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Abstract: Biophotovoltaics (BPVs) offer a promising alternative for sustainable energy production by harnessing the light-harvesting
capabilities of photosynthetic organisms. This comparative study investigated the light-harvesting efficiencies of diverse photosynthetic
organisms, including cyanobacteria, green algae, purple bacteria, and higher plants, to determine their suitability for BPV applications.
Cyanobacteria and green algae exhibit efficient light absorption across a wide spectrum, owing to their specialized light-harvesting
complexes and high surface-to-volume ratios. Purple bacteria possess unique reaction centers that enable near-infrared light absorption
and rapid electron transfer. Higher plants, although more complex, have the potential for efficient light harvesting through engineered
systems that utilize their photosynthetic components. Key factors influencing the performance of BPVs include pigment composition,
surface area, electron transfer efficiency, and stability. Challenges in BPV advancement, such as biological component stabilization,
scalability, and energy conversion efficiency, are discussed. Future research should focus on genetic engineering, hybrid systems, and
exploration of novel photosynthetic organisms to enhance the viability of BPVs. The integration of BPVs with existing energy
infrastructure, including hybrid systems with conventional photovoltaic cells and grid integration, is crucial for their widespread
adoption. The environmental impact and sustainability of BPVs are also considered, emphasizing their potential for low-carbon
emissions and biodegradability. This study highlights the importance of understanding the diverse light-harvesting strategies of
photosynthetic organisms to advance BPV technology as a sustainable and renewable energy solution.
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1. Introduction

The demand for renewable energy sources has intensified
significantly in recent years, driven by the urgent need for
sustainable alternatives to fossil fuels. In particular, solar
energy is a viable option because of its availability and
potential for extensive application. Bio-photovoltaics
(BPVs) represent an innovative strategy that utilizes
biological systems such as photosynthetic organisms to
directly convert solar energy into electrical power. BPVs are
attractive because they are environmentally sustainable,
cost-efficient, and rely on biodegradable materials.
However, the effectiveness of BPVs is often hindered by the
light-harvesting capabilities of the involved photosynthetic
organisms. Biophotovoltaics (BPV) are an emerging field
that harnesses the photosynthetic capabilities of
microorganisms to generate  bioelectricity. Various
photosynthetic  organisms, including microalgae and
cyanobacteria, have been explored for their potential in BPV
applications, owing to their diverse light-harvesting
capabilities and adaptability to different environments
(Novoveskéa et al., 2023; Tschortner et al., 2019). The
efficiency of BPV devices is primarily limited by their low
electron transition rate and photon collection efficiency,
often owing to membrane shielding (Roxby et al., 2020). To
address this challenge, researchers have explored innovative
approaches such as the "photosynthetic resonator” concept,
which amplifies biological nanoelectricity by confining
living microalgae in an optical micro/nanocavity. This
technique has demonstrated significant improvements, with
power increases of up to 600% in biomimetic models and up
to 200% in living photosynthetic systems (Roxby et al.,
2020). The diversity of light-harvesting strategies among
photosynthetic ~ organisms  presents challenges and

opportunities for advancing the BPV technology. For
example, motile cyanobacteria in microbial mats have been
observed to migrate vertically to track optimal light
exposure, efficiently counteracting the effects of excessive
light at the surface and insufficient light deeper into the mat
(Lichtenberg et al., 2020). This adaptive behavior highlights
the potential for developing BPV systems that can
dynamically respond to changing light conditions.
Researchers have explored various approaches to further
enhance BPV performance, including the wuse of
nanomaterials to improve light harvesting, extracellular
electron transfer, and anode performance (Mouhib et al.,
2019). In conclusion, advancing BPV technology requires a
comprehensive understanding of the diverse light-harvesting
capabilities of photosynthetic organisms and the
development of strategies to overcome these current

limitations. By combining insights from natural
photosynthetic  systems with innovative engineering
approaches such as the use of optical resonators,

nanomaterials, and bioengineered organisms, researchers
can create more efficient and sustainable BPV devices for
future energy applications (Mouhib et al., 2019; Roxby et
al., 2020; Schuergers et al, 2017).Photosynthetic
productivity is limited by the low energy-conversion
efficiency of naturally evolved photosynthetic organisms via
multiple mechanisms that are not fully understood. Here, we
show evidence that extends recent findings that
cyanobacteria use "futile" cycles for the synthesis and
degradation of carbon compounds to dissipate ATP(Cantrell
et al., 2023). The most recent approaches to produce solar
fuels and chemicals in engineered cyanobacteria with a
focus on acetyl-Coa dependent product.(Miao et al., 2020)
Photosystem 1, a complex protein located in the chloroplast
of the plant leaves that has a principal role in light
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absorption, is the most common light absorber used in
biophotovoltaic solid-state solar cells. Low efficiency and
current density are the main challenges for this type of solar
cells (Amjadian et al., 2023). The PS-I structures of
oxygenic photosynthetic organisms, such as cyanobacteria,
eukaryotic algae, and plants, have undergone great variation
during their evolution, especially in eukaryotic algae and
vascular plants, in which light-harvesting complexes (
LHCI) surround the P-1 core complex(Bai et al.,
2021).These findings suggest a new approach for
manipulating cellular energy metabolism, which can be
applied to engineer microalgal chassis cells to increase the
productivity of biomass or target metabolites. This has
potential implications for biofuel production and carbon
capture technologies3(Cantrell et al., 2023). Light harvesting
is a pivotal element in the overall efficiency of BPVs
because it dictates how well a biological system can capture
solar energy. This study aimed to perform a comparative
analysis of the light-harvesting ability of various
photosynthetic organisms used in BPVs. We investigated the
differences in their photosynthetic structures, light
absorption properties, and energy conversion mechanisms,
while evaluating their potential for bio-photovoltaic
applications.

2. Background on Bio-Photovoltaics
2.1 Principle of Bio-Photovoltaic Systems

A bio-photovoltaic system is engineered to harness
biological substances such as bacteria, algae, and plant
photosystems to capture sunlight and transform it into
electrical power. This process mirrors the principles of
photosynthesis in which light-harvesting complexes (LHCs)
in photosynthetic organisms absorb sunlight. The absorbed
light energizes the electrons within the system, resulting in
the formation of electron-hole pairs. These electrons are
subsequently transferred through a conductive medium or an
electrode to generate an electrical current.

The primary biological components of BPVs are as follows:

In plants and algae, Photosystem | (PSI) and Photosystem I
(PSI1) are integral to the electron transport chain. Similarly,
photosynthetic bacteria possess bacterial reaction centers
that function like PSI and PSII. Light-harvesting complexes
play a crucial role in capturing light energy and channeling it
to these reaction centers. The efficiency of BPVs is
significantly influenced by how well these biological
components absorb light and facilitate the electron transfer
to the electrode.

2.2 Photosynthetic Organisms in BPVs

Various photosynthetic organisms have been studied for
their application in BPVs, with each demonstrating distinct
methods of light harvesting. The most commonly researched
methods are as follows:

Cyanobacteria are prokaryotic and feature both PSI and
PSII, which allows them to be highly adaptable for light
capture.

Green Algae: eukaryotic organisms that also contain PSI and
PSII excel to convert light into energy.

Purple Bacteria are phototrophic and possess specialized
reaction centres designed for optimal light absorption and
electron transfer.

Higher Plants are complex organisms that use PSI and PSII
in their chloroplasts to capture light and produce energy.

These organisms differ in their ability to capture light,
convert it into chemical energy, and transfer electrons
efficiently, which directly affect the overall performance of
BPVs.

3. Comparative Study of Light-Harvesting
Capabilities in Photosynthetic Organisms

3.1 Cyanobacteria

Cyanobacteria have been extensively studied in the field of
bio-photovoltaics, because they can conduct both oxygenic
and anoxygenic photosynthesis. These organisms are
equipped with two photosystems, PSI and PSII, which
enable them to efficiently absorb light and transfer electrons.
Additionally, their high surface-to-volume ratio increases
the light exposure, enhancing their effectiveness in BPVs.

Light Absorption:- Cyanobacteria have the ability to absorb
a broad range of light, encompassing both visible and
infrared wavelengths. Their light-harvesting structures,
which  include  accessory  pigments known  as
phycobilisomes, enhance their capacity to capture light even
at low intensities.

Electron Transfer: Cyanobacteria possess an electron
transport chain that functions with exceptional efficiency,
enabling direct electron transfer to external electrodes in
BPV systems. The electron transfer abilities of
cyanobacteria were further optimized using genetic
modifications and bioengineering techniques.

Although BPVs with cyanobacteria show great potential for
capturing light, their efficiency is frequently hindered by
difficulties in maintaining the stability of the organism and
in incorporating it into systems that can be scaled up.

3.2 Green Algae

Green algae, particularly Chlamydomonas reinhardtii, have
been extensively studied for their potential applications in
BPV. These organisms possess advanced light-harvesting
complexes (LHCs), which include chlorophyll and
carotenoid pigments, enabling them to efficiently capture
sunlight. Green algae are capable of performing oxygenic
photosynthesis similar to that of higher plants.

Light Absorption: Green algae excel in absorbing sunlight,
particularly in the blue and red regions of the spectrum.
Their ability to harness the full spectrum of solar energy
renders them excellent candidates for use in BPVs.
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Electron Transfer: Incorporating green algae into BPV
systems often necessitates optimization of electron transfer
mechanisms. Although their natural electron transfer
processes are effective, modifications are required to
improve their interactions with the external electrodes.

Green algae thrive in a range of environments, making them
ideal for extensive BPV applications.

3.3 Purple Bacteria

Purple bacteria such as Rhodobacter sphaeroides are another
group of microorganisms known for their efficient light-
harvesting capabilities. These bacteria possess specialized
reaction centers that allow for the efficient absorption of
light and rapid electron transfer.

Light Absorption: Purple bacteria have a unique ability to
absorb light in the near-infrared range, which allows them to
exploit a different part of the solar spectrum than many other
photosynthetic organisms do.

Electron Transfer: These bacteria have evolved highly
efficient specialized mechanisms for electron transfer. BPV
systems are capable of transferring electrons directly to the
electrode, which is essential for high-efficiency photovoltaic
devices.

Purple bacteria are often considered a viable option for
BPVs because of their robustness and efficient light
harvesting properties. However, the challenges related to
maintaining stability and scalability remain.

3.4 Higher Plants

Higher plants, particularly those utilized in agricultural and
forest ecosystems, are known for their efficient light
harvesting systems. These plants house chloroplasts
containing both PSI and PSII, which function together to
capture sunlight and convert it into chemical energy.

Light Absorption: Although higher plants excel at absorbing
light across a broad spectrum, their thick cellular structure
and requirement for chloroplasts to maintain cellular
functions can limit the efficiency of the BPVs.

Electron Transfer: Incorporating plant systems into BPVs is
difficult owing to the intricate nature of their photosynthetic
structures. Nonetheless, engineered systems, such as
thylakoid membranes or isolated photosystem complexes,
can be employed to boost electron transfer efficiency.

Although higher plants remain a relatively untapped
resource for BPVs compared with microorganisms, they
hold considerable promise because of their superior light
absorption and electron transfer capabilities.

4. Key Factors Influencing Light-Harvesting
Efficiency in BPVs

Several factors determine the light-harvesting efficiency of
photosynthetic organisms in BPVs.

« Pigment Composition: The ability of an organism to
capture light is significantly influenced by the type and
concentration of pigments it possesses, including
chlorophylls, carotenoids, and phycobilins.

« Surface Area: Organisms such as bacteria and algae,
which exhibit a higher surface-area-to-volume ratio,
generally demonstrate greater effectiveness in light
absorption.

o Electron Transfer Efficiency: The capability of
photosynthetic organisms to convey excited electrons to
external electrodes is essential for achieving high-
efficiency BPVs.

« Stability and Longevity: The ability of photosynthetic
organisms to remain stable under different environmental
conditions is crucial for assessing the feasibility of using
BPVs over an extended period.

5. Challenges and Future Directions

While various photosynthetic organisms demonstrate
promising light-harvesting capabilities, several hurdles must
be addressed to advance the BPV technology.

« Stabilization of Biological Components: The Biological
systems in BPVs are vulnerable to degradation over time
because of environmental conditions. Investigating
encapsulation techniques and genetic engineering could
potentially enhance the longevity of BPVs.

« Scalability: Integrating biological systems into large-
scale BPV devices presents a significant challenge,
particularly in ensuring that light-harvesting organisms
can be cultivated efficiently and at low cost.

« Energy Conversion Efficiency: Although many
photosynthetic organisms exhibit high light absorption,
improving the overall energy conversion efficiency of
BPVs remains crucial.

5.1 Future Research Directions

To advance BPV systems, future research should prioritize
« Genetic engineering: genetically modifying organisms to

enhance their photosynthetic  functions, thereby
improving light absorption, electron transfer, and overall
stability.

« Hybrid Systems: Innovating hybrid systems that merge
biological components with synthetic materials can
significantly boost efficiency and scalability.

« New Organisms: Identifying and studying new
photosynthetic organisms with unique light-harvesting
traits may open up novel avenues for BPV applications.

6. Integration of BPVs with Existing Energy
Infrastructure

6.1 Hybrid Systems:
Photovoltaic Cells

Synergy with Conventional

An exciting path for enhancing BPVs is the fusion of
biological elements with the current photovoltaic (PV)
technology. Hybrid systems can capitalize on the strengths
of both technologies by merging bio-photovoltaic devices
with conventional Si-based solar cells. These hybrid systems
have the potential to boost the overall efficiency by
harnessing the complete spectrum of sunlight and addressing
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some of the limitations of BPVs, such as their relatively low

energy-conversion efficiency.

« Benefits: Integrating bio-photovoltaics with traditional
PV cells could lead to more durable and efficient solar
energy systems, where biological components contribute
to environmental sustainability, and silicon cells provide
high energy conversion efficiency. Moreover, hybrid
systems can enhance energy production under diverse
lighting conditions by utilizing biological components
that perform well in low-light environments.

o Challenges: A significant challenge in this hybrid
strategy is the seamless integration of biological
components into the inorganic PV cells. Research on
advanced materials and interface engineering is essential
to ensure optimal electron transfer between the biological
components and Si-based electrodes..

6.2 Grid Integration and Storage Solutions

A significant challenge facing renewable energy systems
such as bio-photovoltaics (BPVs) is the irregularity of
energy production. Solar energy generation is subject to
fluctuations due to weather conditions, time of day, and
seasonal shifts. Consequently, energy-storage solutions,
including batteries and supercapacitors, are vital for ensuring
a consistent energy supply when sunlight is scarce.

« Biological Energy Storage: A cutting-edge approach to
BPVs involves the dual role of biological systems in both
energy generation and storage. For example, certain
photosynthetic bacteria can store energy in chemical
bonds during periods of abundant sunlight, which can be
trapped when energy demand arises. Exploring the
synergy between bioenergy storage and biophotovoltaics
could pave the way for more autonomous energy
systems.

« Grid Integration: As BPVs evolve, their integration into
the energy grid is crucial. Incorporating bio-PV systems
into existing energy grids requires meticulous planning
concerning power regulation, output reliability, and
compatibility with other energy sources. BPVs can be
utilized in decentralized energy networks such as
microgrids to deliver localized and sustainable power to
communities.

7. Environmental Impacts and Sustainability
of BPVs

7.1 Environmental Impact of Bio-Photovoltaics

A key advantage of BPVs is their ability to provide a
renewable energy source with a minimal ecological
footprint. In contrast to traditional solar cells, which involve
energy-intensive  production  processes using  scarce
materials, such as silicon and precious metals, BPVs use
naturally occurring biological substances that are plentiful,
biodegradable, and sustainable.

o Low-Carbon Emissions: Bio-photovoltaic systems can be
much more energy-efficient and less polluting than
conventional photovoltaic technologies. Additionally,
BPVs can be fabricated from organic materials, which
are less detrimental to the environment than traditional
silicon-based devices.

« Biodegradability: Because BPVs depend on biological
materials, they have the potential to be completely
biodegradable by the end of their life cycle. This could
greatly decrease the electronic waste associated with
conventional solar technologies, which often contain
hazardous substances such as cadmium and lead.
Appropriate disposal and recycling methods can also be
integrated into BPV technologies to further enhance their
environmental sustainability.

7.2 Ecological Considerations in BPV Deployment

Although BPVs offer a potentially greener alternative to
traditional solar energy systems, their widespread adoption
necessitates comprehensive evaluation of their ecological
effects. The management of photosynthetic organism
cultivation for BPV systems is crucial to avoid the overuse
of natural resources, reduction in biodiversity, or disturbance
of ecosystems.

o Ecosystem Balance: Employing genetically altered
organisms or non-native species can lead to unexpected
ecological repercussions and possibly disrupt local
ecosystems. It is vital to ensure that BPV systems do not
negatively impact the local flora and fauna. Exploring the
use of native species and implementing minimal
intervention strategies can reduce these risks.

e Land and Water Usage: The Cultivation of
photosynthetic organisms for BPV may demand
substantial land and water resources. Although certain
organisms, such as cyanobacteria and algae, can flourish
in challenging environments, such as saline water or arid
regions, their large-scale cultivation still requires
meticulous planning to prevent competition with food
production or local water resources.

8. Socioeconomic Impact and

Commercialization of BPVs
8.1 Cost-Effectiveness and Market Viability

To achieve widespread adoption, biophotovoltaics (BPVS)
must be economically feasible and competitive with the
existing energy technologies. Currently, the cost of
producing BPVs exceeds that of producing traditional
silicon-based solar cells. However, this could change with
advancements in bioengineering, material science, and large-
scale cultivation techniques.

« Cost Reduction: BPVs have the potential to drastically
reduce manufacturing expenses compared to silicon-
based solar cells. Because biological materials can be
grown in various environments and do not require
energy-intensive processes for silicon production, BPVs
could eventually become much more cost-effective for
production and deployment.

« Scalability: Like any new energy technology, the ability
to scale is vital. The commercial viability of BPVs
depends on their capacity to increase production to meet
the global energy demand. Large-scale production
requires innovations in bioreactor design and methods to
boost the yield and stability of the photosynthetic
organisms used in BPVs.
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8.2 Job Creation and Economic Opportunities

The commercialization of bio-photovoltaic  (BPV)
technology has the potential to create new economic
prospects, especially in rural and less-developed areas,
where biomass and algae can be effectively produced.
Growing photosynthetic organisms for BPV purposes could
lead to job creation in agriculture, biotechnology, and energy
industries.

BPVs offer the possibility of decentralized energy solutions
for isolated regions, which decreases the dependence on
centralized power systems. This is particularly advantageous
in areas with limited access to the conventional energy
infrastructure.

The commercialization of BPVs is likely to drive
investments in bioengineering, genetic modification, and
biotechnological research. Nations that embrace the BPV
technology early on could become leaders in this emerging
sector, opening new markets for energy production and
biotechnology.

9. Methods

To conduct this comparative study, we analyzed the light-

harvesting efficiency of four photosynthetic organisms:

cyanobacteria, green algae, purple bacteria, and higher
plants.

a) Organism Selection: Cyanobacteria, green algae
(specifically Chlamydomonas reinhardtii), purple
bacteria (Rhodobacter sphaeroides), and higher plants
were chosen based on their known light-harvesting
capabilities.

b) Experimental Setup: Each organism was cultivated in
controlled laboratory conditions with optimal light
exposure to maximize their photosynthetic activity.
Light absorption was measured across a broad spectrum
using a spectrophotometer. The efficiency of electron

transfer to electrodes was assessed
electrochemical measurements.

c) Data Collection: For each organism, we recorded:

« The spectrum of light absorption.
« The efficiency of electron transfer.
« The stability of the biological systems over time.

d) Data Analysis: Data were analyzed by comparing the
light absorption capacity, electron transfer efficiency,
and stability of each organism, assessing their potential
for use in BPVs.

through

10. Results

The comparative study revealed significant differences in
the light-harvesting capabilities and electron transfer
efficiencies of the four organisms.

Cyanobacteria: Exhibited a broad absorption spectrum,
capturing both visible and near-infrared light. The efficiency
of electron transfer was high, especially with genetic
modifications aimed at enhancing surface interaction.

Green Algae: Demonstrated excellent light absorption in the
blue and red regions of the spectrum. However, electron
transfer efficiency required optimization to interact
effectively with external electrodes.

Purple Bacteria: Specialized in near-infrared light
absorption. Their electron transfer mechanisms were highly
efficient, making them strong candidates for BPV
applications.

Higher Plants: Although they showed robust light absorption
capabilities, the complexity of their photosynthetic systems
presented challenges in scaling them for BPV applications.
Engineering approaches, such as isolated photosystem
complexes, were necessary to enhance electron transfer
efficiency.

Cyanobacteria

Green Algae

Purple Bacteria

m Light Harvesting

m Electron transfer efficiency

Higher Plants
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11. Discussion

The results of this study highlight the strengths and
limitations of each photosynthetic organism for BPV
applications:

Cyanobacteria and Green Algae: Both organisms offer high
light absorption and efficient electron transfer but face
challenges in maintaining biological stability in BPV
systems. Genetic engineering could improve their scalability
and long-term performance.

Purple Bacteria: These bacteria show unique advantages in
their ability to absorb near-infrared light, which is less
utilized by other photosynthetic organisms. Their efficient
electron transfer mechanisms make them ideal for BPVs,
though issues of scalability and stability remain.

Higher Plants: While promising due to their light absorption
capabilities, the complexity of plant systems presents
significant challenges in terms of integration into BPV
devices. Nonetheless, engineering solutions such as the use
of photosystem complexes could enhance their potential.

In terms of BPV development, it is crucial to focus on:

1) Stabilization of biological components: Encapsulation
and genetic engineering techniques could improve
organism longevity.

2) Improvement of energy conversion efficiency: Hybrid
systems that combine biological components with
synthetic materials may enhance performance.

3) Scalability: Large-scale cultivation and integration of
photosynthetic organisms into BPVs must be addressed
to make these systems commercially viable.

Future research should explore novel photosynthetic

organisms with unique light-harvesting properties, along

with advancing hybrid BPV systems and optimizing the
genetic engineering of existing organisms to improve
efficiency.

12. Conclusion
Bio-photovoltaics offers a sustainable and eco-friendly

alternative to conventional solar energy systems, providing a
renewable energy solution that is both cost-effective and

environmentally  conscious. This comparative study
emphasizes the light-harvesting capabilities of various
photosynthetic organisms, such as cyanobacteria, green
algae, purple bacteria, and higher plants, each presenting
distinct advantages and challenges. The future success of
BPVs relies on overcoming issues related to efficiency,
stability, and scalability as well as effectively integrating
biological systems into a broader energy infrastructure.
Innovations in genetic engineering, hybrid systems, energy
storage, and commercialization are pivotal for advancing
BPV technology.

As research continues and BPV systems evolve, they have
the potential to play a significant role in the global transition
to sustainable and renewable energy. Biophotovoltaics
represents a promising direction for sustainable energy
production. The effectiveness of BPVs is largely determined
by the light-absorbing properties of the photosynthetic
organisms. By investigating the unique light-harvesting
strategies of cyanobacteria, green algae, purple bacteria, and
higher plants, researchers can identify the most effective
organisms for BPV application. Progress in genetic
engineering, materials science, and system integration is
expected to address current challenges and enable the
successful commercialization of BPVs as a practical
renewable energy technology.
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