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ABSTRACT: This review examines biohydrogen's potential as a renewable energy source, focusing on
production technologies, feedstock efficiency, and agricultural applications. Key technologies include dark
fermentation, which has been identified as an efficient, environmentally friendly process for biohydrogen
production from organic waste and agricultural residues. The study highlights the benefits of biohydrogen
for sustainable agriculture, including reduced carbon emissions and energy efficiency. Quantitative data
supports biohydrogen's role in decarbonizing agriculture, particularly in energy-intensive activities like
irrigation and soil preparation. The findings suggest that biohydrogen can be sustainably integrated into
agricultural systems, providing a circular economy solution by converting waste into high-energy, low-
emission fuel.
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Biohidrogénio como fonte de energia renovavel: tecnologias de produgao,
eficiéncia de matéria-prima e aplicagées na agricultura

RESUMO: Esta revisio examina o potencial do biohidrogénio como fonte de energia renovavel, com foco
em tecnologias de producio, eficiéncia de matéria-prima e aplicacGes agricolas. As principais tecnologias
incluem a fermentacgao escura, que foi identificada como um processo eficiente e ecologicamente correto para
a produgdo de biohidrogénio a partir de residuos organicos e residuos agricolas. O estudo destaca os
beneficios do biohidrogénio para a agricultura sustentavel, incluindo reducio das emissées de carbono e
eficiéncia energética. Os dados quantitativos apoiam o papel do biohidrogénio na descarbonizagio da
agricultura, particularmente em atividades com uso intensivo de energia, como irrigacio e preparacio do solo.
As descobertas sugerem que o biohidrogénio pode ser integrado de forma sustentavel aos sistemas agticolas,
fornecendo uma solu¢io de economia circular ao converter residuos em combustivel de alta energia e baixa
emissao.

Palavras-chave: sustentabilidade; energia agricola; conversao de biomassa; fermentagao escura; reducio de
carbono.

1. INTRODUCTION

In recent decades, biohydrogen has attracted widespread
attention as a renewable energy source that has the potential
to be significant in reducing global carbon emissions and
supporting energy sustainability (AKRAM et al, 2024
FAWAD et al, 2024; NAIDOO et al, 2024

2024; YORUKLU et al., 2023). Biohydrogen produced from
dark fermentation allows the conversion of various
biomasses into hydrogen gas with much lower emissions than
conventional methods such as methane reforming
(POMDAENG et al.,, 2024). In addition, the efficiency of

THIRUMALAIVASAN et al, 2024). Biohydrogen as
renewable energy provides an environmentally friendly
alternative to fossil fuels that produce high carbon emissions
(YORUKLU et al, 2023). One of the main focuses of
biohydrogen is its ability to be produced from a variety of

biomass sources, including organic waste, which is
compatible with circular economy approaches and
agricultural waste utilization (GORIA et al, 2024,

MUSHARAVATI et al., 2024; RANI et al., 2024).
Biohydrogen can be obtained through a variety of

methods, including dark fermentation, which has been

identified as one of the most efficient and environmentally

friendly ~ production methods for organic  waste
(MARTINEZ-FRAILE et al., 2024; SRIVASTAVA et al,

biohydrogen in reducing dependence on fossil fuels is very
relevant for developing countries with limited clean energy
sources and high dependence on non-renewable energy
sources (MACHHIRAKE et al., 2024).

Furthermore, biohydrogen provides other advantages in
agriculture, such as supporting agricultural machinery and
irrigation systems without causing damaging environmental
impacts (KUMAR SHARMA et al.,, 2022; SINGH et al.,
2023). Biohydrogen also allows the use of agricultural waste,
such as rice straw, livestock waste, and other biomass
residues that are often difficult to process, to become an
energy source with high calorific value and low carbon
emissions (UMUNNAWUIKE et al., 2024). This study will
explore various biohydrogen production technologies,
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especially dark fermentation, and the effectiveness of
agricultural raw materials as an energy source that can
support sustainability in the agricultural sector.

Biohydrogen is essential as a transition effort to clean
energy and as part of a global decarbonization strategy to
achieve  net-zero  carbon  emissions by 2050
(UMUNNAWUIKE et al, 2024). As one of the main
methods of biohydrogen production, dark fermentation
technology has significant advantages in converting various
types of organic waste, such as municipal solid waste (MSW)
and food waste, into energy-efficient hydrogen
(MUSHARAVATI et al., 2024). Biohydrogen production can
also be carried out from lignocellulose biomass, which has
excellent potential to provide sustainable hydrogen but still
faces obstacles in large-scale production processes due to low
yields and high costs (SINGH et al., 2023; ELSHOBARY et
al.,, 2024).

Dark fermentation shows promising results in producing
biohydrogen from various organic wastes, mainly because
this process requires lower costs than other methods and has
a more minimal environmental impact (YORUKLU et al,
2023). For example, dark fermentation of food waste with
the help of biochar from animal manure shows high
efficiency in producing hydrogen (POMDAENG et al,
2024). This shows that biohydrogen plays a role in providing
renewable energy and reducing the increasing impact of
agricultural and urban waste (QYYUM et al., 2022a).

This research focuses on the potential of biohydrogen
produced through dark fermentation technology. Various
studies show that dark fermentation technology optimizes
biohydrogen production by modifying raw materials and
using various additives that improve energy conversion
efficiency (AZADVAR; TAVAKOLI, 2024; GALAL et al.,
2024). Biohydrogen from datk fermentation is also
considered to have great potential as an applicable renewable
energy source for various sectors, including the agricultural
sector, which requires environmentally friendly energy
sources to support productivity without causing adverse
environmental impacts (REN et al., 2024; TAGNE et al,,
2024).

Studies show that some raw materials, such as agricultural
waste and food processing waste, can provide high hydrogen
production yields when optimized in the dark fermentation
process (MACHHIRAKE et al., 2024). Biohydrogen yield
can also be increased by combining dark fermentation
technology with artificial intelligence modeling models,
which can predict and optimize hydrogen production yields
through various approaches (REZK et al., 2024). In addition,
data-driven approaches such as technical-economic analysis
(TEA) and life cycle analysis (LCA) make a significant
contribution to understanding the long-term impact of
biohydrogen on the environment and the economy, further
reinforcing the urgency of biohydrogen as the energy of the
future (EL-QELISH et al., 2024).

This study aims to present a comprehensive analysis
related to the potential of biohydrogen as a renewable energy
by considering sustainability aspects and its application in the
agricultural sector. In this regard, dark fermentation will be
studied in depth as the primary method of biohydrogen
production, as well as the effectiveness of feedstocks from
relevant agticultural wastes to support the sustainability of
the agricultural sector (SULTANA et al, 2023;
SRIVASTAVA et al., 2024). Further analysis will also include
a comparison of the advantages, weaknesses, and challenges
in applying biohydrogen, especially in terms of technical and

economics for various feedstocks (KIM et al., 2024; LIN et
al., 2024).

2. MATERIAL AND METHODS
2.1. Review Methodology

This review process is carried out systematically to
identify, collect and analyze the latest scientific literature
(from 2018-2024) relevant to biohydrogen production as a
renewable energy source. It focuses on three main aspects:
production technology, raw material efficiency and its
application in the agricultural sector.

e Biohydrogen Production Technology

This review analyses two critical technologies in
biohydrogen  production, dark  fermentation and
photobiological, and additional methods such as gasification
and microbial electrolysis cell (MEC) systems. The literature
examined the mechanisms, advantages, disadvantages, and
recent developments of dark fermentation, especially
regarding organic waste raw materials and production
efficiency. This study also compares the effectiveness of
fermentation-based production systems and photobiological
approaches, including photobioreactors and algae utilization
technology.

» Raw Material Efficiency

This research focuses on the efficiency of agricultural
waste-based raw materials such as rice straws, sugarcane bags,
and food waste as the main ingredients in biohydrogen
production. The analysis results include the potential of each
raw material to maximize hydrogen yield, the stability of the
production process, and its impact on the environment.
Approaches through co-fermentation systems and additives
such as iron nanoparticles were also analyzed to improve
hydrogen yields and optimize production processes.

o Applications in the Agricultural Sector

The application of biohydrogen in the agricultural sector
is mainly reviewed based on its use as an environmentally
friendly renewable energy. Biohydrogens are expected to
reduce dependence on fossil energy in agricultural operations
and provide solutions for managing agricultural and urban
waste converted into renewable energy. The relevance of this
technology is also evaluated using case studies in various
countries with a robust agricultural sector base.

2.2. Selection Criteria
The articles selected in this review focus on the following
aspects:

o Production Efficiency

The article studied has indicators of biohydrogen
production efficiency, including increased hydrogen yield, the
effectiveness of energy conversion from raw materials, and
the rate of hydrogen production under optimal conditions.

o Environmental Impact

Focus on studies evaluating carbon emissions, energy
consumption, and environmental impacts of biohydrogen
production processes, especially using environmentally
friendly methods, such as dark fermentation and algae-based
photobioreactors.

o Sustainability in the Agricultural Sector

The literacy used also includes articles that discuss the
potential for sustainable biohydrogen production in the
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agricultural sector, emphasizing the use of raw materials from
abundant agricultural waste.

3. RESULTS
3.1. Biohydrogen Production Technology
Dark Fermentation

Dark fermentation has become a highly developed
method in biohydrogen production, mainly due to its ability
to utilize various organic waste substrates. This fermentation
involves anaerobic microorganisms that produce hydrogen
from organic compounds. Research by Yorukli et al. (2023)
shows that the addition of nanoparticles, such as iron (Fe),
nickel (Ni), and magnetite, significantly improves hydrogen
yield in laboratory-scale dark fermentation. In addition,
adding biochar from elephant manure, according to

Pomdaeng et al. (2024), increased microbial activity and
hydrogen production efficiency from food waste up to 12.41
mL g COD.

Modifying environmental parameters and using biochar
as an additive has proven effective in dark fermentation. For
example, research by Kovalev et al. (2024) revealed that
pretreatment with vortex layer apparatus (VLLA) can increase
hydrogen yield by up to seven times. In addition, the
combination of biochar and nanoparticle concentrations in
dark fermentation shows a synergistic effect in increasing
hydrogen production, mainly when used with microbial
cultures such as Clostridium sp. Table 1 confirms the potential
of dark fermentation in converting agricultural waste into
renewable energy.

Table 1. Raw material efficiency for biohydrogen production through dark fermentation.
Tabela 1. Eficiéncia da matéria-prima para producio de biohidrogénio por fermentagio escura.

Raw Materials Optimal Conditions Yield Biohydrogen Reference
Rice Straw pH 6.5, temperature 35°C 155 mL H2/g VS Machhirake et al. (2024)
Pineapple Waste pHO6 153.5 mL Hz2/g VS Tagne et al. (2024)

Cassava Waste
Food Waste
Sugar Industry Wastewater

pH 5.72

pH 7, temperature 37°C

Biochar 10 g/L as an additive

125.67 mL H2/g VS
12.41 mLL H2/g COD
0.649 mol/L H»

Tagne et al. (2024)
Pomdaeng et al. (2024)
Qyyum et al. (2022a)

Photobiology: Biophotolysis and Photobiology

Biophotolysis  techniques that wuse photosynthetic
microorganisms such as algae and cyanobacteria are another
promising method in hydrogen production. Singh et al.
(2023) found that using photonic energy to break down water
molecules in this technique successfully produces hydrogen.
However, its efficiency depends on the type of
microorganism and the intensity of the light. Direct
biophotolysis techniques use sunlight, while indirect
biophotolysis methods utilize ultraviolet light, which can
improve hydrogen production efficiency through light and
substrate optimization.

In addition, photobiological processes on a large scale
require adjustment of light intensity and reactor type. Dias et
al. (2023) stated that a mathematical model applied to a pilot-
scale photobiological reactor showed increased hydrogen
production yield of up to 16.03 mmol H2 per hour per cm?
when using Tetradesmus obliquus as a culture. Ren et al.
(2024) also reported that photobiological fermentation
outdoors produces stable hydrogen production efficiency
with a 22.8 mLL H2/(L.-h) production rate. Table 2 compares
the effectiveness of methods other than dark fermentation,
such as photobioreactors and gasification, which are relevant
to biomass sources such as microalgae and other algae
biomass.

Table 2. Raw material efficiency for biohydrogen production through photobioreactor and gasification.
Tabela 2. Eficiéncia de matéria-prima para producio de biohidrogénio por meio de fotobiorreator e gaseificacio.

Raw Materials Optimal Conditions

Yield Biohydrogen Reference

Low pH, limited sulfur
environment

Optimal light intensity
Temperature 800°C
Gasification temperature
700°C, TiO: as catalyst

Microalgae Chlorella vulgaris

Alga Tetradesmus obliguns
Bagasse Tebn

Algae Biomass Waste

Height (on a laboratory scale)

16.03 mmol Hz/cm?/jam
14.4% Hz in syngas

Up to 62% increase in efficiency

Singh et al. (2023)

Dias et al. (2023)
Ajotloo et al. (2024)

Vinayagam et al. (2024)

Electrolysis and Gasification

The process of electrolysis of biomass has also been
widely studied as an alternative to biohydrogen production.
Umer et al. (2024) highlighted using polyoxometalate in
electrolysis to improve hydrogen production -efficiency,
especially from biomass with high organic compound
content. Edou; Onwudili (2022) emphasizes the use of
fluidized bed (FB) gasification combined with carbon capture
technology (CCS), which has proven to be effective in
producing hydrogen with better quality.

Using agricultural waste, such as wheat straw or coffee
grounds, as raw materials in the gasification process produces
optimal hydrogen production. For example, Ajorloo et al.
(2024) observed that at a gasification temperature of 800°C,
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the Ha component in syngas reached 14.4% for wheat straw,
which is higher than other substrates. TiOz-based catalysts,
as outlined by Vinayagam et al. (2024), have been shown to
increase hydrogen selectivity by up to 18.5%, demonstrating
the potential use of this technique in algae-based biomass
conversion.
Integration of Dark Fermentation and Photo-
Fermentation

Integrating dark fermentation and photo-fermentation
shows high hydrogen production efficiency, mainly because
substrates are not fully oxidized in dark fermentation.
According to Goren et al. (2024), this hybrid process can
produce hydrogen of 680.8 mL g! of biomass, which is
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higher than conventional methods. Silva et al. (2024) also
elaborated that using microbial electrolysis cells (MECs) in
combination with photo-fermentation fermentation can
improve hydrogen efficiency, especially from industrial
wastewater.

Use of Catalysts and Hybrid Systems

The use of catalysts has been shown to affect
biohydrogen production through various methods
significantly. Elshobary et al. (2024) showed that Mg-Zn
ferrite nanoparticles added in fermentation increase
enzymatic activity and maximize biohydrogen production
from algae substrates. In addition, Ramzan et al. (2023)
identified that quantum dots (QD)-based photocatalysts can
break B-O-4 bonds on lignin, which aids in hydrogen
production.

Hybrid approaches, such as the combination of ANFIS
and RTH, have also shown positive results in simulating
hydrogen production from microalgae. Rezk et al. (2024)
revealed that this algorithm could optimize three main
parameters (sulfur concentration, process time, and wet
biomass concentration) and provide mote accurate
predictions of hydrogen results than statistical methods such
as ANOVA, with a decrease in RMSE of up to 93.4%.

Artificial Intelligence-Based Approach

Artificial intelligence (AI) technology in biohydrogen
production is growing. According to Sultana et al. (2023), the
Bayesian (BA) algorithm combined with Support Vector
Regression (SVR) can model hydrogen production from food
waste with higher accuracy than conventional methods such
as response surface methodology (RSM). Azadvar; Tavakoli
(2024) also added that the use of machine learning
algorithms, such as Gradient Boosting Regressor (GBR) and
Ensembled Learning Adaboost Regressor (ELLA), has been
proven to improve the prediction of hydrogen production
efficiency in the supercritical water gasification (SCWG)
process of biomass.

The Al-based approach biohydrogen
production yields through automated optimization of
process parameters, especially in complex conditions, such as
using lignocellulosic and algae substrates.

increases

Relevance for Agriculture and the Environment

Biohydrogen production from agricultural biomass, such
as pineapple and cassava, provides significant results by
optimizing pH conditions and process times. Tagne et al.
(2024) reported that hydrogen production levels reached
153.5 mL Hy/gVS for pineapple and 125.67 mL H,/gVS for
cassava, with optimal yields at pH 6 and 5.72, respectively.
This technique is relevant in the context of using agricultural
waste, which has the potential to be a renewable energy
source, and it provides solutions for reducing organic waste
on agricultural land.

Ultimately, the significant biohydrogen production
results from these various methods and feedstocks open
opportunities for broader application, especially in the
renewable energy and sustainable agriculture sectors.

3.2. Raw Material Efficiency

In this section, an in-depth analysis was carried out
related to the use of agricultural waste as raw materials in
biohydrogen production, as well as a comparison of the

efficiency of various types of raw materials in optimizing and
optimizing hydrogen production.

Utilization of Agricultural Waste

Agricultural waste is effective as a feedstock in
biohydrogen production, primarily through anaerobic
fermentation and dark fermentation methods. According to
research by Machhirake et al. (2024), the use of rice straw as
a substrate with the addition of activated sludge as an
inoculum shows significant results with biohydrogen
production efficiency reaching 155 mL g VS at pH 6.5 and
a temperature of 35°C. The use of a combination of
agricultural waste with an anaerobic fermentation process
increases the efficiency of hydrogen production by up to 23%
compared to no combination of this technology, according
to Tagne et al. (2024) that local waste such as pineapple and
cassava have great potential in biohydrogen production.
Optimization of production conditions at a specific pH
increases hydrogen yield from pineapple waste by up to 153.5
mL H>/gVS and from cassava by 125.67 mL H2/gVS. The
use of this local waste source not only supports hydrogen
production but also helps manage organic waste.

Comparative analysis of various types of raw materials
shows that the characteristics of the raw materials used most
significantly influence the efficiency of hydrogen production.
For example, in a study by Fawad et al. (2024), operating
parameters such as temperature and pressure affect the
hydrogen production yield in sugarcane bagasse raw
materials. Increasing temperatures tend to increase hydrogen
production, while higher pressures decrease yields. In these
simulations, variations in operational parameters can affect
the composition of the resulting syngas and the efficiency of
the gasification process, demonstrating the importance of
optimizing operating parameters for the best results.

In addition, the use of nanoparticles has a positive impact
on hydrogen production. Yoriikla et al. (2023) showed that
the use of iron nanoparticles in the dark fermentation process
increased hydrogen production by up to 31% compared to
no additives, while research by Rozina et al. (2024) reported
an increase in biohydrogen production by up to 34% with the
addition of iron nanoparticles along with the microbial
Clostridium butyricum.

Overall, using feedstocks in biohydrogen production
shows promising results, with an efficiency that can be
improved by optimizing process parameters and adding
special additives. A comparison of the efficiency of various
raw materials also shows that factors such as the type of
substrate, environmental conditions, and additives play an
essential role in optimizing biohydrogen production.

The following is a Table 3 comparison of the efficiency
of vatious raw materials in biohydrogen production that
highlights the hydrogen production potential of various raw
materials, the optimal conditions required, and the
conversion efficiency in various scenatios.

This table compares raw materials based on hydrogen
production efficiency and their respective characteristics.
Optimizing conditions like pH and temperature is essential
to improving yields. Dark fermentation is efficient for
vatious substrates, whereas biophotolysis gives good results
on raw materials such as microalgae. This table shows that
agricultural waste has significant potential in supporting
sustainable biohydrogen.
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Table 3. Process and efficiency of hydrogen production.
Processo e eficiéncia da producio de hidrogénio.

Hydrogen Production

Raw Materials Optimal Conditions (mL ! VS) Source
Pineapple Waste pH 6, temperature 35°C 153,5 Tagne et al. (2024)
Cassava Waste pH 5.72, temperature 35°C 125,67 Tagne et al. (2024)

Banana Peel
Bagas Sugarcane

pH 5.5, temperature 37°C
1:1 vapor-to-biomass ratio

49.2'in 1 hour
14.4% of syngas

Umer et al. (2024)
Fawad et al. (2024)

Glucose Dark fermentation with Fe** 1924 mL gt Arun et al. (2022)
Alga (Chlorella vulgaris) Limited nitrogen, biophotolysis 432 mL I Singh et al. (2023)
Rice Straw pH 6.5, temperature 35°C 155 Machbhirake et al. (2024)
Sludge Dark fermentation with Clostridinm butyricum 5,857 mL L1 Goveas et al. (2024)

3.3. Applications of Biohydrogen in the Agricultural
Sector

Os Renewable Energy for Agricultural Machinery

The potential of biohydrogen as a renewable energy
source in agricultural machinery and equipment has been
widely analyzed as a step to reduce dependence on fossil
fuels. In a recent study, Fawad et al. (2024) found that using
biomass waste such as sugarcane bagasse produces hydrogen-
rich syngas with reasonably high efficiency through
gasification technology. This shows that biohydrogen can
replace conventional fuels in tractor engines and tillage
equipment.

A study from Singh et al. (2023) revealed that microalgae,
specifically Chlamydomonas reinbardtii and Chlorella vulgaris, are
capable of producing significant biohydrogen through the
biophotolysis process, a technology that is feasible to apply
on a commercial scale. In agricultural environments, this
biohydrogen can be used as fuel for equipment with low
energy requirements, such as irrigation systems or
environmental control equipment in greenhouses.

Sustainability Impact: Lowering the Carbon Footprint
In the Agriculture Sector

Biohydrogens are essential in improving the agricultural
sector's sustainability through reducing carbon emissions.
For example, a study by Machhirake et al. (2024) shows that
biohydrogen from agricultural waste, such as rice straw and
corn stalks, has the potential to be reused as a source of clean
energy in farmland. It can reduce the carbon footprint of the
agricultural sector by eliminating the direct burning of
biomass that produces large amounts of carbon dioxide
(CO2).

In addition, research from Umunnawuike et al. (2024)
reported that dark fermentation of urban and agricultural
waste produces biohydrogen with a lower environmental
impact. When combined with other processes, such as waste
pretreatment, this dark fermentation shows excellent
potential in supporting sustainability and energy efficiency in
the agricultural sector. Umunnawuike et al. (2024)
emphasized that this process reduces greenhouse gas
emissions from decaying organic waste in open land.

Using biohydrogen in the agricultural sector as a
renewable energy source and reducing the carbon footprint
promises significant economic and environmental benefits.
Using biohydrogen through effective technology and the
abundant management of biomass raw materials, especially
agricultural waste, marks a step towards a sustainable
agricultural sector.
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4. DISCUSSION
4.1. Comparison of Technology and Efficiency of Raw
Materials

Biohydrogens in various agricultural applications require
an efficient approach to biomass conversion, especially dark
fermentation technology, which shows excellence in energy
efficiency and utilization of organic waste. According to
research by Goveas et al. (2024), dark fermentation
technology can produce 5,857 mL/L of hydrogen from a
sludge substrate, with advantages in reducing carbon
emissions, but faces the challenge of process sensitivity to
oxygen. In addition, research shows that this method allows
for increased efficiency with the addition of biochar, as
shown by Pomdaeng et al. (2024), which stabilizes the
fermentation process and increases the hydrogen yield from
food waste with the addition of biochar that increases
microbial activity.

The availability of raw materials is a decisive factor in
choosing biohydrogen technology. In the context of
agriculture, sugarcane bagasse, as a by-product of sugarcane
plantations, is a raw material that is available in large
quantities in many agrarian areas, including Indonesia and
Brazil. Fawad et al. (2024) indicated that this waste could
produce hydrogen-rich syngas through the gasification
process, which shows that gasification technology can match
the results of dark fermentation if the available raw materials
have high cellulose and lignin content. Overall, the
biohydrogen yield from agricultural waste such as sugarcane
is greater than that of other food wastes (MACHHIRAKE et
al., 2024).

In addition, microalgae such as Chlorella vulgaris also
have high potential as feedstocks with efficient hydrogen
productivity at laboratory scale and in photobioreactors.
Singh et al. (2023) reported that these algae produce higher
biohydrogen under sulfur scarcity conditions but need
additional large-scale optimization to maintain energy
efficiency. The same study found that algae can grow on
limited land, making them more suitable for closed systems
in controlled environments, such as biorefinery facilities.

On the other hand, Qyyum et al. (2022a) highlighted
wastewater from the sugar industry as a potential raw material
with high conversion efficiency in dark fermentation,
producing more hydrogen than other beverage industry
wastes. Using this wastewater in the agricultural sector also
shows relevance as it can reduce the cost of raw materials and
benefit sustainable industrial waste management. On the
other hand, this waste's commercial-scale dark fermentation
still has constraints on process stability, especially in
maintaining pH and temperature at optimal conditions.
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Optimizing hydrogen production efficiency also requires
consideration of additives such as nanoparticles, as reported
by (YORUKLU et al, 2023). The addition of iron
nanoparticles has been shown to increase biohydrogen yield
up to 3.55 mol Hz/mol of substrate from glucose and
increase the effectiveness of dark fermentation in producing
hydrogen. Nonetheless, the additional production costs
required for these nanoparticles pose a challenge in
commercial applications in the agricultural sector, where
costs must be kept down to remain economical. Another
exciting alternative is the addition of CaCO3 and Tween 20
surfactant reported by El-Qelish et al. (2024), which can
increase carbon conversion efficiency by up to 8.7%, making

organic raw materials such as used cooking oil (WFO) more
competitive. Table 4 strengthens the argument regarding the
importance of developing technology to improve the
efficiency of biohydrogen in the agricultural sector.

The results of this study underscore the importance of
selecting technologies based on locally available raw materials
and adjustments to the specific conditions required in the
biohydrogen conversion process. In the agricultural sector,
the choice of technology and raw materials must consider the
availability of organic waste and operational costs, where dark
fermentation can be the primary option in the long run if
process stability can be overcome.

Table 4. Improvement of biohydrogen yields through additives and optimization of dark fermentation technology.
Tabela 4. Melhoria do rendimento de biohidrogénio por meio de aditivos e otimiza¢do da tecnologia de fermentacio escura.

Additives/ Supporting Ingredients Main Raw Materials

Efficiency Increase (%)

Reference

Biochar from elephant manure Food Waste

21.79%. High efficiency,
microbial stability

(Pomdaeng et al., 2024)

Iron (Fe) Nanoparticles Glucose

31%. 3.55 mol Hz2/mol substrate

(Civelek Yorikli et al., 2023)

Pretreatment Microwave Industrial Wastewater

High conversion efficiency.
Reduces inhibitors

(Onwuemezie & Gohari
Darabkhani, 2024)

Hz selectivity increased by 18.5%.

TiO2 (0.2 vol%o) Microalgae

23 mol kg1 at 700°C gasification

(Vinayagam et al., 2024)

tempcrature

Carbon conversion is 8.7%

Used Cooking Oil

Tween 20 and CaCO3 (WFO)

higher. Better conversion
efficiency

(El-Qelish et al., 2024)

Biochar from elephant manure Food Waste

21.79%. High efficiency,
microbial stability

(Pomdaeng et al., 2024)

4.2. Challenges and Opportunities in Large-Scale
Biohydrogen Production and Contribution to Climate
Change

Biohydrogen production is recognized as having great
potential as a renewable energy source for climate change
mitigation. However, development on an industrial scale
faces significant challenges in economic and operational
aspects. First, the main challenges are the high investment
costs and the need for pretreatment of raw materials to
remove inhibitor components, such as in treating industrial
wastewater containing sulfide and ammonia compounds
(SILVA et al.,, 2024). Cost optimization and pretreatment
techniques are essential for efficient and stable production.
Onwuemezie; Darabkhani (2024) also suggest that
integration technologies, such as microwave pretreatment,
can improve biohydrogen efficiency through increased
enzyme activity.

The use of nanoparticles to improve biohydrogen yields
is a promising innovation, but the high cost of nanoparticle
production is a significant obstacle for large-scale
applications (SINGH et al., 2023; YORUKLU et al., 2023).
Although methods such as TOPSIS are used to determine
the most efficient nanoparticles, the cost challenge remains a
bottleneck (YORUKLU et al, 2023). Similarly, using
nanomaterials such as TiO2 and Fe2Os shows high
conversion efficiency, but their synthesis requires large
amounts of energy, which complicates commercial
application (SINGH et al., 2023).

In addition to technical and economic challenges, large-
scale production environments involving microorganisms
require careful regulation of substrate and biochar
concentrations not to degrade the efficiency of
microorganisms (POMDAENG et al., 2024). Research by

Machhirake et al. (2024) shows that the stability of the
fermentation environment is essential, especially in the use of
agricultural and urban waste that requires optimal pH
control. In addition, Machhirake et al. (2024) identified that
high initial investment is a challenge in industrial-scale
development in developing countries. Therefore, policy
support for subsidies or investment incentives is crucial in
accelerating biohydrogen implementation in developing
countries.

In the context of climate change, biohydrogen offers an
excellent opportunity to reduce greenhouse gas emissions.
Using biohydrogen as a substitute for fossil fuels in the
agricultural sector, such as to power agricultural machinery,
will help reduce CO2 emissions and improve the agricultural
sector's sustainability (MUSHARAVATI et al, 2024).
Integrating biohydrogen technology with other renewable
energy sources, such as photovoltaic energy, is also
recommended to minimize the environmental impact of
biohydrogen production MUSHARAVATTI et al., 2024).

The scalability of biohydrogen production is also a
challenge in mitigating climate change. Research by Goren et
al. (2024) shows that optimizing the fermentation process
with plant substrates can produce more significant and
sustainable ~ biohydrogen. However, challenges in
biohydrogen storage and system stability during the
fermentation process still require further innovation, such as
integrating biohydrogen with a biorefinery system that allows
for multi-product processing (ZAIDI et al., 2024).

4.3. Research Gap

Biohydrogen production through dark fermentation has
challenges in optimizing the efficiency and cost of raw
materials. This challenge is especially evident in the
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sustainability of raw materials and processing technologies,
where further research is still needed to develop new sources
of raw materials that are more efficient and economical. For
example, the use of industrial waste raw materials such as
brewery waste has a hydrogen production potential of 3061
mL with a maximum production rate of 129.3 mL/h using a
prediction model based on dark fermentation (Qyyum et al.,
2022a; Qyyum, Ismail, et al., 2022b). However, sustainable
efficiency on an industrial scale is often hampered by high
initial investment costs and operational costs, especially in
preparing raw materials that require complex pretreatment
(MUSHARAVATI et al., 2024).

Further research is also needed to maximize biohydrogen
production from other, more affordable sources of organic
waste. For example, studies show that applying biochar from
elephant manute at an optimal concentration of 10 g/L
increases hydrogen production by up to 21.79%
(POMDAENG et al,, 2024). However, biochar inhibits
microorganisms' growth at higher concentrations due to its
competitive effects on essential nutrients required for
fermentation (POMDAENG et al., 2024). In-depth research
on the effects of biochar concentrations or other additives on
hydrogen-producing microorganisms is needed so that the
development of raw materials can run more optimally
without sacrificing production efficiency.

In addition, innovations in fermentation techniques also
have great potential in increasing biohydrogen efficiency. For
example, using nanomaterials such as TiO: and Fe2Os
effectively increases hydrogen production yields. However,
the high cost of nanomaterial production and the energy
requirements for synthesis are significant challenges (SINGH
et al., 2023). In a more specific application, Yorikli et al.
(2023) proposed the TOPSIS method to identify
nanoparticles with the best efficiency and cost, showing iron
nanoparticles as the optimal choice in increasing hydrogen
production.

Hybrid methods also have the potential for optimization.
Combining dark fermentation with photobiological
processes increases hydrogen yield by 23% compared to
single fermentation (MACHHIRAKE et al., 2024). However,
this technique requires strict temperature and pH
management, which is costly, so there is still a need to find
more energy-efficient methods to improve the stability of the
fermentation environment. Research on the optimal
conditions for integrating dark fermentation with
photobiological technology needs to be continuously
improved to support production efficiency on a large scale
(UMUNNAWUIKE et al., 2024).

Developing new strategies in fermentation techniques
and biohydrogen feedstocks will significantly contribute to
achieving sustainability and efficiency in hydrogen energy
production.  Facing  these challenges requires a
multidisciplinary approach involving integrating advanced
technologies, such as Al and data-driven process
optimization, to maximize the potential of new feedstocks
and more economical and environmentally friendly
fermentation methods.

5. CONCLUSIONS

Based on the analysis of the existing literature, dark
fermentation has proven to be the most effective and
sustainable method for producing biohydrogen in the
agricultural sector. This method shows high potential for
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processing agricultural waste as raw materials, converting it
into renewable and clean energy with minimal environmental
impact. Dark fermentation reduces dependence on fossil
fuels and offers a solution for efficiently managing
agricultural waste.

Further research is needed to improve the specific
utilization of various local raw materials, such as rice straw
and livestock manure, which have great potential to increase
hydrogen production in the agricultural sector. Optimization
of additives such as biochar and affordable nanoparticles is
also needed to increase the efficiency and effectiveness of
dark fermentation. In addition, it is necessary to develop an
adaptive biohydrogen distribution system for applications in
the agricultural sector, such as irrigation machines and
tractors, which is expected to reduce carbon emissions
significantly.

This conclusion supports the initial goal of examining
biohydrogen's potential as a renewable energy solution in the
agricultural sector. With a proven, efficient and sustainable
dark fermentation method, biohydrogen provides an
environmentally friendly energy solution and helps create a
circular economy using agricultural waste.
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