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Abstract

The biological production of hydrogen offers a renewable and potentially sustainable alternative for
clean energy generation. In Brazil's Northeast, depleted oil reservoirs (DORs) present a unique
opportunity to integrate biotechnology with existing fossil fuel infrastructure. These subsurface
formations, rich in residual hydrocarbons (RH) and native H: producing microbiota, can be
repurposed as bioreactors for hydrogen production. This process, often referred to as “Gold
Hydrogen”, involves the in situ microbial conversion of RH into Hz, typically via dark fermentation,
and is distinct from green, blue, or grey hydrogen due to its reliance on indigenous subsurface biota
and RH. Strategies include nutrient modulation and chemical additives to stimulate native
hydrogenogenic genera (Clostridium, Petrotoga, Thermotoga) or the injection of improved inocula.
While this approach has potential environmental benefits, such as integrated CO: sequestration and
minimized surface disturbance, it also presents risks, namely the production of CO: and H-:S, and
fracturing, which require strict monitoring and mitigation. Although infrastructure reuse reduces
capital expenditures, achieving economic viability depends on overcoming significant technical,
operational, and biotechnological challenges. If widely applied, this model could help decarbonize
the energy sector, repurpose legacy infrastructure, and support the global transition toward low-
carbon technologies.

Keywords: hydrogen; oil and gas fields; microbial hydrocarbon conversion; sustainable energy;
carbon capture

1. Introduction

The combustion of fossil fuels continues to be a major driver of greenhouse gas emissions,
particularly carbon dioxide (COz), which contributes to long-term climate change. In the quest for
low-carbon alternatives, hydrogen (Hz2) has emerged as a particularly promising energy carrier due
to its high energy content (143 GJ ton™) and zero carbon emissions upon combustion [1]. Unlike
carbon-based fuels, H: releases only water vapor when burned, avoiding the formation of CO, acid
rain, and other pollutants [2].

Currently, most Hz is produced via thermochemical or electrochemical methods, including
steam methane reforming (SMR), pyrolysis, and water electrolysis. These techniques offer
advantages in terms of H: yield and process control but are often energy-intensive and carbon-
emitting unless paired with carbon capture technologies [3]. For instance, SMR typically requires
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142-164 M]/kg Ha, while electrolysis methods such as alkaline electrolysis and proton exchange
membrane electrolysis require approximately 180-216 M]/kg Ho, with efficiencies ranging from 58—
82% based on lower heating value [4,5].

In contrast, biological Hz> production, such as dark fermentation (DF), presents a more
sustainable, though technically complex, alternative. This process leverages microbial consortia to
metabolize organic substrates anaerobically, generating Hz alongside various byproducts, including
CO: and volatile fatty acids (VFAs) [6]. While often characterized by lower yields (1.5—3.5 mol
Hz/mol hexose) and slower microbial metabolism, DF offers a substantial energy advantage. For
example, Clostridium spp. can produce up to 3.0 mol Hz/mol glucose at rates of 1.5—4.0 L H>/L/day
with an energy requirement of ~20 MJ/kg H: [7]. Even higher performance is achievable using
engineered Clostridium butyricum strains, reaching 3.5 mol Hz/mol glucose and ~18 MJ/kg H: [8].

Microbial Electrolysis Cells (MECs), a hybrid of biological and electrochemical processes, have
demonstrated theoretical yields up to 12 mol H:/mol hexose with significantly lower energy
requirements than conventional electrolysis, though practical scalability remains limited [9,10].

These comparisons underscore the performance gap but also the sustainability trade-offs
between conventional and biological H2 production methods. While SMR and electrolysis produce
more H> per unit substrate, they incur higher energy and carbon costs unless decarbonized. DF,
though limited in yield, offers a viable low-energy route for renewable Ha, especially when integrated
with innovative feedstocks and in situ applications.

One particularly innovative solution is the use of depleted oil reservoirs (DORs) as in situ
bioreactors. These subsurface environments contain significant amounts of RH and indigenous
microbial communities, and they benefit from pre-existing infrastructure such as wells, pipelines,
and geological data [11-14]. Depending on the recovery method previously applied, up to 60% of the
original oil in place may remain as residual hydrocarbons (RH), representing an untapped substrate
for microbial conversion into H2 [15,16].

This process, recently termed Gold Hydrogen (H:2Au), refers specifically to biologically
produced H: from residual fossil hydrocarbons via in situ anaerobic microbial activity. First
promoted by R&D initiatives such as Cemvita, H2Au differs from green H: (e.g., produced via
electrolysis with renewable electricity), blue Hz (e.g., SMR with carbon capture), and grey H: (e.g.,
SMR without carbon capture) in both raw material for microbial activity and production method [17].

While the use of DORs for microbial H> production has compelling advantages, including
scalability, potential cost savings from oil industry infrastructure reuse, and intrinsic containment for
CO:, there are notable challenges. These include the possibility of generation of hydrogen sulfide
(H2S), methane (CHas), and COz, as well as reservoir souring, fracture risks, and the need for precise
control of microbial populations. Coupling microbial Hz production with carbon capture, utilization,
and storage (CCUS) strategies, such as mineral trapping, biological fixation, and microalgal uptake,
can enhance both carbon neutrality and operational safety (Figure 1).
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Figure 1. CCUS strategies along with Hydrogen production in DORs.

Economically, while leveraging existing oilfield infrastructure can reduce upfront costs, Hz
production from DORs remains in early-stage development. Substrate injection, microbial
stimulation, gas recovery, and process monitoring introduce significant capital and operational
expenditures. Therefore, despite its potential, this process cannot yet be considered economically
viable without further rigorous studies, which are still scarce in the industry, despite recent
announcements of supposedly commercial-scale pilot tests [18].

This article reviews the scientific and technological basis of using DORs as bioreactors for H
production. It explores the current state of knowledge, key microbial and geochemical processes,
carbon management strategies, and the techno-economic framework necessary for feasibility. This
work aims to inform researchers, engineers, and energy stakeholders about the transformative
potential and limitations of this emerging paradigm in renewable H> production.

2. Microbial Basis for Hz2 Production in Deplete Oil Reservoirs

H2 production through DF has traditionally relied on carbohydrate-rich substrates; however,
recent research has expanded this scope by exploring hydrocarbon fractions derived from petroleum
as alternative feedstocks. These hydrocarbons, particularly saturated alkanes and aromatic
compounds, are chemically inert and poorly soluble in water, presenting significant metabolic
challenges under anaerobic conditions. Nevertheless, certain obligate and facultative anaerobic
microorganisms have evolved specialized enzyme systems and pathways capable of activating and
converting these compounds into central metabolic intermediates, which ultimately support H
production [19,20]. This concept underpins a promising biotechnological strategy wherein DF is
applied to petroleum reservoirs for in situ energy recovery. DF is an anaerobic microbial process that
converts organic substrates into Hz, COz, and soluble metabolic products such as VFAs and alcohols,
in the absence of light. In petroleum systems, DF aligns with the acidogenic phase of anaerobic
digestion, enabling the valorization of RH for renewable energy generation.

The microbial conversion of hydrocarbons begins with anaerobic activation, a crucial step due
to the stability of hydrocarbon molecules. For alkanes, activation typically involves fumarate
addition, catalyzed by alkylsuccinate synthase (assA), forming alkylsuccinates that undergo f3-
oxidation-like pathways to yield acetyl-CoA and reduced cofactors [21,22]. Similarly, aromatic
hydrocarbons like toluene are activated via fumarate addition by benzylsuccinate synthase (bssA),
producing benzylsuccinate and eventually benzoyl-CoA, a key intermediate in anaerobic aromatic
metabolism [23]. These reactions are often mediated by sulfate-reducing and nitrate-reducing
bacteria such as Desulfatibacillum aliphaticivorans [24] and Thauera aromatica [25], which can initiate
hydrocarbon degradation even in the absence of oxygen.

While Hz producing microbes such as Clostridium spp. are central to DF, they lack the enzymatic
machinery, such as assA and bssA, for direct hydrocarbon activation [26-28]. Therefore, H
production from residual petroleum as feedstock typically requires a syntrophic system where
hydrocarbon-degrading bacteria generate intermediates such as acetate, propionate, lactate, and
ethanol, which are then fermented by hydrogenogenic microbes such as Clostridium butyricum,
Paraclostridium, Ethanoligenens harbinense, and Emnterobacter aerogenes [29,30]. These consortia can
operate under the strongly reducing, anoxic conditions of oil reservoirs, where alkanes, aromatics,
and even asphaltenes are slowly oxidized to hydrogenogenic intermediates by primary fermenters.
Alternatively, bioaugmentation or the genetic engineering of Hz producing strains with hydrocarbon
degradation genes is being investigated to bridge this metabolic gap. However, real-world
implementation suffers another layer of complexity related to the use of engineered organisms in the
environment.

Once hydrocarbons are converted to intermediates such as acetyl-CoA and pyruvate, these
compounds enter fermentative pathways. Pyruvate is oxidized to acetyl-CoA by pyruvate:ferredoxin
oxidoreductase, simultaneously reducing ferredoxin, which is then oxidized by [FeFe]- or [NiFe]-
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hydrogenases to release molecular Hz [31]. Acetyl-CoA may be converted into acetate for ATP
generation or diverted into more reduced products like ethanol or butyrate, which act as redox sinks.
Maintaining redox balance is therefore essential for maximizing H: yields [32,33].

The enzymes involved in these processes are sensitive to environmental factors: assA and bssA,
involved in hydrocarbon activation, belong to the radical s-adenosyl methionine enzyme family and
are typically encoded in operons regulated by substrate-inducible systems like assR (alkyl succinate
synthase regulator) and bssR (benzyl succinate regulator) [34]. Hydrogenase activity is influenced by
pH, metal ions (Fe, Ni, Mo), and especially Hz partial pressure, which thermodynamically inhibits
further Hz production [35,36]. Continuous removal of Hz from the fermentation environment, via
sparging, gas stripping or vacuum degassing is thus necessary to sustain high yields. Competition
from hydrogenotrophic organisms such as methanogens, and homoacetogens that consume Hz and
produce acetic acid, must be suppressed through pretreatment methods like heat-shocking or the use
of specific inhibitors.

DORs provide a unique anaerobic setting for H2 production. These environments are typically
deficient in terminal electron acceptors such as sulfate and nitrate, resulting in strongly reduced
redox conditions. The oxidation-reduction potential becomes a critical control parameter, with
optimal H2 production occurring at values between -400 to -544 mV [37]. Such conditions enhance
hydrogenase activity and maintain a high NADH/NAD* ratio, both essential for reductive
metabolism. They also protect redox-sensitive enzymes like hydrogenases and pyruvate:ferredoxin
oxidoreductase from oxidative inactivation [38]. In addition to redox control, reservoir-specific
tuning methods, such as thermal desorption, chemical oxidation and biosurfactant application can
improve hydrocarbon solubilization, enhancing microbial access and bioconversion efficiency [39].

To stabilize these redox conditions, selective nutrient supplementation is key. The
carbon to nitrogen ratio influences microbial growth and metabolism, with
ammonium nitrogen supporting biomass development but requiring controlled
dosing to prevent fermentation inhibition. Ammonium bicarbonate is commonly
used as a nitrogen source and pH buffer [40]. Phosphorus, indispensable for ATP
generation, is often supplemented during inoculum development [41,42]. Trace
metals such as Fe?, Ni, Mo, Co, Mn, Zn, and Cu are critical cofactors in enzymes
like hydrogenases and ferredoxins (Figure 2). Nanoparticle-based additives such as
cobalt ferrite, manganese ferrite, and alkali-based magnetic nanosheets can
enhance trace metal bioavailability, stimulate Clostridium enrichment, and improve
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emulsification and surface interactions with hydrocarbon droplets [42,43].
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Figure 2. Schematical process of DF for hydrogen production.

A systematic microbial management strategy is also necessary to suppress methanogens and
sustain hydrogenogenic consortia. These include: thermal pretreatment, which selectively eliminates
methanogens while preserving spore-forming Hz producers like Clostridium and Bacillus spp. [44,45];
pH control, favoring H2 producing bacteria at mildly acidic conditions (pH 5.0-6.5), though requiring
monitoring to avoid over-acidification [46]; chemical inhibitors, such as 2-bromoethanesulfonate,
chloroform, and Poly(diallyldimethylammonium chloride), which are effective but must be managed
due to cost and potential toxicity [47]; hydraulic retention time optimization, which limits
methanogen proliferation by favoring faster-growing hydrogenogens [48]; and reactor design
adaptations, such as biofilm reactors and MECs, which stabilize microbial communities and lower
H: partial pressure [49]. MECs can also further oxidize VFAs produced in DF with minimal external
voltage input, offering staged energy recovery and improving overall Hz yield [50].

The versatility of DF extends to a wide range of substrates beyond petroleum, including glucose,
food waste [51], lignocellulosic biomass, and microalgae [52,53]. Novel strains like Clostridium populeti
FZ10, acclimated to cellulose, and Thermotoga species capable of in situ hydrocarbon fermentation
have expanded the scope of potential feedstocks, particularly in petroleum-associated environments
[54,55]. Other promising substrates include glycerol, alcohol stillage (utilized by Clostridium
beijerinckii 6Al), and syngas, though the latter poses challenges such as toxicity limitations on
conversion performance [56].

Microbial consortia, especially those dominated by Clostridium and Thermotoga spp., are
commonly employed due to their synergistic interactions [57]. Process conditions such as pH and
temperature are critical: pH 5.5 favors H2 production, while neutral pH can lead to methanogenesis.
Thermophilic conditions (55-65 °C) benefit species like Clostridium stercorarium [58]. VFAs such as
acetate and butyrate positively correlate with Hz output, whereas methanogens consume Ho,
although inhibitors such as 2-bromoethanesulfonate enhance yields by up to 25% [51]. Nanoparticles
of hematite, nickel and titanium dioxide can further improve performance by enhancing microbial
surface interactions, pH stability, and enzyme activity [59,60].

Other biological routes include photo-fermentation, with an even lower energy footprint (~40.1
M]J/kg Hz), and two-stage fermentation, which can reduce energy use to 39.3 MJ/kg Hz [61]. MECs
offer another avenue, suppressing methanogens while enhancing H2 production, often utilizing
Desulfovibrio spp. [62]. Methanogenesis remains important in biogas and biohythane (a mixture of Ho,
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CH: and COz2) production, with methanogenic archaea like Methanosarcina thermophila utilizing
acetate and H2/CO: via hydrogenotrophic and acetoclastic pathways [63,64].

In DF, hydrogenases, which are metal-dependent enzymes, catalyze the reversible reaction 2H*
+ 2e- — Ha Organic substrates are metabolized through intermediates like benzoyl-CoA and
succinyl-CoA to acetyl-CoA, fueling hydrogen evolution [65]. Reservoir-based stimulation strategies
require careful modulation of the redox landscape, often depleted in terminal electron acceptors.
Selective nutrient supplementation and microbial inhibition are key to promoting hydrogenogenic
populations while suppressing hydrogenotrophs and mitigating issues like microbiologically
influenced corrosion [66-68]. Some microbes enhance hydrocarbon uptake by producing
biosurfactants such as rhamnolipids, which improve solubilization and emulsification of oil droplets,
however the low surface-to-volume ratio of these droplets remains a challenge. Additionally, certain
bacteria use extracellular electron transfer via nanowires and dehydrogenases, rather than
cytochromes, mechanisms susceptible to inhibitors like cyanide and CO, which selectively block
hydrogenases without affecting formate dehydrogenase activity [69,70]. Despite the complexity,
advances in microbial engineering, reactor optimization and syntrophic system design, petroleum-
derived H2 production represents a feasible and sustainable approach within the circular bioeconomy
paradigm. The co-generation of H> and soluble microbial products also exhibits potential for
bioplastic, microbial oil, or platform chemical production, further enhancing the value of DF in
petroleum reservoir systems.

3. Depleted Oil Reservoir Conditions and Technological Challenges

Oil reservoirs are considered extreme environments due to their high temperatures, salinity,
pressure, and toxicity, as well as the low wettability of reservoir rocks and the heterogeneity of water
activity across zones. Reservoir temperatures, typically ranging between 36 °C and 80 °C or more,
play a critical role in determining the types of microorganisms capable of inhabiting these systems
[71]. Among the most ubiquitous microbial groups across these temperature gradients are
Proteobacteria and Euryarchaeota, while other taxa tend to be associated with specific temperature
conditions.

In the Reconcavo Baiano basin, oil reservoirs exhibit average temperatures of approximately 60
°C. The reservoir fluids have salinities ranging from 3% to 6%, although salinity can reach up to 16%
in specific fields such as Aragas. These fluids are slightly acidic, with an average pH of 6.7, and the
oil wells are typically found at depths between 900 and 1200 meters. Within such environments,
biofilm formation is recognized as the dominant microbial organizational strategy, enhancing
nutrient uptake, promoting syntrophic interactions and offering protection against environmental
stressors [72].

The heterogeneity of water activity across different reservoir zones has direct implications for
microbial distribution and activity. Variability in pore space geometry, saturation levels, and nutrient
gradients can create distinct micro-niches that favor different metabolic groups. This spatial
heterogeneity complicates process control, such as microbial stimulation for enhanced oil recovery
or Hz production. Managing this complexity may involve implementing targeted microbial injections
or using multiple injection and production points to ensure optimal distribution of nutrients and
microbial consortia across various reservoir zones.

Although viruses are known to be abundant in oil reservoirs, their influence on microbial
community structure remains poorly understood. Nevertheless, they are presumed to play a role in
modulating microbial population dynamics [73]. To address this knowledge gap, targeted research
directions such as viral metagenomics and host-virus interaction studies are warranted. These
approaches could help uncover how viruses affect microbial syntrophy, horizontal gene transfer or
biofilm stability, factors critical to microbial-mediated processes such as hydrogen production or
hydrocarbon degradation.

Experimental microcosm studies using diverse microbial consortia with crude oil have
demonstrated notable changes in the activity of syntrophic and methanogenic hydrocarbonoclastic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1632.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2025 d0i:10.20944/preprints202507.1632.v1

7 of 31

bacteria [74], underscoring the metabolic interdependencies in these communities. Syntrophic
microorganisms are particularly important due to their metabolic flexibility. They can produce or
consume H: and facilitate interspecies electron transfer via formate, depending on the substrates
available [75]. In reservoir samples, complex microbial communities have been observed, composed
of populations engaged in a variety of metabolic functions, often maintained through symbiotic,
antagonistic or competitive relationships.

Much of what is known about oilfield microbiota has been derived from metagenomic analyses,
in which DNA extracted from formation water serves as a proxy for the reservoir’s microbial
community. However, comparisons between different phases, such as water and oil, have revealed
significant differences in microbial composition [76]. This variability may be further influenced by
the sampling process itself. Microorganisms introduced during drilling or production operations
may alter the native microbial profile, complicating the interpretation of results.

In extreme subsurface environments, applying advanced techniques such as next-generation
sequencing and culture-based methods presents practical challenges. Sampling from depths
exceeding 900 meters requires the maintenance of anaerobic conditions and in situ pressure and
temperature during retrieval, since depressurization or oxygen intrusion can shift microbial
community structure. Moreover, the risk of contamination during drilling or during transit through
pipelines must be mitigated through rigorous aseptic protocols and the use of in-line filtration
systems. Despite these difficulties, next-generation sequencing of the 165 rRNA gene remains a
powerful tool for resolving taxonomic and functional profiles, particularly when complemented by
the sequencing of hydrogenase and dehydrogenase genes to detect microbial populations specifically
involved in Hz production.

Culture-based methods, though limited to cultivable strains, remain essential for validating
functional capabilities and for monitoring key hydrocarbon-fermenting or Hz producing populations
under controlled conditions. These integrative approaches, when carefully adapted to the operational
realities of oilfield sampling, offer a more accurate and practical-driven view of the complex
microbiological dynamics within petroleum reservoirs.

4. Infrastructure Adaptation for H: Production in DORs

Repurposing DORs for Hz production offers a promising pathway toward sustainable energy
recovery and decarbonization. Reservoirs such as those in the Reconcavo Baiano region of Brazil
possess extensive pre-existing infrastructure, including wells, pipelines and surface facilities, which
can be strategically adapted for microbial Hz> production via DF. This reuse minimizes capital
expenditure, accelerates implementation timelines, and aligns with circular economy principles by
extending the functional lifespan of fossil fuel infrastructure [77].

Many of these reservoirs feature structurally sound vertical and directional wells capable of
facilitating microbial inoculation and nutrient injection, eliminating the need for new drilling, and
thereby reducing environmental impacts. Existing surface infrastructure, such as gas-liquid
separators, storage tanks, and pump stations, can be retrofitted to handle Hz rich gas mixtures, while
the established ~400 km gas pipeline network supports efficient collection and transport.
Additionally, historical subsurface datasets (e.g., seismic surveys and well logs) are valuable for
identifying optimal inoculation zones, modeling flow dynamics and optimizing nutrient delivery.
Operational equipment previously used for enhanced oil recovery (e.g., injection systems and pumps
for rheological modifiers, surfactants, and others) can also be repurposed to manage nutrient
distribution, pressure control, and microbial activity.

Depleted reservoirs often retain RH and harbor resilient indigenous microbial communities
shaped by prior oil operations. These microorganisms can be stimulated under anaerobic conditions
through the injection of biodegradable substrates to produce H: in situ. However, microbial H
production faces several limitations, including low yields, the formation of H2S and the risk of pore
plugging. Pore plugging, caused by biomass accumulation, biofilm formation, mineral precipitation
(e.g., calcium carbonate or iron sulfide) or the production of extracellular polymeric substances, can
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severely impair permeability and reduce Hz recovery. Mitigation strategies include careful filtration
and pH adjustment of injection fluids, periodic backflushing, microbial consortia selection favoring
planktonic phenotypes, and targeted well stimulation techniques to maintain flow pathways.

Recent cost estimates for Hz production in depleted reservoirs exceed USD 25/kg Hz, primarily
due to low conversion efficiencies, extended fermentation cycles, and the high costs of retrofitting
infrastructure [78]. For example, reinforcing steel casing with corrosion-resistant alloys (e.g., Inconel
or duplex stainless steel) may range from $300 to $800 per meter of wellbore, while acid-resistant
cement replacements like geopolymer or supplementary cementitious materials enhanced
formulations can add $100-$200 per ton compared to Portland cement. Zonal isolation tools (e.g.,
retrievable packers) and advanced injection systems further contribute to capital expenditure,
typically increasing retrofitting costs by 20—40% over standard enhanced oil recovery upgrades.

By contrast, Cemvita’s widely cited target of USD 1/kg H: reflects a long-term techno-economic
aspiration under highly optimized conditions and is likely contingent upon high microbial
productivity, short fermentation cycles and economies of scale. Public sources suggest this figure was
based on controlled laboratory or limited field trial conditions and may not reflect full-system
lifecycle costs in heterogeneous, real-world reservoirs. In addition, Cemvita’s estimates likely assume
synergistic revenue from COz capture and utilization, which offsets production costs. The Technology
Readiness Level (TRL) for DF in oil reservoirs remains at TRL 4-5, while commercial-scale validation
under representative reservoir conditions is lacking. Therefore, while long-term cost reductions are
theoretically possible through bioprocess intensification and infrastructure optimization, achieving
USD 1/kg Hz in depleted oil fields likely requires overcoming substantial technical bottlenecks,
particularly those related to low microbial conversion rates, pore plugging, and corrosion control.

The intrinsic properties of He, including low density, high diffusivity, and microbial reactivity,
introduce unique subsurface challenges. It can displace brine and RH, elevate formation pressure,
and react with microbial populations to generate corrosive byproducts like H2S. These effects may
compromise rock integrity and reduce storage capacity. Ensuring well integrity is therefore
paramount. Class G Portland cement, the industry standard, is susceptible to degradation from COz,
H:S, and potentially Hz. While some studies indicate structural stability, others report increased
permeability and porosity. To address this, alternative materials, such as silica-enhanced cement,
foamed cement, geopolymers, and supplementary cementitious materials, are under active
development [79].

Alternative in situ H2 generation methods, including thermal reforming, pyrolysis, and steam-
assisted conversion, offer higher yields but require substantial energy input and sophisticated gas
separation. Demonstrated conversion efficiencies in depleted gas reservoirs remain low (e.g., 5.8%
CHas to Hz), while coke deposition and H2S formation remain operational barriers. Despite higher
TRLs (7-9), these methods also demand further validation at field scale [78].

Comprehensive technical adaptations are necessary to convert depleted reservoirs into viable
H: systems. Key priorities include reinforcement of wells, advanced microbial containment, modular
injection mechanisms, and real-time monitoring tools. Microbial fermentation requires strict
anaerobic isolation, often achieved using retrievable packers and downhole thermal systems to
maintain optimal fermentation temperatures (30-70 °C) [78].

Surface systems must support precise microbial inoculum delivery, continuous nutrient
injection and gas-phase monitoring. H> purification is critical: gas-liquid separators feed into
purification units (e.g., pressure swing adsorption, membrane systems), often enhanced with
palladium-based membranes and catalytic water-gas shift zones. Advanced setups integrate
temperature swing adsorption/pressure swing adsorption units to remove trace contaminants and
enable high-purity Hz for downstream use and concurrent CO: capture [80-83]. Hybrid fermentation
phototrophic systems may offer further process integration and CO: valorization [84].

These technical adaptations, when paired with strategic retrofitting, illustrate how legacy oil
infrastructure can be transformed into sustainable H: production assets. From a cost-benefit
perspective, retrofitting remains more economical than new drilling and facilitates faster
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deployment. Still, techno-economic viability hinges on improving microbial efficiency, reducing
system complexity, and developing robust solutions to corrosion and plugging. Pilot-scale
demonstrations in Reconcavo Baiano and similar basins are essential to validate these integrated

systems and resolve remaining knowledge gaps (Table 1).

Table 1. Comparative Assessment of Infrastructure for H> Production in Depleted Oil Reservoirs.

New Installations for H2

Infrastructure Existing in Oil & Gas Required Modifications
Component Fields for H2 Production Bioproduction
Wells and Boreholes Vertical and directional Casing reinforcement; New wells if reservoir
production/injection corrosion-resistant geometry or access is
wells linings; zonal isolation insufficient
with packers/plugs [85]
Well Cement and Standard steel casing Replacement or coating —
Casings and Portland cement with corrosion-resistant
alloys; acid-tolerant
cement materials [86]
Subsurface Reservoir access Isolation of Bioreactor adaptation:
Infrastructure through perforated fermentation zones; enhanced sealing for
casings installation of anaerobic containment
retrievable plugs [85]
Injection Systems Water/gas/polymer Modified for microbial =~ Modular microbial and

Production Tubing
Surface Separation
Units

Gas Processing Units

Monitoring Equipment

Control Systems

Storage Tanks

Pipelines

Waste Management

Laboratory Facilities

injection systems

Hydrocarbon
production tubing

Oil/gas/water separators

Natural gas
dehydration,
compression, and
sweetening
Pressure, temperature,
flow rate sensors

Present for process
automation and remote
monitoring

Crude oil, water, and
gas storage facilities

Steel pipelines for
oil/gas transport

Produced water
treatment, gas ﬂaring

On-site labs for
chemical analysis

inoculum and nutrient
solution delivery
Material upgrade to
resist H2S, CO2, and
acids [87]
Adapted to separate
and handle Hz-rich
biogas [88]
Integration of Ho-
compatible compressors
and piping

Additional sensors for
pH, redox, microbial
activity, gas
composition (Hz, CO,
H2S)
Integration with new
sensors and
fermentation specific
controls
H: compatible materials
for gas storage (e.g.,
high-alloy steel) [89]
Retrofitting or
replacement with Hz
compatible materials
Treatment of microbial
byproducts and acidic
effluents
Capability expansion
for microbial, gas, and
fermentation
monitoring

nutrient injection skids

Ha-specific gas-liquid
separators

H: purification systems
(pressure swing
adsorption, membrane
units)
Real-time bioprocess
monitoring modules

Al-enabled microbial
fermentation control
algorithms

Ho-specific pressurized
storage tanks or
absorption beds

New dedicated Ha
pipelines (short
range/local)
Biosludge and
fermentation waste
handling units
Mobile genetic and
microbial culture labs

5. Carbon Capture, Utilization, and Storage
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CCUS is a crucial strategy for addressing climate change, enabling the reduction of greenhouse

gas emissions while supporting sustainable energy transitions. This approach plays a dual role in Hz

production from DORs: enhancing the carbon neutrality of Hz production and ensuring the long-

term sequestration of CO: generated during microbial hydrocarbon conversion [1]. Hz2 generation in

situ from RH using native microbial communities produces not only Hz but also CO2. Therefore,

integrated strategies for CO: capture, whether biological, geological or chemical, are essential for

maximizing environmental benefits and ensuring the viability of the process. Table 2 summarizes the

approaches encompassing geological, mineralization, adsorption and microalgae-based techniques

for CCUS, highlighting their advantages, drawbacks, and current bottlenecks for real-world

implementation.

Table 2. Comparison Between Geological and Microalgae-Based Carbon Sequestration Methods.

Parameter Geologic  Mineralizati Chemical Adsorptio Membrane Microalgae-
al (in  on (in situ) Absorption n Separation Based
situ) Sequestration

Mechanism CO: is CO: reacts CO: chemically CO:2 Selective CO: fixed by
trapped  with reacts with adheres to diffusion of photosynthesi
in porous minerals monoethanola solid CO2 through s into algal
rocks via (Ca, Mg mine [92] porous polymer/inorga biomass [95]
structura silicates) to materials  nic membranes
1 form stable under [94]
capillary, carbonates pressure
solubility  [91] [93]

, or
residual

trapping
[90]

Maturity/TR  High Moderate to High Moderate  Moderate [98] Moderate

L (especiall  high to  high (higher for
y for [97] closed
DORs) photobioreact
[96] ors)

CO: Very Very High Low to Low to Low to Moderate

Permanence High (solid Moderate [101] Moderate  Moderate [102]

(millions  carbonates [97]
of years) are stable)
[99] [100]

Energy Low Moderate High Moderate  Low to Moderate

Requiremen Moderate [103]

t

Cost ~$10-20  ~$50-100 ~$62-80 [106] ~$15-130  ~$30-80 [107] ~$30-200 [102]

(USD/ton [104] [105] [107]

COy)

Scalability High Moderate High Moderate  High Moderate
[108]

Co-benefits ~ Enhance  Heavy None May Energy- Biomass  for
d oil/H2 metal support efficient for H> fuels,
recovery  stabilization pressure purification wastewater

[109] swing treatment
adsorptio
n for He
purificatio
n [110]

Key Risk of Slow Solvent Sorbent Fouling/selecti ~ Growth

Limitations  leakage,  natural degradation regenerati  vity [115] depends  on
site- kinetics [113] on [114] conditions

[112]
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specific
[111]
Environmen Low (if Low to Chemical waste  Sorbent Low Low;
tal Impact monitore moderate disposal improves
d) [116] [116] [117] air/water
quality [111]
Application  Explored Emerging Used in gas Used in Growing Promising for
in Hz in for purification downstrea interest integrated
microbial microbial m cleanup systems
Ho mineralizati

on

Biological CO2 capture within the reservoir is primarily mediated by microbial pathways.
Hydrogenotrophic methanogens, for example, can metabolize CO: and H: to form CHi via
methanogenesis, an undesirable process. However, when supercritical CO: is co-injected into the
reservoir, it lowers the pH of the formation water, creating acidic conditions that inhibit
methanogenic activity while stimulating fermentative, Hz-producing microbes [118]. This pH-
mediated shift suppresses CHas formation and favors Hz production, leaving more CO: available for
sequestration. In this system, dissolved hydrocarbons serve as substrates for microbial metabolism,
allowing for simultaneous Hz generation and CO: retention.

In parallel, CO2 may undergo mineralization reactions with reservoir rocks containing calcium
or magnesium silicates, leading to the formation of stable carbonates [119,120]. These processes,
though naturally occurring over geological timescales, can be enhanced under engineered conditions
to accelerate CO: sequestration (Figure 1). Engineered mineralization within DORs can be achieved
through several strategies: co-injection of finely ground reactive minerals (e.g., olivine or serpentine)
to increase surface area and reactivity; acidification via CO: dissolution to enhance mineral
carbonation kinetics; or stimulation of indigenous or introduced microbial consortia that promote
microbially induced carbonate precipitation through metabolic processes such as ureolysis or sulfate
reduction. Additionally, controlled manipulation of formation temperature and pressure may further
accelerate geochemical reactions, promoting the rapid formation of solid carbonates and enhancing
CO:z permanence in the reservoir environment.

In other microbial systems, such as microbially induced carbonate precipitation, microbial
metabolism indirectly contributes to carbonate formation, though such strategies are more commonly
studied in surface applications than within petroleum reservoirs [121,122].

While CO: sequestration within the reservoir is the primary objective, additional strategies exist
for managing CO:x if it reaches the surface during production. DORs are inherently well-suited for
CO: storage due to their geological properties. Structural trapping occurs when CO:z is confined
beneath impermeable caprock layers, while capillary trapping immobilizes CO2z within pore spaces
in the reservoir rock [123]. Solubility trapping involves CO:2 dissolving into formation water to form
carbonated brine, which is denser and less mobile than pure CO: gas [124]. Mineral trapping, in
contrast, entails chemical reactions between CO: saturated brines and reservoir minerals, forming
solid carbonates and providing durable, long-term sequestration [125]. These mechanisms may work
simultaneously [125] under conditions of microbial H> production, where CO:z solubility is naturally
high and microbial processes suppress its escape.

If the CO2 is produced alongside Hz at the surface, separation and capture technologies can be
employed to recover it for reuse or storage. Chemical absorption using solvents like
monoethanolamine is a well-established method for capturing CO:z from gas mixtures [101]. Physical
solvents such as Selexol or Rectisol are also effective, particularly at high pressures typical of reservoir
outputs. Adsorption techniques using solid sorbents like activated carbon or metal-organic
frameworks can selectively retain COz, often in pressure swing adsorption systems commonly used
for H: purification [126]. Membrane-based separation offers an energy-efficient alternative,
leveraging selective permeability to separate CO: from H: streams. Cryogenic separation, though
energy-intensive, may also be used to liquefy and isolate CO: at low temperatures [127].
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The products generated during microbial H2 production provide insight into the feasibility of
integrated carbon management. H: is the primary energy product, with simulated yields ranging
from 154 to 1,670 kg per well over 100 days, particularly near injection zones where microbial activity
is highest and residual oil concentrations are lowest [128]. CO, as a co-product is effectively retained
in situ due to its solubility, the acidic conditions that inhibit methanogenesis, and the presence of
multiple trapping mechanisms [128]. Methane formation is limited under these conditions, further
enhancing the stability of COz sequestration. Other microbial byproducts include organic acids and
H2S, which may present operational challenges, particularly microbial souring, and must be
monitored and mitigated [129].

However, attention must be paid to site conditions, since methanogenesis may convert 13 to 19%
of the injected CO2 during CO:z enhanced oil recovery [130], compromising the intended goal. This
highlights the need for careful evaluation and monitoring of CO: behavior under real-world
conditions in depleted reservoirs for H2 production, as well as the proper inhibition of methanogenic
microorganisms and the enhancement of hydrogenogenic activity to prevent the loss of COz intended
for conversion.

The inherent geological and chemical properties of DORs, combined with the microbiological
dynamics under engineered conditions, support both H2 generation and permanent CO: retention
[77]. Acidic formation conditions induced by CO:z injection not only suppress undesirable microbial
pathways (like methanogenesis) but also enhance H: yields and CO: solubility. This unique
alignment of microbial behavior, geochemical trapping, and reservoir characteristics makes in situ
CO2 capture an intrinsic and feasible component of Hz production systems, contributing significantly
to the development of low-carbon, renewable energy solutions.

While microalgae-based carbon capture is not an in situ strategy, it provides a promising
surface-level CCUS method to manage CO:2 co-produced during Hz production. Due to their high
photosynthetic efficiency, rapid growth rate, and ability to produce valuable biomass, microalgae are
particularly relevant for integrating into surface operations following H: recovery [131,132]. They
directly capture CO:z from atmospheric or industrial sources and convert it into biomass that can be
used to produce third-generation biofuels, including H: itself [131,133].

This biological CO: conversion pathway is particularly attractive because it is low-cost, does not
require expensive catalysts, and directly fixes COz using sunlight [134]. Importantly, microalgae
exhibit CO2 capture rates 10-50 times higher than terrestrial plants [132,133]. These systems are
especially useful in closed photobioreactor configurations that can be integrated with fermentation
or gasification units to recapture CO:z emitted during upstream H: production [133].

While the generation of CO: during Hz production is well-recognized and the CO: fixing
capabilities of microalgae are well-established, their role in this context is best understood as part of
a broader surface-level CO2 management strategy that enhances the environmental sustainability of
integrated H> systems.

6. Safety Aspects of H2Au Production

Production of H2Au in subsurface environments, particularly in repurposed oil and gas
reservoirs, presents unique safety challenges. These encompass wellbore and reservoir integrity,
uncontrolled microbial activity, seal effectiveness, microbial H2S production, and explosion or fire
hazards. Addressing these risks requires integrated engineering, microbiological and geochemical
strategies for safe and reliable Hz generation and containment.

Maintaining long-term wellbore integrity is paramount in aged or depleted reservoirs
repurposed for Hz production. Structural degradation, corroded casing, compromised cement and
failed zonal isolation can lead to unintended migration of gases such as Hz, H2S, and COs, threatening
freshwater aquifers and ecosystems. Failures may result from single-barrier degradation (casing or
cement) or multibarrier failure, especially in wells exposed to corrosive fluids or microbial activity
[135,136].
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Corrosion is a primary concern, particularly near perforated production zones or areas exposed
to injected CO:z and formation fluids. Localized corrosion driven by microbial activity or CO:z rich
brines can perforate casing, prompting well abandonment [137]. Legacy well studies confirm
accelerated degradation in zones with poor cement bonding. Cyclic mechanical loads and thermal
stresses further contribute to fatigue-induced failures, compromising sealing and structural capacity
[138].

Cement degradation via debonding, cracking or chemical alteration in acidic environments
creates micro-annuli and fluid pathways, threatening containment. Although remediation methods
such as cement squeezing and nanomaterial injection exist, they offer limited and context-dependent
success [139]. Older wells are especially vulnerable due to prolonged exposure to carbonation and
mechanical stress [140].

Artificial intelligence tools, particularly artificial neural networks, have shown promise in
predicting casing corrosion based on well data, minimizing the need for frequent field testing [141].
Integrating such models into H: operations enables real-time monitoring and preventive
maintenance by analyzing pH, sulfate concentrations, and microbial signatures.

Comprehensive well integrity management is essential and should include periodic mechanical
testing, real-time pressure and gas monitoring, geomechanical modeling, corrosion forecasting and
premium-grade casing materials. These elements must be aligned with microbial H2 generation steps
(nutrient injection timing, gas collection cycles and pressurization protocols) to prevent gas leaks,
water contamination or system failure.

Uncontrolled microbial metabolism can lead to excessive gas accumulation (Hz, COz, CHa, H2S),
risking caprock fracturing and fault reactivation. This biogenic pressurization differs from
engineered gas injections, making pressure prediction challenging in heterogeneous reservoirs. At
the Tvrdonice underground hydrogen storage site in the Czech Republic, microbial activity
consumed 50% of injected Hz and 12.5% of CO:2 within 40 days, significantly altering pressure profiles
and reservoir chemistry [142].

Microbial gas generation complicates pressure control and may result in caprock damage, micro-
annuli formation, and gas escape through faults or wellbores [143]. Microbial-induced changes in
rock wettability and infrastructure corrosion further elevate mechanical risks. For instance, sulfate-
reducing bacteria (SRB) activity shifted rock wettability from water-wet to neutral-wet in under 20
hours [142].

Dynamic modeling that integrates biological, geochemical, mechanical, and thermal processes
is essential for pressure management. Real-time monitoring tools, pressure sensors, gas analyzers
and microbial activity detectors must be deployed. Nutrient supply should be finely controlled to
limit excessive microbial growth, with selective inhibitors or competitive microbial strains used to
suppress undesired gas generation. Accurate pressure predictions and responsive operational
adjustments hinge on these coupled models.

Cap rock integrity is critical for trapping Hz and COsz. Shales and clays act as low-permeability
seals, but their capacity can be challenged by fault zones or pressure-induced fractures. Field projects
like the CS-D experiment at Mont Terri (Switzerland) demonstrated that COz saturated brine injected
into clay faults caused minimal fluid migration and no seismicity, supporting caprock effectiveness
[144].

CO: interactions can promote mineral trapping and enhance seal performance. Regulatory
frameworks now require thorough geomechanical and geochemical assessment of seals before CO:
storage [145]. However, the small molecular size of Hz and its high diffusivity increase leakage risks,
especially through microfractures. H2 may also alter redox conditions, stimulating microbial activity
that changes seal mineralogy, an area needing further study [146].

Despite these risks, faulted clay formations can still function as effective seals if adequately
characterized. Monitoring systems and integrated models are essential to assess and mitigate leakage
risks in microbial H2 production, especially by accounting for dynamic gas evolution and microbial
interactions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202507.1632.v1


https://doi.org/10.20944/preprints202507.1632.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2025 d0i:10.20944/preprints202507.1632.v1

14 of 31

Reservoir souring, driven by SRB, results in H:5 production, posing severe health,
environmental and operational hazards [147]. SRB reduce sulfate to H2S, particularly in nutrient-
amended systems. Souring degrades infrastructure, compromises well integrity and increases
treatment costs. Interestingly, SRB also exhibit high hydrogenase activity and can produce H:
fermentatively under sulfate-limited conditions. Desulfovibrio vulgaris Hildenborough yielded up to
560 mL Hz/L using formate as a substrate, with complete substrate conversion [148]. This duality
positions SRB as both a hazard and a biocatalytic asset, especially in second-stage Hz systems
converting DF effluents.

Uncontrolled SRB activity in oilfields, especially between injection and production wells in
waterflooded zones, can lead to biosouring. Environmental factors (temperature, salinity, pH,
nitrogen, phosphorus) affect H2S generation. Modeling efforts that integrate microbial dynamics with
fluid transport and HaS scavenging mechanisms (by iron minerals) are necessary for accurate
prediction [149].

Active management strategies include substrate optimization (favoring formate), adjusting
sulfate levels to steer microbial pathways, and fostering competitive microbial guilds such as nitrate-
reducing bacteria. Environmental manipulation, pH, redox potential, electron donors, can suppress
H:>S while promoting Hz production, although this balance remains technically complex.

Technologies like gas-stripping reactors also offer promise. In packed-bed SRB bioreactors,
using Nz as a strip gas, improved H:S recovery and sulfate conversion, with pH shifts enhancing H2S
output by over 60% [150]. HzS can then be converted into valuable products such as elemental sulfur
or Hz fuel.

Mitigation tools include nitrate or perchlorate injection, which inhibit SRB or promote
competition, and biocide treatments, though these pose ecological risks. Early detection using
chemical and microbial markers is key to tracking active souring zones and deploying targeted
countermeasures.

The extreme flammability and low ignition energy (0.02 mJ) of Hz> make it a high-risk gas in
oilfield settings. Its wide flammable range (4-75% in air) and nearly invisible flame increase the
likelihood and severity of fires and secondary damage [151,152].

In microbial Hz systems, H2 can accumulate in enclosed areas like pipelines and tanks, forming
stratified gas pockets near ceilings. Despite its buoyancy, confined spaces heighten the danger of
explosive concentrations. Mitigation measures include spark-proof equipment, anti-static materials
and robust ventilation systems. Continuous Hz detectors, especially in elevated indoor locations or
along leak-prone paths, are essential for early warning. These should trigger alarms when
concentrations approach the 4% lower flammable limit.

Safety protocols must include leak testing, equipment grounding, personnel training and clear
emergency procedures. Integration of real-time detection and engineering controls, ventilation, static
control and ignition prevention into H: facility design is critical to reduce the risk of catastrophic
events.

As discussed, hydrogen production from DORs offers a promising renewable pathway, but
entails complex safety challenges spanning reservoir integrity, microbial behavior, chemical
reactivity and explosive potential. A safe operation demands multidisciplinary integration of
advanced monitoring, predictive modeling, microbial management and stringent engineering
controls to ensure secure Hz containment and sustainable energy delivery.

7. Economic Aspects of the Process of Obtaining H> Using DORs as Bioreactors

The use of DORs as bioreactors for H> production presents a promising alternative to
conventional bioprocessing infrastructure by leveraging existing subsurface assets. From an
economic standpoint, this approach offers both cost-saving opportunities and substantial challenges
that must be evaluated within a robust techno-economic framework [153].

One of the clearest economic advantages lies in the reuse of existing infrastructure, including
wells, pipelines, and reservoir access systems, which significantly reduces capital expenditures
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(CAPEX) typically required for building surface-based bioreactors and containment systems [154].
Moreover, oil reservoirs inherently provide anaerobic and pressurized environments favorable for
hydrogenogenic microbial activity, potentially lowering operational expenditures (OPEX) by
reducing the need for pH, temperature and pressure regulation [153,155].

Additionally, the large subsurface volume and containment properties of reservoirs offer
opportunities for process scale-up with a minimal surface footprint. This addresses a critical
bottleneck in traditional H> production, limited reactor size, by enabling continuous or semi-
continuous production cycles that bypass the need for expensive vessel fabrication and maintenance
[156,157]. However, these advantages must be critically weighed against several economic
challenges, which require clearer quantification to evaluate feasibility.

Tailoring native microbial consortia or engineering synthetic communities to enhance H: yields
can require substantial R&D investments. Monitoring biological activity in inaccessible reservoirs
requires advanced sensor arrays, real-time monitoring software and geochemical probes, which can
add considerable costs per site during pilot-scale implementations.

Fermentable substrates such as biomass hydrolysates or organic acids must be injected under
pressure. High-pressure injection systems and pumping infrastructure, along with feedstock
procurement and processing, can result in high energy and logistics demands, depending on
reservoir depth and injection rates.

Finally, recovering Hz from the reservoir involves retrofitting existing extraction systems and
installing surface separation units. These costs must be reconciled with H: pricing benchmarks.
Cemvita’s publicized goal of achieving $1/kg Hz production cost in DORs [153] stands in stark
contrast to current general Hz costs, which range from $10-$20/GJ, or approximately $3.30-$6.60/kg
H:, assuming 1 GJ = 33 kg Hz. Cemvita’s estimate is believed to be based on early-stage modeling and
small-scale field trials in highly favorable reservoir conditions, where infrastructure reuse, ideal
microbial consortia and government-funded research helped reduce costs. However, scaling these
conditions across varied geological settings remains a major challenge. Reaching the $1/kg threshold
would likely require simultaneous breakthroughs in substrate optimization, microbial efficiency, Hz
recovery and regulatory facilitation, none of which are guaranteed or fully demonstrated at
commercial scales.

Therefore, while Cemvita’s cost target may be technically plausible under narrow, optimized
conditions, it is not currently representative of average Ha production economics. Without robust
validation across diverse reservoir types, the $1/kg figure should be regarded as a future-oriented
projection, not a baseline assumption.

From a market perspective, the value of Hz is becoming increasingly recognized in the context
of the global energy transition. For example, Japan’s Strategic Roadmap for H2 and Fuel Cells and the
EU H: Strategy [158] have both set ambitious targets and funding schemes to accelerate H2 adoption,
including production subsidies, tax credits, and carbon pricing mechanisms. In the U.S., the Inflation
Reduction Act (IRA) of 2022 [159] offers tax credits of up to $3/kg H: for clean H: production,
significantly improving the economics of low-emission pathways (including biological routes) when
lifecycle carbon intensity thresholds are met. However, the pending repeal of the IRA and its Hz
incentive provisions may negate such benefits [160].

Moreover, using and permanently sealing off depleted reservoirs for H2 production aligns with
carbon credit schemes aimed at repurposing fossil infrastructure and mitigating subsurface methane
emissions. These credits, while still under regulatory development, could provide additional revenue
streams that partially offset process costs.

While the deployment of DORs as bioreactors introduces considerable technical and economic
complexities, the potential for cost-effective and large-scale H2 production remains compelling, but
only under clearly defined conditions supported by rigorous techno-economic analysis. A
transparent evaluation that incorporates site-specific geological data, realistic cost modeling and
market incentive structures is essential for assessing the true feasibility and profitability of this
emerging bioprocessing paradigm.
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8. Pilot Projects and Case Studies
8.1. CEMVITA - H: Production from DORs - The “H:Au"” Approach

CEMVITA, a Houston-based biotechnology company, is at the forefront of developing
sustainable H: production through its innovative H:Au platform, which harnesses microbial
processes to recover Hz from DORs. This approach, grounded in synthetic biology and detailed in a
suite of patents, aims to convert RH into Hz, thereby transforming abandoned oil fields into clean
energy sources and supporting decarbonization strategies in heavy industries [161].

At the core of CEMVITA'’s technology is the use of modified or naturally occurring microbes
capable of degrading residual oil underground. These microorganisms convert hydrocarbons into Hz
and COz through proprietary subsurface bioreactions initiated by the injection of circulating water,
microbial inocula and metabolic enhancers into the formation reservoirs [161,162]. The residual
hydrocarbons act as a carbon source, while the produced Hz is extracted through the wellbore. The
co-produced CO:z is sequestered in situ to ensure carbon neutrality.

A landmark field trial in 2022 at the Permian Basin demonstrated the technical feasibility of in
situ Hz generation [163,164], with the company targeting a production cost of approximately $1/kg—
markedly lower than microbial Hz costs from other pathways [162,163].

This approach offers numerous environmental and economic benefits. It provides a carbon-
neutral source of H2 [163], repurposes legacy oil infrastructure [77], extends the useful life of oil fields,
and offers transitional economic value to fossil fuel-dependent regions [165]. Additionally, it converts
oilfield waste into a usable energy resource, thereby improving recovery efficiency from RH [165].

However, the platform also faces significant challenges. While the process captures COy, it still
generates emissions [163], and the overall recovery model remains in early stages with limited
independent validation beyond Cemvita’s own reports. Subsurface microbial Hz production is
subject to efficiency constraints and extended production timelines, mirroring broader issues in crude
oil gasification which depend heavily on local geochemical and thermodynamic conditions [166].

A central technical challenge remains H: productivity. Low H2 concentrations are typical in
microbial oil degradation, complicating extraction at scale. Optimizing dynamic extraction and
separation systems remains an engineering bottleneck [167], compounded by the fact that microbial
H: generation primarily occurs at oil-water interfaces in aqueous zones.

Economically, the viability of this process is still unproven. Current estimates place Hz costs
between $10-$20 per GJ, substantially above the competitive threshold of $0.33/G] [168]. Cemvita has
not yet disclosed reproducible data regarding specific productivity (e.g., Nm?h or kg/day), making
comparisons to other systems, such as dark fermentation (typically reporting 0.015-1.084 mmol/L-h,
or up to 10.26 mmol/L-h in biomass-fed setups), not directly applicable to subterranean reservoirs
[166]. This absence of quantitative transparency extends to scientific literature, where Cemvita
appears in several articles [163], yet lacks detailed empirical data.

A rare production estimate was disclosed in an interview with CEO Moji Karimi, who claimed
the process could yield up to 3 kg of Hz per barrel of residual oil [169]. While promising, this figure
raises critical questions about in situ oil availability, microbial conversion rates and flow dynamics
under operational conditions. Hz-View has reported speculative production rates of up to 2.5 tonnes
of Hz per well per day across 120 wells [170], and GlobalSpec has cited possible field-scale yields of
20-50 tonnes [171], though neither claim is currently supported by peer-reviewed validation or third-
party documentation.

To bring clarity to the technology’s framework, CEMVITA’s patents provide valuable insights
into the design and operation of its microbial Hz platform. The process is described as a subterranean
enclosed bioreactor system embedded directly within hydrocarbon-rich environments such as
depleted oil wells or landfills [172,173]. This in situ reactor is engineered to optimize microbial
hydrogenogenesis, with environmental parameters such as pH (5-9, ideally 6-7), temperature and
pressure tightly regulated to sustain microbial activity [173-175].
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A key component of the technology is the injection of hydrogen-producing microorganisms,
either indigenous or genetically modified, into the formation [174,175]. Preferred microbial genera
include Clostridium, Syntrophobacter, Thermoanaerobacter, and Thermotoga [172,176]. These microbes are
supported by a nutrient-rich formulation, including phosphates, sugars, yeast extract, biomass and
corn steep liquor [174,176].

An innovative aspect of the system is electrochemical stimulation, where an electrical potential
between subsurface electrodes enhances microbial Hz production [174,175]. Power may be derived
from renewable sources like solar and wind [172]. The patented infrastructure also details a modular
processing chain, including: I) A three-phase separator to divide oil, gas, and water [174]; II) A water
treatment system to remove inhibitory compounds [175]; III) A mobile fermentation unit for on-site
microbe cultivation [174]; IV) A hydrogen separation unit (e.g., membrane-based) for gas purification
[173]; and V) Storage tanks for secure Hz collection [172].

The goal of the platform is to improve Hz productivity by at least 20% over baseline methods
through in-line monitoring and dynamic process control [172,175]. The system also proposes to
recycle the co-produced CO: into other bioprocesses like algal biomass production, contributing to a
circular carbon economy [175].

CEMVITA has announced additional strategies for cost-effective oil field repurposing that
integrate Hz-generating microbes with on-site CO2 capture systems, estimating Hz production costs
under $1/kg—dramatically below the $16.8/kg typical of green H: via electrolysis [3].

Yet technical barriers remain. Microbial H2 production competes with methanogenic and
sulfidogenic pathways, necessitating biocontrol strategies to suppress unwanted microbial
populations [177,178]. Until transparent, peer-reviewed performance data are released, CEMVITA’s
H:Au technology, while scientifically compelling and supported by extensive intellectual property,
remains conceptually promising but not yet empirically validated or scalable at commercial levels.

8.2. Reconcavo Baiano Studies: Application Potential of Cemvita-Inspired H2Au Production

The Reconcavo Baiano basin in Northeast Brazil, historically a cornerstone of national petroleum
production, contains a high density of mature and abandoned oil wells, particularly in fields such as
Buracica. These reservoirs retain significant volumes of RH and present a unique opportunity for
biotechnological valorization aligned with the principles of the circular bioeconomy. Inspired by
Cemvita’s H2Au approach, which harnesses engineered microbes to recover Hz from depleted oil
fields [163], the Reconcavo Baiano’s favorable geological and microbiological conditions make it a
compelling candidate for similar in situ Hz initiatives.

Cemvita’s technology utilizes a proprietary subsurface bioprocess involving the injection of
water, microbes and inhibitory agents into oil reservoirs, where engineered microbial consortia
convert RH into H2 and CO:2 [162]. The co-produced CO:2 is sequestered underground, ensuring
carbon neutrality. Applying this model in the Reconcavo Baiano would allow the transformation of
legacy fossil resource infrastructure into renewable energy generation, leveraging the basin’s
extensive existing assets, such as well-preserved infrastructure, long-standing geological data and
close integration with Bahia’s 400 km natural gas pipeline network [179], to facilitate Hz distribution
and reduce implementation costs.

At the regional level, the Laboratory of Biotechnology and Ecology of Microorganisms (LABEM)
at the Federal University of Bahia (UFBA) has led pioneering efforts to characterize the indigenous
microbiota of these reservoirs. Metagenomic analyses of formation waters and crude oil samples from
Buracica and other fields revealed the presence of fermentative bacteria and hydrocarbon degraders
with hydrogenogenic potential [180-182]. This native microbial diversity can be harnessed or
augmented through synthetic biology, following Cemvita’s strategy of optimizing microbial
performance via genome editing and nutrient modulation [165].

Reservoir-specific physicochemical parameters, temperatures around 60 °C, salinity levels
between 3% and 6%, and pH near 6.7, are conducive to thermophilic anaerobic consortia suitable for
DF, the microbial pathway central to H2 production. Functional gene targets such as assA, bssA,
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hydA (hydrogenase synthase), and fdh (putative formate dehydrogenase synthase) [71,76,183,184]
can be employed to assess microbial metabolic capacity and guide bioaugmentation strategies.
Combining hydrocarbon-degraders (Thauera aromatica, Desulfatibacillum aliphaticivorans) with
thermophilic H2 producers like Clostridium thermocellum and Thermotoga maritima may reproduce or
even surpass the performance gains reported by Cemvita, which cited microbial productivity
improvements of up to 6.5 times under engineered conditions [164].

As in in Cemvita’s system, productivity in Reconcavo Baiano will depend on establishing
syntrophic interactions: hydrocarbon degraders produce VFAs, which hydrogenogenic bacteria then
ferment into He. Site-specific nutrient blends enriched with yeast extract, glycerol and trace metals
(Fe, Ni, Mo) can stimulate microbial activity, while inhibitors like 2-bromoethanesulfonate and heat-
shock treatments suppress methanogens and homoacetogens that consume H> [21,58].

The “push-pull” operational design, similar to Cemvita’s in-field protocol, involves injecting
inoculated nutrient fluids (“push”), allowing incubation to stimulate hydrogenogenic activity,
followed by gas extraction and microbiome monitoring [72]. Hz collection may be enhanced via gas-
lift systems or degassing units, and the gas could be fed directly into Bahia’s natural gas network,
supporting industrial and transportation applications.

However, the Reconcavo Baiano strategy must address the same challenges faced by Cemvita’s
pilot projects, including limited Hz yields and microbial competition. Hz generation is often restricted
to aqueous zones near the oil-water interface, and extraction efficiency is influenced by formation
heterogeneity and microbial kinetics [167]. Productivity metrics, such as the reported estimate by
Cemvita of 3 kg H2 per barrel of residual oil [169], remain speculative without peer-reviewed
validation. Thus, Reconcavo-based initiatives should prioritize transparent, measurable benchmarks
such as Nm3/h or kg/day of Hz, COz retention capacity, and real-time microbiological shifts.

Moreover, the LABEM strategy must integrate continuous monitoring of gas composition (Hz,
CHs, CO2), VFAs, and microbial profiles via real-time metagenomics and advanced reservoir
simulation tools. These models should incorporate microbial metabolism, nutrient dispersion and
redox gradients to guide process optimization and scale-up, while also mitigating operational risks
such as microbiologically influenced corrosion [66-68].

In the context of Brazil’s National H2 Program (PNH:) [185] and evolving regulatory shifts by
the National Agency of Petroleum, Natural Gas and Biofuels (ANP), which now restrict traditional
fossil fuel activities, the repurposing of Reconcavo Baiano reservoirs offers a path to regional
economic revitalization. It combines renewable H: production with job creation, technology
development and environmental stewardship. By applying Cemvita’s model to Brazilian geological
and microbiological realities, Reconcavo Baiano can emerge as a strategic node in the global green Ho
economy, contributing decisively to national decarbonization and circular bioeconomy frameworks.

Adopting Cemvita’s microbial H2 recovery concept in Reconcavo Baiano, adapted through
Brazilian expertise in microbial ecology, reservoir engineering and biotechnology, could transform
declining oil assets into productive bioreactors. The synergy between field-ready infrastructure,
indigenous microbial diversity, and advanced monitoring systems offers a viable blueprint for clean
energy transition in fossil-rich regions.

9. Relevance of H: from DORs and Its Broader Impacts

The production of Hz in DORs represents a promising frontier for scientific advancement,
technological innovation, and sustainable energy development. The research on H: from depleted
reservoirs addresses the urgent need to decarbonize the energy sector while offering a viable strategy
for repurposing unproductive oil and gas fields. These fields, which often possess decades of
geological, geochemical, and operational data, are ideal candidates for conversion into Hz production
sites. This approach minimizes the environmental footprint compared to surface-based H: reactors
and allows for scale-up within existing infrastructure, reducing CAPEX and OPEX associated with
new facility construction.
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Advancing the understanding of Hz from DOR will significantly contribute to microbial
reservoir ecology, particularly regarding the behavior and optimization of H2 producing anaerobes
such as Clostridium, Desulfovibrio and hydrogenotrophic archaea under reservoir conditions (e.g., high
pressure, temperature, salinity). Investigating the metabolic conversion of hydrocarbons to H2 under
controlled lab-scale and simulated reservoir conditions (core flooding, high-pressure bioreactors) will
yield crucial insights into reaction kinetics, electron donor/acceptor dynamics and H: yield
optimization.

Moreover, this research topic aligns with global efforts to mitigate climate change through
circular carbon utilization. In situ microbial H> production can be integrated with carbon
management strategies, such as CO: injection for enhanced H: recovery and geologic carbon
sequestration, further increasing the value and sustainability of this approach and the development
of other required technologies.

H: from DOR represents an opportunity to transform environmentally and economically
marginal oil reservoirs into renewable energy assets. By coupling microbial biotechnology with
geoscience and petroleum engineering, this strategy could pave the way for decentralized, low-
emission Hz generation directly at the source of fossil energy legacies, unlocking a new paradigm for
sustainable energy transitions.

10. Concluding Remarks

The urgent need to transition from fossil fuels to cleaner energy alternatives has placed Hz at the
forefront of sustainable solutions. Among emerging strategies, H2Au production through biological
processes in abandoned oil fields offers a promising, low-cost alternative that leverages existing
infrastructure and RH. Notably, mature fields like those in Brazil’s Reconcavo Baiano region present
a strategic opportunity for revitalizing local economies while promoting clean energy innovation.
However, for this innovative paradigm to move beyond its conceptual and early pilot stages and
achieve widespread commercial viability, several critical research and development priorities must
be rigorously addressed.

First, fundamental advances in microbial engineering and complex ecosystem management are
paramount to significantly enhance H: yields and ensure process stability in subsurface
environments. Current limitations of DF include inherently lower H: yields (typically 1.5-3.5 mol
Hz/mol hexose) and slower microbial metabolism compared to conventional methods. A key
challenge is that common H: producing microbes, such as Clostridium spp., lack the enzymatic
machinery (like assA and bssA) for direct hydrocarbon activation, necessitating complex syntrophic
systems or the injection of engineered inocula. Furthermore, the process is thermodynamically
inhibited by high H: partial pressure, and competition from hydrogenotrophic organisms like
methanogens and homoacetogens consumes produced H:, necessitating their suppression. Future
research and development must focus on optimizing microbial consortia or engineering strains for
more efficient, direct hydrocarbon conversion, alongside developing innovative methods for
continuous Hz removal from the fermentation environment to alleviate product inhibition and
sustain high yields. This requires sophisticated, real-time subsurface monitoring capabilities for
microbial activity, gas composition, and nutrient dispersion to manage the complex and
heterogeneous reservoir micro-environments.

Second, ensuring the long-term integrity of repurposed reservoir infrastructure is non-
negotiable for safe and sustainable operations. DORs are extreme environments characterized by
high temperatures, salinity, pressure and toxicity, posing significant challenges to wellbore and
reservoir integrity. The intrinsic properties of Hz, low density, high diffusivity and microbial
reactivity, can lead to displacement of reservoir fluids, elevated formation pressure and the
generation of corrosive byproducts such as Hz2S, which may compromise rock integrity and storage
capacity. Critical R&D efforts should focus on developing advanced, corrosion-resistant materials for
well casings and acid-tolerant cement formulations that can withstand the chemical alteration and
degradation induced by CO: rich brines and biogenic H2S. Moreover, dynamic modeling that
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integrates biological, geochemical and geomechanical processes is essential to accurately predict and
control biogenic pressurization within heterogeneous reservoirs, thereby preventing caprock
fracturing and unintended gas migration. Active management strategies for mitigating reservoir
souring, a severe health, environmental and operational hazard resulting from HaS production, also
require ongoing development and validation.

Finally, transparent, peer-reviewed techno-economic validation at commercial scale is
indispensable to bridge the gap between aspirational cost targets and real-world profitability. While
leveraging existing oilfield infrastructure offers significant CAPEX reductions, current cost estimates
for Hz production from depleted reservoirs remain high, exceeding USD 25/kg Hz, primarily due to
low conversion efficiencies and extended fermentation cycles. Cemvita’s widely publicized target of
USD 1/kg H: is understood to be contingent upon achieving high microbial productivity, short
fermentation cycles and economies of scale, conditions that have not yet been fully demonstrated or
validated across diverse, heterogeneous field settings. Future research must prioritize rigorous pilot-
scale demonstrations across varied geological conditions, accompanied by the public disclosure of
standardized, quantitative performance metrics such as sustained H: flow rates (e.g., Nm3/h or
kg/day) and comprehensive lifecycle cost analyses. This will be crucial for attracting necessary
investment and fostering broader adoption of this emerging technology.

Successfully advancing H» production from DORs will require a truly multidisciplinary
approach, integrating cutting-edge research in microbial ecology, synthetic biology, reservoir
engineering and advanced real-time monitoring technologies. By focusing on these explicit, unsolved
R&D challenges, the full potential of biologically produced H: from fossil energy legacies can be
unlocked, contributing decisively to global decarbonization efforts and the circular bioeconomy.
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Abbreviations

The following abbreviations are used in this manuscript:

Brazilian National Agency of Petroleum, Natural Gas and

ANP Biofuels

CO2 Carbon dioxide

Ho Molecular Hz

CH. Methane

VFAs Volatile fatty acids

MECs Microbial electrolysis cells
DORs Depleted oil reservoirs
CCUSs Carbon capture, utilization, and storage
DF Dark fermentation

assA alkyl succinate synthase
bssA benzyl succinate synthase
assR alkyl succinate regulator
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bssR benzyl succinate regulator

hydA hydrogenase synthase

fdh putative formate dehydrogenase synthase

TRL Technology readiness level

H2S Hydrogen sulfide

SRB Sulfate reducing bacteria

CAPEX Capital expenditures

OPEX Operational expenditures

PNH2 Brazil’s National H2 Program
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