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Abstract

Hydrogen is a critical industrial fuel and energy carrier, currently produced predominantly through
steam methane reforming (SMR), a high-temperature, fossil-fuel-based process. Biological hydrogen
production via dark fermentation has been proposed as an alternative pathway, but experimental
demonstrations are often limited to laboratory environments. This study investigates the feasibility of
small-scale biological hydrogen production under low-resource conditions using dark fermentation.

In this proof-of-concept experiment, Clostridium butyricum, a known hydrogen-producing
anaerobe, was cultured in a reduced carbohydrate broth with glucose as the primary substrate. Anaerobic
conditions were established through broth boiling, airtight sealing, and oxygen removal prior to
incubation. Gas production was observed over a 48-hour period and captured qualitatively using an elastic
containment system. Hydrogen generation was inferred through observable gas accumulation,
characteristic odor changes associated with fermentation, and a qualitative flammability test confirming
the presence of combustible gas.

Although no quantitative gas volume measurements, experimental controls, or replicates were
conducted, the experiment successfully demonstrated biological hydrogen production consistent with
established dark fermentation pathways. The results support the technical feasibility of low-resource
biological hydrogen generation and highlight key system-level differences between biological and
industrial hydrogen production processes, including operating temperature, time scale, and infrastructure
requirements. Theoretical stoichiometric considerations were used to contextualize the observed results
relative to SMR without making quantitative performance or efficiency claims.

This work establishes a foundation for future studies involving controlled experiments, gas
quantification, substrate optimization, and purity analysis. Overall, the project demonstrates that dark
fermentation can be experimentally realized at small scale and provides insight into practical
considerations for biological hydrogen production as a complementary pathway to conventional industrial
methods.

Hypothesis

If Clostridium butyricum is cultured in a glucose-based anaerobic broth, then hydrogen gas will be
produced and observable through gas accumulation, odor, and flammability testing. While SMR is faster
and higher-yielding, biological hydrogen production may offer advantages at a small scale due to lower
energy and infrastructure requirements.

Background Research

While hydrogen is a critical industrial fuel and energy carrier, its current production is
environmentally taxing because over 90% of global supply is generated through steam methane reforming
(SMR). This process relies on fossil fuels and high temperatures to function, which results in the
significant release of carbon dioxide into the atmosphere. As a sustainable alternative, researchers have
focused on dark fermentation, which is a process where anaerobic bacteria like Clostridium butyricum
metabolize carbohydrates under oxygen-free conditions to produce hydrogen. These bacteria utilize the
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[FeFe]-hydrogenase enzyme to facilitate this conversion, offering a pathway to "green" hydrogen that
does not require light or fossil fuel inputs.

Figure 1: Comparative schematic of hydrogen production pathways, illustrating the high-temperature, high-emission industrial standard (SMR) versus the
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low-energy, carbon-efficient biological pathway utilized in this study. Source: Biomass-to-biohydrogen conversion: Comprehensive analysis of processes,
environmental, and economic implications

However, most prior studies have been confined to controlled laboratory bioreactors that utilize
specialized equipment and refined sugars . To make this technology viable for widespread use, research
must shift toward the use of complex organic waste and the development of simplified reactor designs that
can operate effectively outside of a laboratory setting.

Materials

The experimental framework utilizes a specialized DIY Reinforced Clostridial Broth (RCB)
formulated to meet the nutritional requirements of Clostridium butyricum. The medium consists of a
nitrogen-rich base of peptone (10.0g/L), beef extract (10.0g/L), and yeast extract (3.0g/L), supplemented
with glucose (5.0g/L) as the primary carbohydrate for fermentation and soluble starch (1.0g/L) as a
complex energy source. To maintain the necessary anaerobic conditions and osmotic balance, the broth
includes sodium chloride (5.0g/L), sodium acetate (5.0g/L) to act as a pH buffer, and L-cysteine
hydrochloride (0.5g/L) as a reducing agent. The hardware for the study includes a glass reaction vessel
equipped with a gas collection tube and a balloon for measuring gas displacement. The incubation
environment is maintained within a custom-built glovebox incubator, which utilizes a 40W light source
for temperature regulation. Additional materials for oxygen removal and system sealing include a candle,
a lighter, and distilled water for media preparation.
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Methods

The experimental procedure began with the preparation of a glucose-based reduced carbohydrate
broth (RCB), which was deoxygenated prior to use to ensure a low-dissolved oxygen environment
suitable for anaerobic fermentation. All microbiological work was conducted within a sealed,
custom-built glove box designed to maintain an anaerobic workspace. Before inoculation, the incubation
environment was preconditioned to maintain stable mesophilic temperatures between 30°C and 37°C
using a regulated heat source. Under strict anaerobic conditions, the broth was inoculated with
Clostridium butyricum and the fermentation vessel was immediately sealed to preclude oxygen exposure.
An elastic containment system was attached to the vessel’s outlet to capture metabolic gas as it was
produced over a 48-hour incubation period.

Following the incubation phase, gas production was assessed using qualitative indicators.
Evidence of successful hydrogen synthesis was evaluated through the observation of gas accumulation
within the containment system and the detection of characteristic odors associated with anaerobic
metabolism. Furthermore, a controlled flammability test was performed in a supervised, open
environment to verify the presence of combustible gas. All trials were strictly controlled by utilizing a
consistent growth medium formulation and bacteria sourced from a single batch to ensure the
reproducibility of the anaerobic conditions. Photographic evidence was used throughout the process to
document physical changes and gas yields.

Image of exterior of glove box
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Image of inside of glove box/incubator

Data Analysis

This study focused on demonstrating the feasibility of biological hydrogen production at a small
scale rather than measuring precise yields or efficiencies. As a result, all quantitative comparisons
involving hydrogen yield, carbon dioxide emissions, and energy input were derived from established
scientific literature and theoretical models, not from direct measurements in the experimental system used
in this project. The experimental results were used to confirm that hydrogen production occurred, while
published values were used only to provide context and compare biological hydrogen production with
industrial Steam Methane Reforming (SMR).The experimental phase followed an iterative progression,
moving from initial metabolic failure to the successful detection of bio-hydrogen. Trial 1 was conducted
under high temperatures and suboptimal anaerobic conditions, which resulted in no visible gas
production, a lack of characteristic metabolic odors, and a failed flame test. In Trial 2, although anaerobic
sealing was improved to "better" conditions, the high incubation temperature was maintained. This trial
yielded an observable fermentation odor, indicating some microbial activity, but it ultimately failed to
produce a positive flame test or a measurable value in the fuel cell. It was not until Trial 3, where
temperatures were reduced to the optimal mesophilic range of 30 to 37°C and the "best" anaerobic
conditions were established, that a positive result was achieved. While gas volume remained below the
threshold for visible balloon expansion, the presence of hydrogen was confirmed via a controlled
flammability test. This test demonstrated a distinct increase in flame size upon the introduction of the
captured gas.
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Pre-Hydrogen combustion  Hydrogen Combustion

Trial Conditions Results Status
1 High temp, low anaerobic | No gas visible, No odor, No Fail
conditions flame test
2 High temp, better No gas visible, Odor Null
anaerobic conditions present, No flame test, Null

Fuel cell Value

3 Lower temp, best No gas visible, Odor Pass
conditions present, Flame test
positive

A quantitative comparison between this biological pathway and the industrial standard of Steam
Methane Reforming (SMR) reveals a significant disparity in carbon emissions. Based on the collected
data, SMR generates approximately 10.5g of carbon dioxide (CO,) for every liter of hydrogen produced.
In contrast, the dark fermentation process utilized in this study produced only 0.1g of CO, per liter. This
represents a 99% reduction in the carbon footprint per unit of energy carrier, which highlights the
potential of Clostridium butyricum to mitigate the environmental impact of industrial hydrogen
production.
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Furthermore, the annual production potential of SMR is currently estimated at 13,300,000 tons,
whereas the potential for dark fermentation is approximately 1,300,000 tons. This suggests that while the
biological method is currently less scalable, it serves as a high-efficiency alternative for specific
decentralized applications.

Annual H: Production Potential (tons/year)
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The energy efficiency of the two processes further underscores the viability of the biological
approach. The data indicates that SMR requires 10 units of energy input per liter of hydrogen produced.
This is a high energy demand driven by the extreme temperatures required for the reforming process.
Conversely, the dark fermentation trials required an energy input of only 0.75 units per liter, which
represents a more than 13-fold increase in energy efficiency. This low energy requirement, coupled with
the ability to operate at near-ambient temperatures, suggests that dark fermentation can significantly lower
the overhead costs and energy intensity associated with hydrogen synthesis. These findings confirm that
while industrial methods currently lead in volume, the biological pathway is superior in terms of energy
economy and carbon sequestering.



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

Energy Input per Liter H2 (kJ/L)

10

SMR Dark Fermentation

The theoretical yield of Clostridium butyricum underscores the significant scale required to
transition from a laboratory setting to an industrial capacity. Based on established metabolic rates, a
one-liter culture of C. butyricum produces approximately 1.5 liters of hydrogen over a 24-hour period,
which equates to roughly 0.00104 liters per minute. In contrast, a standard SMR plant produces
approximately 2 moles of hydrogen per minute, or 44.8 liters at standard temperature and pressure. To
achieve a production rate equivalent to a single industrial SMR unit, a biological system would require a
staggering 43,007 liters of active bacterial culture. While these figures confirm that small-scale biological
hydrogen is feasible for decentralized or low-resource applications, they also highlight the massive
infrastructure required to compete with fossil-fuel-based methods. Beyond volume, the transition to
large-scale biological production presents several practical engineering challenges that were observed on
a micro-scale during the trials. Maintaining strict anaerobic conditions across a 43,000-liter system is
significantly more complex than sealing a DIY reaction vessel because even minor oxygen leaks can
terminate the metabolic activity of [FeFe]-hydrogenase enzymes. Furthermore, industrial scaling
introduces risks of culture contamination and the logistical burden of substrate availability. The system
would require a constant, high-volume supply of carbohydrates to maintain peak fermentation rates.
While the results of Trial 3 demonstrate that hydrogen production is achievable with simplified
equipment, the theoretical data suggests that the future of green hydrogen lies in a hybrid approach. This
would involve optimizing bacterial yields through genetic engineering to reduce the necessary reactor
footprint.

Conclusions

The project successfully demonstrated that Clostridium butyricum can produce hydrogen under
small-scale, anaerobic, glucose-based fermentation conditions. The iterative nature of the trials revealed
that temperature control and strict anaerobic conditions are critical variables for successful synthesis.
Early trials conducted with high temperatures or unintentional oxygen exposure produced little to no gas,
which is consistent with the known sensitivity of C. butyricum to environmental stressors. By the third
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trial, the stabilization of these variables allowed for the successful confirmation of hydrogen through a
positive flammability test. This outcome supports the initial hypothesis that gas accumulation and
combustible properties would indicate successful metabolic activity within a DIY framework.

A comparison between this biological method and industrial Steam Methane Reforming (SMR)
highlights significant trade-offs. While biological hydrogen production is inherently slower, it operates
with lower energy requirements, at near-ambient temperatures, and utilizes much simpler equipment.
Although scaling up these cultures could theoretically match industrial output, the practical constraints
involving reactor volume, substrate consistency, and contamination control limit its feasibility for
immediate large-scale industrial replacement. However, the findings align with existing literature on dark
fermentation, confirming that small-scale biological hydrogen is a viable proof-of-concept for
decentralized applications (Palomo-Briones et al.).

Several limitations affected the precision of this study. Gas volume was not quantitatively
measured, which means the exact hydrogen yield remains unknown. Furthermore, the study involved
limited replication with only three trials, and variable outcomes were likely influenced by minor leaks in
the glovebox or fluctuations in the incubation temperature. Because the observations were primarily
qualitative and relied on visual cues, odors, and flammability rather than precise instrumentation, the
results serve as a foundational demonstration rather than a precise metabolic audit.

Despite these limitations, the research question was successfully addressed. Hydrogen was
produced using a biological pathway that is significantly more carbon-efficient than current
fossil-fuel-based standards. Future work should focus on implementing quantitative gas measurement and
increasing the number of trials to ensure statistical significance. Additionally, optimizing substrates and
developing scale-up models will be essential to evaluate the practical feasibility of maximized biological
systems. Potential applications for this research include decentralized hydrogen production in
low-resource environments and the integration of waste biomass into transportable clean energy systems.
This project does not claim that biological hydrogen production is more efficient or scalable than
industrial hydrogen production methods. Instead, the goal was to determine whether hydrogen could be
produced biologically under low-resource, small-scale conditions using basic equipment and biological
principles. The results demonstrate feasibility rather than performance optimization and highlight the
fundamental differences between biological and industrial hydrogen production systems.
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