distance is reduced 
(Guesmi et al., 2022). The open circuit voltage rises as the distance 
decreases, leading to a drop in internal resistance (Di Lorenzo et al., 
2019). Notably, distance changes have shown no substantial alteration 
in output power for urban tropical forest plants (Muladi et al., 2021).

The study on electrodes indicates that electrode materials are 

essential for improving plant output power. Copper (Cu) is the most 
prevalent material owing to its conductivity, although zinc (Zn) and 
copper (Cu) constitute the optimal electrode pairings. Graphite and 
bamboo charcoals are also utilized, with Graphene Quantum Dots 
(GQDs) facilitating organic species reactions and augmenting output 
power. The dimensions and configuration of electrodes also influence 
output power, with rectangular designs improving output. The posi
tioning of electrodes affects output power, with smaller electrodes 
yielding superior performance as well. The distance between electrodes 
also influences power, with reduced distances yielding greater power 
and enhanced open circuit voltage.

3.3. Life cycle

A notable property of plants is their life cycle, which has been studied 
in only two publications considering distinct external variables 
(Martinez and Bermudez, 2023; Concepcion et al., 2023). Research on 
the life cycle of plants in energy harvesting, particularly with PBC and 
PMFC, is still scarce. A more thorough research with varied configura
tions is required. Although certain studies have shown the potential of 
PMFCs for prolonged application in agricultural or environmental 
monitoring contexts, there are deficiencies in understanding their 
durability and efficacy across lengthy plant growth phases and seasonal 
variations. The root of a plant is an essential component of the PMFC 
system. As this root commences to decompose, the system is inclined to 
deteriorate, concluding the plant’s life cycle and the system itself. 
Research primarily examines plant characteristics and microbial in
teractions that enhance PMFC energy production. Nevertheless, 
comprehensive research examining life cycle effects, including the 
impact of aging or size on total energy yield, is limited.

The study of the plant’s life cycle reveals a deficiency in compre
hending the aggregate effect of the complete life cycle on energy har
vesting efficiency. This underscores the necessity for longitudinal 
studies to enhance plant selection and system integration for practical 
applications, which will be elaborated upon in Section 4.2.

3.4. Environmental condition

Environmental variables can substantially affect production power, 
as the biological systems of plants are contingent upon their surround
ings. Moss emerges as the most resilient plant, exhibiting superior power 
output relative to Aloe vera, Tomato, Corn, and Bean plants under normal 
and extreme drought and flooding conditions (Martinez and Bermudez, 
2023). Power often escalates when the plant is consistently irrigated 
under natural light conditions. However, the power diminishes under 
artificial light and drought conditions (Imbrogno et al., 2019). Humid 
conditions provide increased energy, but exposure to artificial illumi
nation and drought times diminish the short-circuit current (Di Lorenzo 
et al., 2019). Voltage generation escalates with increased solar radiation 
but diminishes with increased precipitation (Moqsud and Okamoto, 
2023). In sunny environments, photosynthesis in plants is enhanced due 
to increased organic matter. Utilized in both PBC as an electrolyte and 
PMFC in the bacterial metabolic process. Furthermore, other researchers 
conducted their tests under precise environmental settings, both indoors 
and outdoors. Nonetheless, no evidence of impact from environmental 
factors has been established thus far.

Various studies have analyzed environmental factors to identify 
specific parameters under which the plant can achieve enhanced output. 
Regular watering in natural light, humid conditions, and sunny weather 
enhances photosynthesis, increasing organic matter formation in plants 
that aid the PBC and PMFC in energy extraction. Moreover, certain 
factors also diminish the yield, including drought and flood situations, 
artificial light, extreme precipitation, etc. Nonetheless, the precise ef
fects of environmental factors remain ambiguous despite several 
controlled tests.
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3.5. Integration

The quantitative performance metrics across PMFC and PBC high
light their complementary strategies for enhanced collaboration in 
Table 1. Research indicates that PMFCs can produce a voltage output 
between 0.2 and 2.05 V, with a current output of 3.5 mA and a power 
density of approximately 1.1 W/m² (Gurram and Kothapalli, 2017; Di 
Lorenzo et al., 2019; Ballestas et al., 2024). PBCs found on succulent 
species like prickly pear and Aloe vera exhibit peak voltages of 20.7 V, a 
power output of 58.8 mW, and a current of 2.1 mA (Guesmi et al., 2022; 
Singh and Kumar, 2021; Concepcion et al., 2023). All these outcomes 
indicate that PMFC offers a more stable and reliable system over the long 
term, albeit with a slower, more consistent energy pulse, while PBC 
experiences higher energy surges. Despite the numerous benefits these 
technologies appear to provide, they remain inadequate in addressing or 
adapting to varying energy demands when functioning under real-world 
conditions. The integration of these two technologies offers a method to 
achieve voltage control over extended durations, all while adhering to 
the low-power demands characteristic of IoT systems utilized in agri
cultural monitoring and smart environments.

The independent generation of electricity by PBCs and PMFCs, 
stemming from their interactions with plants or plant metabolism, 
suggests that their integration could enhance and sustain power output 
through synergistic pathways. PBCs utilize the inherent metabolic sys
tems of the plant, whereas PMFCs are contingent upon the microbial 
activity present in the rhizosphere. The integration of these technologies 
could lead to reduced maintenance needs and more sustainable alter
natives for powering low-energy devices, such as IoT sensors utilized in 
agricultural applications. However, a clear effort to effectively merge 
these technologies into a unified energy harvesting system seems sig
nificant, as one study indicated the potential for integrating these 
technologies within the aquaponics framework (Lajis et al., 2021).

No efforts have been undertaken to merge PBC and PMFC; none
theless, a single study has suggested a framework. The integration of 
these two systems allows for a more effective tracking of output. Most 
studies concentrated on energy extraction from plants utilizing either 
PBC or PMFC. The advancement of these two systems develops inde
pendently. This represents a significant opportunity for exploration 
within this context. Further technical specifics will be disclosed in Sec
tion 4.3.

3.6. Scalability

A significant alteration in captured power is observed due to circuit 
configurations for scalability. Leaves arranged in series provide more 
voltage, whereas those configured in parallel yield greater current. 
Optimal power is achieved by integrating series and parallel circuits 

(Chong et al., 2018). The same cohort of researchers advanced their 
study by developing a power management circuit that enhances the 
output (Chong et al., 2019). Various studies indicated that increased 
electrode pairs connected in series across distinct leaves correlate with 
enhanced power output. Conversely, the same connection manifests 
differently when situated within the same leaf. With the leaves arranged 
in opposition, they function similarly in parallel. Nonetheless, the 
combination of series and parallel connections elevates the power to a 
distinct level (Guesmi et al., 2022). Optimal production is achieved 
when many plants are interconnected in series (Singh, 2022; Ballestas 
et al., 2024). However, connecting additional PMFCs in parallel yields 
increased power output. Optimal production is achieved by connecting 
pot plants in certain series and parallel configurations (Di Lorenzo et al., 
2019). A power management circuit with boosters improves output; 
nevertheless, its efficacy diminishes as the discharge duration extends 
(Imbrogno et al., 2019).

Beyond circuit-level enhancements, tackling real-world scalability 
and enduring performance decline necessitates more comprehensive 
strategies. The selection of resilient plant species, including Sansevieria, 
Aloe vera, and Prickly Pear, is crucial, as these species exhibit stable 
voltage outputs across various environmental conditions, attributable to 
their high sap content, thick leaves, and drought resistance (Singh, 
2022; Guesmi et al., 2022; Singh and Kumar, 2021). Additionally, the 
integration of hybrid PMFC–PBC architectures has been suggested to 
utilize microbial and photosynthetic pathways simultaneously, poten
tially improving voltage sustainability under varying field conditions 
(Lajis et al., 2021). Emerging electrode materials, including reusable 
bamboo charcoal and cost-effective graphite-based systems, demon
strate long-term durability and environmental compatibility (Martinez 
and Bermudez, 2023; Guesmi et al., 2022; Moqsud and Okamoto, 2023). 
The use of energy storage components such as supercapacitors and 
DC-DC converters facilitates the intermittent capture and buffered de
livery of energy, aligning with the duty cycles of practical IoT and smart 
farming devices (Najhi et al., 2024; Chong et al., 2019).

According to the analysis of the scalability of power extraction from 
plants, series-parallel connections are crucial for optimizing the system. 
These two connectors were employed in various circuit configurations 
throughout multiple PBC studies. Nevertheless, the amalgamation of 
these two connections amplifies the overall output. Furthermore, the 
power management circuit enhances the output significantly. This 
power management circuit maintains consistent and regulated elec
tricity. Nonetheless, the system’s efficiency suffers due to numerous 
power management circuits. The circuit configurations must be equili
brated in conjunction with the power management circuits Fig. 5.

Table 1 
Comparative performance metrics of PMFC, PBC, and hybrid plant-based energy systems.

Parameter PMFC PBC Hybrid/Other

Voltage Output 
(V)

0.2–2.05 V 0.5–20.7 V (peak) Variable

Current Output 
(mA)

0.1–3.5 mA 0.05–2.1 mA Prototype-stage

Power Output 
(W/m2)/(mW)

0.05–1.1 W/m² Up to 58.8 mW (transient) Conceptual only

Electrode 
Materials

Graphite, Copper (Cu), Zinc (Zn), Titanium (Ti), Carbon Felt Zn-Cu, Al-Cu, Bamboo charcoal, Ag-coated Cu, GQDs Mixed

Notable Plants Rice, Corn, Flowering Plants, Avocado Aloe vera, Prickly Pear, Dragon Fruit, Sansevieria Trigonella foenum, 
Azolla

Typical 
Applications

LEDs, Capacitors, Sensors, 5 G Boosters, Commercial Street 
lighting

LEDs, calculators, nanoscale IoT sensors (proposed) Aquaponics 
(experimental)

References (Gurram and Kothapalli, 2017; Di Lorenzo et al., 2019; Imbrogno 
et al., 2019; Pechsiri and Puengsungwan, 2022; Leoni et al., 
2022b; Lu et al., 2020; DAVE et al., 2020; Moqsud and Okamoto, 
2023; Luong and Thomas, 2022; Ballestas et al., 2024)

(Muladi et al., 2021; Singh, 2022; Leoni et al., 2022a; Guesmi 
et al., 2022; Najhi et al., 2024; Singh and Kumar, 2021; Chong 
et al., 2018; Chong et al., 2019; Nouhalla and Adepoju, 2022; 
Concepcion et al., 2023)

(Lajis et al., 2021; 
DAVE et al., 2020)
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3.7. Application and commercialization

In terms of applications, there are some real-life experimented ap
plications, whereas some proposed applications also exist. In 2017, more 
than 300 LED streetlights were introduced by the plant-e company 
(Gurram and Kothapalli, 2017). After two years, in 2019, researchers 
employed the captured energy to charge capacitors and operate tem
perature and humidity sensors (Chong et al., 2018; Chong et al., 2019; 
Imbrogno et al., 2019). LED was also illuminated by the minimal power 
produced in 2020 (DAVE et al., 2020). In 2021, plant-derived energy 
enhanced 5 G signals (Xu et al., 2021). The acquired energy was 
employed to energize sensor nodes for soil detection (Pechsiri and 
Puengsungwan, 2022), to activate a remote sensor for theoretical mea
surement of ambient temperature and humidity (Nouhalla and Adepoju, 
2022), to power LEDs, calculators, and capacitors (Guesmi et al., 2022), 
and to charge a 100 μF capacitor in 2022. Numerous studies have sug
gested harnessing power for specific applications. Providing power as a 
battery source for WSN and IoT applications, particularly in remote 
regions, as well as in precision farming and environmental monitoring, 
to energize nanoscale sensors, advance computing in agriculture and 
alternative energy sectors, develop prototypes capable of powering 
electronics, illuminate gardens at night, and operate aquaponics sys
tems, among other applications (Teng et al., 2018; Singh, 2022; Leoni 
et al., 2022a; Lajis et al., 2021; Guesmi et al., 2022; Najhi et al., 2024; 
Chong et al., 2019; Nouhalla and Adepoju, 2022; Concepcion et al., 
2023; Di Lorenzo et al., 2019; Pechsiri and Puengsungwan, 2022; Luong 
and Thomas, 2022).

Within the commercialisation framework, the PMFC approach was 
employed by the company Plant-e Green Business. Wageningen Uni
versity’s PMFC technology possesses the capacity to transform the 
worldwide electricity industry by utilizing plants as an energy source. 
This technology can augment national competitiveness and become a 
European electricity export commodity. Plant-e, a spin-off enterprise, is 
developing tubular and modular solutions for extensive electricity 
generation and plant trays. The company’s initial implementation is a 
green electricity roof, and they have also developed DIY boxes for 
educational purposes. In 2014, Plant-e initiated its "Starry Sky" project, 
comprising 100 m² installations equipped with 400 modules illumi
nating over 300 LED streetlights at two locations in Amsterdam. The 
PMFC’s environmental performance is anticipated to improve with 
elevated power output (Gurram and Kothapalli, 2017). Nonetheless, no 
commercialization has been identified with PBC till now.

Insights derived from application and commercialization studies 
indicate that plant-based energy can enhance 5 G signals and power 
LEDs, sensors, and capacitors; proposals also suggest its use in envi
ronmental monitoring, precision agriculture, and IoT applications. 
Through PMFC technology, Plant-e has led commercialization, encom
passing projects such as "Starry Sky," which features 300 illuminated 
LED streetlights, modular systems, and green electricity roofs.

Although PMFC systems, such as the Starry Sky project, show sig
nificant promise, there is a notable lack of explicit life-cycle assessments 
(LCA) and thorough techno-economic analyses (TEA) in the peer- 
reviewed literature referenced. Indirect evidence from referenced 
studies enables the inference of multiple dimensions of feasibility.

In the research conducted by Osorio De La Rosa et al. (2023), it was 
shown that PMFC systems can function continuously for prolonged pe
riods while providing stable power to low-consumption devices 
(Osorio-de-la-Rosa et al., 2023). Bataillou et al. (2024) highlighted the 

importance of system modularity and scalability, especially in outdoor 
configurations subjected to natural environmental conditions. The ob
servations indicate technical feasibility and suggest operational sus
tainability (AHMAD et al., 2025).

Osorio De La Rosa et al. (2023) reported the application of PMFC in 
green infrastructure, such as rooftops, utilizing low-cost, biodegradable 
materials like bamboo charcoal electrodes (De La Rosa et al., 2019). This 
example illustrates cost-effective design by intention, aligned with sus
tainability principles, though not explicitly framed in formal LCA or TEA 
terms. Plant-e’s Starry Sky project, which installed over 300 LED 
streetlights utilizing PMFC technology, exemplifies an economic reality, 
albeit lacking published life cycle assessment metrics. PMFC demon
strates market potential, although PBC is yet to be marketed.

3.7.1. Practical feasibility of PMFC and PBC in IoT and smart farming
Numerous applications have been proposed; however, a significant 

question remains: do PMFC and PBC systems possess the capability to 
meet the energy demands of current IoT and smart farming applications 
in practical settings? Their feasibility has been thoroughly examined in 
several experimental studies.

Multiple studies have experimentally confirmed that both PMFC and 
PBC systems are effective in terms of reliability and in providing suffi
cient power to low-energy IoT components, including those used in 
smart farming and environmental monitoring. An example is the power 
output of PBC-based setups utilizing Aloe vera (Chong et al., 2019), 
which achieved 1.1 mA and 3.49 V. In PMFC-based configurations 
(Ballestas et al., 2024), the output was recorded at 2.05 V and approx
imately 1 mW. The generated power is adequate to operate standard 
DHT11 temperature and humidity sensors, as well as LoRa-based 
transceivers that function with power management circuitry designed 
for 3.3 – 5 V and < 2 mW during active transmission. Several studies 
demonstrate the adequacy of harvested energy, either directly or indi
rectly, for the remote powering of sensors, LED lights, and amplifiers for 
5 G signals (Guesmi et al., 2022; Najhi et al., 2024; Chong et al., 2019; 
Xu et al., 2021).

The operational feasibility is supported by literature on the low 
power requirements of such IoT components. DHT11 sensors operate 
effectively at power levels below 2.5 mW, while LoRa (SX1278) modules 
transmit at power levels of ≤ 100 mW, both of which fall within the 
output ranges of PMFC and PBC (Zrioual et al., 2024; Bataillou et al., 
2024). The findings endorse the utilization of plant-based systems 
within decentralized smart agriculture frameworks that operate inde
pendently of batteries.

The results generally indicate the progress of PMFC and PBC systems 
as effective and efficient power sources for low-power applications in 
smart agriculture and environmental monitoring.

3.7.2. Comparative power output vs. device requirements
A direct comparison of the demonstrated energy outputs of PMFC 

and PBC technologies with the electrical requirements of typical IoT and 
sensor devices is essential for evaluating their practical readiness. 
Table 2 provides a comparison based on selected peer-reviewed exper
iments. The analysis quantifies the disparity or congruence between 
plant-derived energy sources and actual device consumption profiles.

Table 2 presents a comparative analysis highlighting significant 
operational differences between PMFC and PBC technologies in their 
application for powering low-energy devices in IoT and smart farming. 
PMFC systems, exemplified by a 900-day outdoor deployment in a 
beehive monitoring setup, exhibit significant long-term reliability and 
environmental resilience. Modular units maintain voltages up to 2.05 V 
and currents exceeding 3 mA over prolonged durations (AHMAD et al., 
2025). The strong performance, enhanced by scalable architectures and 
microbial synergy, positions PMFCs favorably for unattended sensor 
applications in agriculture and forestry.

PBC systems demonstrate superior voltage and power density per 
plant, with optimized Zn–Cu electrodes reaching 58.8 mW and peak 

Fig. 5. Block diagram of the energy harvesting system (Chong et al., 2019).
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voltages of 10.9 V after boosting, adequate for activating IoT controllers 
and smart greenhouse components (De La Rosa et al., 2019). These 
configurations, while exhibiting increased sensitivity to load and ma
terial fatigue, show significant compatibility with capacitor banks and 
remote data transmission modules.

PMFCs demonstrate superior endurance and prolonged deployment, 
whereas PBCs offer power-dense, scalable options suitable for inter
mittent or high-burst applications. Future research should focus on hy
bridization strategies that integrate the long-term stability of PMFCs 
with the superior output efficiency of PBCs to meet the varied energy 
demands of IoT-based agricultural systems (Osorio-de-la-Rosa et al., 
2023).

4. New areas of research

Despite considerable progress in plant-based energy harvesting, our 
understanding and application of these technologies remain constrained 
by certain critical, undiscovered domains. Specifically, there has been 
limited research on the effects of sizing, particularly about how Aloe vera 
leaves of the same dimensions but varying ages influence energy- 
harvesting efficiency. Additional research is required about the effects 
of aging, which pertains to the alterations in a plant’s attributes across 
its life cycle and their influence on energy production. To enhance en
ergy efficiency and reliability, considerable knowledge about inte
grating PBC and PMFC must be acquired. These unexamined 
opportunities promote additional research to improve plant-based en
ergy systems’ scalability and practical application.

4.1. Sizing effects of plants and leaves

Although numerous studies have explored the utilization of diverse 
plant species for energy harvesting in PMFC and PBC systems, insuffi
cient focus has been directed toward the impact of plant size and leaf 
area on energy output. There has been no comprehensive investigation 
into how these physical attributes influence a plant’s capacity to capture 
energy efficiently throughout its life cycle Fig. 6.

Multiple tests utilized plants and leaves of various sizes. Nonetheless, 
further examination is warranted, as it is conceivable that numerous 
plants of the same species may possess leaves at varying phases of the 

life cycle yet exhibit identical dimensions. Although there is an age 
disparity, the leaves are identical in size.

Broader leaves often possess an increased surface area for sunlight 
interception, potentially enhancing photosynthetic rates due to more 
chloroplasts and stomata (Evans, 1999; Niinemets and Sack, 2006). The 
quantity of stomata present enhances a plant’s ability to absorb CO2. The 
quantity of carbon accessible to the plant escalates with the concentra
tion of CO2. Rubisco is a crucial enzyme in photosynthesis, and its effi
cacy is enhanced in the presence of abundant carbon. Its interaction with 
Ribulose-1,5-bisphosphate and CO2 in the Calvin cycle promotes the 
synthesis of phosphoglycerate-3 (Hamilton, 2019). Furthermore, 
increased CO2 facilitates the plant in attaining its optimal light satura
tion threshold. Another advantage is the more effective utilization of 
water and nutrients. Guard cells, responsible for regulating the opening 
and closing of stomata, contain chloroplasts. Chloroplasts in guard cells 
can be modified to increase photosynthesis (Kucheli, 2024).

Because of having more extensive root and vascular systems and 
enlarged canopies (Hikosaka, 2003; Qaderi et al., 2019), larger plants 
also boost photosynthetic rates. Physiological differences may cause 
plants of different ages, even similar in size, to show different photo
synthetic capacities (Bielczynski et al., 2017). Furthermore, the age of a 
succulent plant may affect its ability to store nutrients and water. The 
soft leaves’ thickness and internal composition may change with age. 
Younger plants may thus not be as good at retaining nutrients and water 
as older ones (England and Attiwill, 2006). Plants change in their 
metabolic activities as they grow. Older plants may possess elevated 
levels of internal chemicals, potentially influencing physiological func
tioning (Choi and Chung, 2003).

Furthermore, although plants may exhibit similar above-ground di
mensions, their root systems generally expand and become increasingly 
efficient as they mature. Older plants may possess a more advanced root 
system, facilitating superior access to water and nutrients and influ
encing their physiological stability relative to younger plants (Twyman, 
2003). Plant internal physiology varies over multiple life cycles while 
maintaining the same size. This affects the metabolic processes in plants, 
which are expected to impact the output of PBC and PMFC as well.

The discrepancy is substantial since the plant’s size probably in
fluences the mechanisms of energy transfer and the amount of energy 
that can be extracted. Examining changes in plant size can provide 
essential insights for enhancing the efficiency of PMFC and PBC systems.

4.2. Aging effect

The predominant focus of existing research has been on short-term 
energy harvesting trials, with insufficient consideration given to the 
variations in the long-term energy output of plants as they progress 
through distinct life stages. In prior research, particular aged plants were 
chosen for experimentation. Significant knowledge must be acquired 
regarding potential fluctuations in energy output over extended periods, 

Table 2 
Comparative analysis of PMFC and PBC for IoT and smart farming applications.

Parameter PMFC PBC Reference

Energy Source Rhizodeposition + microbial metabolism Electrolyte-rich plant sap or tissues (AHMAD et al., 2025)
Voltage Range 0.6–2.1 V (up to 2.05 V in multi-plant setups) 0.7–3.49 V (boosted to 10.9 V using converters) (AHMAD et al., 2025; De La Rosa et al., 2019)
Current Output 0.5–3.9 mA (stable in modular systems) 0.1–1.1 mA (plant- and load-dependent) (AHMAD et al., 2025; De La Rosa et al., 2019)
Power Output 0.15–5.8 mW (validated under field 

conditions)
0.9–58.8 mW (lab tested with boosted 
configurations)

(Osorio-de-la-Rosa et al., 2023; De La Rosa 
et al., 2019)

Power Management Parallel PMFCs with DC/DC boost circuits Zn–Cu leaf-array with boost converter circuitry (AHMAD et al., 2025; De La Rosa et al., 2019)
IoT Applications 

Demonstrated
Beehive monitoring, BLE sensors, 
environmental loggers

Smart greenhouses, IoT relays, and sensor 
activation in WSN

(AHMAD et al., 2025; De La Rosa et al., 2019)

Scalability Evidence 900 + days of stable output in outdoor 
deployments

High power from > 160 Zn–Cu pairs across 20 
leaves

(AHMAD et al., 2025; De La Rosa et al., 2019)

Long-Term Durability Stable performance with minimal degradation Susceptible to load fluctuations and material 
fatigue

(AHMAD et al., 2025; Osorio-de-la-Rosa et al., 
2023)

Limitations Soil microbe variability, anode fouling Voltage drop under load, plant damage under 
electrode strain

(Osorio-de-la-Rosa et al., 2023; De La Rosa 
et al., 2019)

Fig. 6. Sizing Effect Test.
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especially in plants with prolonged life cycles Fig. 7.
The three fundamental stages of post-embryonic plant growth and 

development are juvenile, adult vegetative, and adult reproductive. 
Plants undergo a "phase change" or "phase transition" to progress from 
one phase to another. Both internal and external influences induce 
transitions. The shift from the juvenile to the adult stage is physiologi
cally significant as it determines the "body plan," or the structural 
configuration of each plant species, affecting biomass production, 
environmental interactions, and subsequent crop output (Gioppato and 
Dornelas, 2021).

The duration to manifest these transitions is extended. These tran
sitions influence the internal mechanisms of plants and the energy 
extracted from them. As plants develop, the structures facilitating 
electron movement, such as vascular tissues and root networks, prolif
erate, augmenting energy transmission within the organism (Jung et al., 
2008). The xylem is a vascular tissue responsible for moving water and 
minerals from the roots to the leaves and providing mechanical support 
to the plant (Brodribb and Mencuccini, 2016). A phloem is a vascular 
tissue that translocates nutrients from the leaves to various plant parts, 
including the roots, flowers, and fruits (Swamy et al., 2022). The greater 
the development of the xylem and phloem, the more efficiently they will 
execute their functions. Their productive endeavors will enhance the 
rate of photosynthesis. Furthermore, the plant can increase chemical 
energy (glucose) when photosynthesis intensifies. Moreover, an increase 
in the chemical energy of the plant correlates with an increase in the 
harvested energy.

This research will address a notable deficiency in the literature by 
examining the influence of plant aging and growth on the stability and 
consistency of energy accumulation throughout the year.

4.3. Integration of two methods

PBC and PMFC technologies have progressed markedly. Nonetheless, 
a solitary study suggested integrating these two systems inside an 
aquaponics framework (Lajis et al., 2021), and no comprehensive effort 
has been undertaken to amalgamate them into a unified energy har
vesting system.

Their integration can significantly enhance the energy obtained from 
PBC and PMFC systems. Series and parallel configurations can be uti
lized to integrate these systems. The series configuration is optimal for 
elevating voltage, whereas the parallel configuration is optimal for 
augmenting current (Power-Sonic Team, 2022). For a series connection, 
the currents of the two outputs must be equivalent, while for a parallel 
connection, the voltages must be equal. Connecting many voltage 
sources in parallel may result in significant issues. The source with the 
highest voltage will dictate the voltage for the entire circuit. The 
elevated voltage source may excessively supply current to the lower 
voltage sources, potentially causing overload or considerably reducing 
lifespan (StudySmarter, 2022). In a series connection, the current re
mains constant. Consequently, two separate current values linked in 

series are invalid (Testbook, 2022). Nonetheless, despite the differing 
voltage and current values of the PMFC and PBC systems, they can be 
integrated using a power management circuit to combine their outputs 
efficiently, and numerous devices will be utilized for experimentation 
(Naamane and Msirdi, 2013).

The design must account for the particular specifications and char
acteristics of both PBC and PMFC energy harvesting circuits. The energy 
circuit for PBC typically employs electrodes put into the leaves or stems 
to monitor bio-electrochemical reactions inside the plant tissues. In this 
scenario, low-resistance electrodes, an optimal placement strategy, and 
a voltage regulator to regulate the inherently low and variable voltage 
are critical components Fig. 8.

The PMFC circuit primarily focuses on microbial activity at the 
interface of soil and plant roots. An external resistor is frequently 
necessary to control current flow, a proton exchange mechanism, and 
electrodes for electron transfer from microorganisms. PMFC systems 
require amplification circuits to enhance their practicality in real-world 
applications, as they often deliver little current while maintaining 
relatively steady voltage.

Compatibility and efficiency should be considered in a unified en
ergy circuit for both PBC and PMFC. The outputs of the PBC and PMFC 
can be managed separately by multiple input stages in an integrated 
design before amalgamation into a singular processing circuit. A central 
energy management unit, DC-DC converters for voltage regulation, and 
diode-based current isolators are necessary. Supercapacitors and other 
energy storage systems can mitigate power fluctuations and provide a 
reliable power supply for subsequent applications.

The consistency between theoretically and practically acquired 
findings can be compared using the following equations (Ballestas et al., 
2024): 

I =
v
R

(12) 

where I is the intensity (A), v is the output voltage, and R is the 
resistance. 

P = vI (13) 

where P is the electric power (watts), v is the output voltage, and I is the 
output current. 

J =
I
a

(14) 

where J is the current density (A / m2), I is the output current, and a is 
the area. 

ϕ =
P
a

(15) 

where ϕ is the power density (W / m2), P is the output power, and a is the 
area. 

Pv =
P
v

(16) 

Pv is the volumetric power (W/m3), P is the output power, and v is 
the output voltage.

Fig. 7. Aging Effect Test. Fig. 8. Implementation of Integrated Energy System.
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Integrating the microbial interactions of the PMFC with the meta
bolic activities of the PBC may yield advantageous results and enhance 
energy output. This work aims to address a notable research deficiency 
due to the absence of comparable investigations by developing a hybrid 
system to optimize energy production. This hybrid method harnesses the 
advantages of both strategies while mitigating their shortcomings.

4.4. Technical and economic challenges in PBC vs. PMFC systems

PBCs and PMFCs both utilize bioelectricity generated by living 
plants; however, they exhibit notable differences in technical 
complexity and economic viability, exhibited in Table 3.

PBC systems provide economic benefits through the use of low-cost 
materials and simplified architecture, rendering them attractive for 
decentralized and temporary IoT applications. Nonetheless, they typi
cally generate intermittent and less stable power. Conversely, PMFCs 
demonstrate superior performance in continuous energy generation and 
environmental applications, such as wastewater remediation. However, 
they present technical complexities and higher economic costs associ
ated with maintenance and microbial dependencies.

5. Conclusion

Innovative techniques such as PMFC and PBC have advanced the 
development of alternative energy harvesting architectures that utilize 
the inherent biological and electrochemical mechanisms present in 
living plants. This review examines 70 peer-reviewed articles published 
between 2010 and 2025, focusing on trends, challenges, and validation 
related to energy generation, electrode materials, system design, and 
environmental conditions. The findings indicate that PMFCs utilizing 
specialized microbial-rich soil and specific electrode configurations can 
achieve power densities of 1.1 W/m². In contrast, PBCs, especially those 
involving fleshy plants like Aloe vera and Prickly Pear, yield voltage 
outputs exceeding 3.4 V and power outputs of approximately 58.8 mW 
when subjected to optimal environmental conditions. So far, PMFC 
demonstrates an advanced level of maturity and evidence of opera
tional, commercial-scale applications, such as the "starry sky" project 
implemented by the Dutch company Plant-e, which supplies electricity 
to over 300 LED lights. PBC systems are currently in an experimental 
phase, demonstrating feasibility primarily for powering small IoT sen
sors and capacitors, pending further long-term validation and 
commercialization efforts. PMFCs demonstrate a superior potential for 
long-term and sustainable energy production in outdoor or wetland 
settings when compared to PBCs, owing to their compact design and 
modular stack mounting configuration suitable for indoor or greenhouse 
applications. Various application areas with potential include precision 
farming, environmental monitoring, smart farming that is both decen
tralized and automated, as well as WSNs. Experimental frameworks 
have demonstrated the capability to energize sensors for the measure
ment of temperature and humidity, activate remote transmitters, and 
supply power to capacitors in low-energy circuits. An examination of 
scalability, voltage regulation, long-term performance issues, and 
various constraints such as displacement selection, life cycle effects, 
hybrid integration, and advanced materials integrated research in
dicates that targeted research will bridge the gap between real-world 
applications and lab-scale feasibility. By concentrating on impact and 
resilience, it is possible to construct sustainable and low-impact energy 
systems through the integration of these systems with other renewable 
technologies. Plant-powered systems, particularly PMFCs, are poised to 
significantly impact the future by providing essential energy solutions 
for both urban and rural environments that require advanced green 
technologies.
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