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PROCESS FOR STIMULATING PRODUCTION OF HYDROGEN
FROM PETROLEUM IN SUBTERRANEAN FORMATIONS

This invention relates to a process of converting petroleum and
other fossil fuels to hydrogen in a subterranean formation at an
economically significant rate using microbial action and

recovering the hydrogen.

Background

‘Petroleum’ means crude oil including heavy and residual oils in
any reservoir, bitumen in tar sands, natural gas, gas condensate
and any hydrocarbon containing fluid producible through boreholes
or solid and fluid hydrocarbon containing materials recoverable

from mining of tar sands or bitumen containing reservoirs of any

type.

Hydrogen is an important fuel and chemical process substrate of
great economic importance. While it may or may not be the fluid
transportation fuel of the future, hydrogen is already a major
component of the world chemical industry with over 9.2 billion CuM
hydrogen shipped in the US in 2002 worth over $750 billion.
Hydrogen as a fuel does not produce significant greenhouse gas
emission and is thus envirommentally favoured over carbon based
fuels. Currently hydrogen is mainly used for chemicals processing
with over 50% derived from steam reforming of natural gas.
Hydrogen will be needed for processing of the heavy oils in the
early 21°% century as the very heavy tar sand bitumens require up
to 80% more hydrogen to process than light conventional oils.
Irrespective of its use as a transportation fuel, the hydrogen
economy is already growing at 12-17% per year. Generating hydrogen
from natural gas is wasteful and expensive while alternate sources
such as electrolysis, or from nuclear-chemical processes are

expensive or have environmental problems of their own. Direct



10

15

20

25

30

WO 2005/115648 PCT/GB2005/002109

generation of hydrogen within petroleum reservoirs would produce
an environmentally neutral fuel and chemical feedstock with
reduced carbon emission and provide a basis for a third generation

petroleum industry with truly green credentials.

When oil is present in porous and permeable subterranean rock
formations such as sandstone, carbonate, chert, shale or fractured
rocks of any type, it can generally be exploited by drilling into
the oil-bearing formation and allowing existing pressure gradients
to force the oil through the reservoir and up the borehole. This

process is known as primary recovery.

If and when the pressure gradients are insufficient to produce oil
at the desired rate, it is customary to carry out an improved
recovery method to recover additional oil. This process is known

as secondary recovery.

There are several secondary recovery techniques, including gas
injection and water injection. Choice of a specific secondary
recovery technique depends on the specifics of the petroleum
accumulation. Water injection or water flooding is the most common
secondary recovery technique. In water flooding, pressurized water
is injected into the oil-bearing formation and oil and gas is
produced from neighbouring petroleum production wells. First
petroleum, and subsequently petroleum and water are recovered from

the production well.

However, even after secondary recovery, a significant portion of
petroleum remains in the formation. With oil this is usually in
excess of 40% and in some cases over 75% of the original oil in
place. The fraction of unrecoverable petroleum is typically
highest for heavy oils, tar, and petroleum in complex reservoir

formations. Much of this remaining oil is trapped due to capillary
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or sorptive forces and represents an irreducible oil saturation.
Additional oil is trapped as bypassed oil within the rock
formation missed by primary and secondary recovery techniques.
This remaining, or residual oil, may be recovered by enhanced
recovery techniques. One enhanced oil recovery technigque uses
microorganisms (either indigenous or introduced) to dislodge the
trapped or adsorbed oil from the rock. The goal of this technique,
which is known as microbially enhanced oil recovery (MEOR), is to
increase oil recovery of the original subsurface petroleums. MEOR
processes typically use microorganisms to: (1) alter the
permeability of the subterranean formation by blocking porethroats
to divert water flow to regions still saturated with oil, (2)
produce biosurfactants which decrease surface and petroleum/water
interfacial tensions and mediate changes in wettability, (3)
produce polymers which facilitate increased mobility of petroleum,
(4) produce low molecular weight acids which cause rock
dissolution and increase permeability, and (6) generate gases
(predominantly CO,;) that increase formation pressure and reduce oil

viscosity when dissolved in the oil.

Numerous microorganisms have been proposed for achieving various
microbial objectives in subterranean formations. Most MEOR
techniques involve injection and establishment of an exogenous
microbial population into the oill-bearing formation. The
population is supplied with growth substrates and mineral
nutrients as additives to the waterflood used for secondary oil
recovery. The growth of exogenous microorganisms is often limited
by the conditions that prevail in the formation. Physical
constraints, such as the small and variable formation pore throat
sizes together with the high temperature, salinity and pressure of
fluids in the formation and the low concentration of oxygen in the
formation waters severely limit the types and number of

microorganisms that can be injected and thrive in the formation.
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Biological consfraints, such as competition from indigenous
reservoir microbes and the stress of changing environments (from
surface to subsurface) also acts to limit the viability of
exogenously supplied microorganisms. To overcome these problems,
indigenous microorganisms, commonly anaerobic organisms, have been

proposed for use in MEOR techniques.

Microorganisms are commonly present in petroleum reservoirs cooler
than about 80°C (Bernhard and Connan, 1992; Magot et al, 2000;
Orphan et al, 2000; Wilhelms et al, 2001). Biodegradation of
petroleum, both crude oil and natural gas, in the subsurface is a
common process (Connan, 1984; James, 1984; Horstad and Larter,
1997; Wenger et al, 2001; Head et al, 2003 and refs therein). With
appropriate environmental conditions and sufficient time,
indigenous bacteria and archaea can convert petroleum or other
fossil fuels such as coals to methane over long geological time
periods in the subsurface (Scott et al, 1994; Head et al, 2003;
Roling et al, 2003 and refs therein). Methanogenesis, an
exclusively anaerobic process, is commonly associated with
biodegraded petroleum reservoirs and isotopically lighter carbon
containing methane is frequently found admixed with thermogenic
methane (Scott et al., 1994; Larter et al., 1999; Sweeney and
Taylor, 1999; Pallasser, 2000; Masterson et al., 2001; Boreham et
al., 2001; Dessort et al, 2003) and methanogens represent common
indigenous members of petroleum reservoir microflora (Mueller and
Nielsen, 1996; Nilsen and Torsvik, 1996; Nazina et al., 1995 a,b;
Ng et al., 1989). The methanogens described are those that reduce
carbon dioxide to methane with few reports of acetoclastic
methanogens from petroleum reservoirs (Obraztéova, 1987).
Radiotracer experiments indicate that carbon dioxide reduction to
methane is more prevalent than acetoclastic methanogenesis
(Mueller and Nielsen, 1996; Rozanova et al., 1995) and high

pressures in petroleum reservoirs favour net volume reducing
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reactions such as methanogenesis from carbon dioxide reduction
(Head et al., 2003). The conversion process is slow under most
geological conditions and it has been shown that typically it
takes many millions of years to naturally biodegrade oil in a
reservoir (Larter et al, 2003). Recent developments in
microbiology have also demonstrated the existence of microbial
consortia which can directly convert hydrocarbons to methane under
conditions likely to be found in petroleum reservoirs (Zengler et
al, 1999; Anderson and Lovely, 2000). This degradation is usually
anaerobic in nature and methane is often the natural end product
of o0il degradation (Larter et al, 1999; Head et al, 2003) with a
significant proportion of the methane produced being associated
with the reduction of carbon dioxide using secondary sources of
hydrogen (R6ling et al 2003; Head et al, 2003). The hydrogen is
generated by bacteria as part of the overall biodegradation
process, this hydrogen represents an intermediate reactant in the
overall conversion of petroleum to methane. The inventors consider
hydrogen to be a normal and essential intermediate in natural oil

and gas biodegradation under anoxic conditions.

The first order kinetic rate constants of biodegradation of
hydrocarbons and non-hydrocarbons in petroleum reservoirs under
natural conditions has been shown to be around 10°¢ to 1077/year
approximately (Larter et al, 2003; Head et al, 2003) approximately
10,000 to 100,000 times slower than anaerobic hydrocarbon
degradation rates in shallow subsurface environments such as
landfills or shallow aquifers. The inventors consider that the
rate-limiting step for petroleum biodegradation involves the
initial attack by microorganisms on hydrocarbons and other
molecules and it is during this stage that along with other
intermediary metabolites, hydrogen production occurs via the
action of fermentative, syntrophic bacteria. To commercially

recover significant quantities of oil as hydrogen in realistic
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timescales of months to years using microbial technologies,
accelerated biodegradation of large fractions of an oil layer to
rates 10,000 times or more greater than natural rates of petroleum
biodegradation, and subsequent consumption of hydrogen by sulphate
reducing or methanogenic microorganisms and other hydrogen
oxidizers, must be prevented. Further, to maintain hydrogen
production hydrogen must be removed from the site of hydrogen
generation otherwise the reaction becomes thermodynamically
unfavourable. To produce commercial quantities of hydrogen by
microbial degradation of petroleum in reservoirs under anaerobic
conditions technologies for acceleration of hydrogen generation
rates are needed and the degree of enhancement required to achieve
commercial rates of production must be defined. Technologies are

also needed for removal of the hydrogen from the site of reaction.

Summary of the Invention

The present inventors have identified key steps for the
identification of reservoirs capable of stimulation to produce
hydrogen, of techniques for stimulation of hydrogen production,
for specific acts needed to prevent hydrogen destruction by common
reservoir microorganisms and techniques for removal of hydrogen
from the site of generation to maintain active hydrogen production

in petroleum reservoirs.

Accordingly, the present invention provides a process for
stimulating microbial hydrogen production in a petroleum-bearing
subterranean formation, comprising:

(a) analyzing one or more components of the formation to determine
characteristics of the formation environment;

(b) detecting the presence of a microbial consortium, comprising
at least one fermentative syntrophic microorganism, within the

formation;
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(c) assessing whether the formation microrganisms are currently
active;

(d) determining whether the microbial consortium comprises one or
more fermentative syntrophic microorganisms;

(e) characterization of one or more fermentative syntrophic
microorganism of the consortium, and comparing the one or more
characterized organisms with at least one known characterized
known microorganism having one or more known physiological and
ecological characteristics;

(£) characterizations of one or more hydrogen consuming
microorganism, such as (but not exclusively) methanogens and
sulphate reducers, of the consortium, and comparing the one or
more characterized microorganims with at least one known
characterized, known microorganism having one or more known
physiological and ecological characteristics;

(g) using information obtained from steps (a) through (e) for
determining an ecological environment that promotes in situ
microbial degradation of petroleum and promotes microbial
generation of hydrogen by at least one fermentative syntrophic
microorganism of the consortium;

(h) using information obtained from steps (a) and (f), if
methanogenic, sulphate reducing, or other hydrogen consuming
microorganisms are present, for determining an ecological
environment that inhibits in situ microbial degradation of
hydrogen by at least one hydrogen-oxidizing microorganism of the
consortium; .

(1) modifying the formation environment based on the
determinations of step (g) and (h), if methanogenic, sulphate
reducing or other hydrogen-oxidizing microorganisms are present,
to stimulate microbial conversion of petroleum to hydrogen; and
(j) removal of' the hydrogen generated from the sites of
generation, so as to maintain an energetically feasible microbial

conversion of petroleum to hydrogen.
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The removal of hydrogen may be accomplished by a variety of means,
including but not limited to using purge or sparge gases generated
or injected into the reservoir. For example, designing the
production system such that active gas generation of carbon
dioxide or methane occurs below the hydrogen generating zones to
flush the hydrogen away from the hydrogen generation zone to a
production well where the hydrogen is produced admixed with

methane and other gases produced from the reservoir.

It is preferred that the method includes as part of step (b) the
step of detecting the presence of anaerobic hydrocarbon-degrading

bacteria.

This method includes the steps of identifying whether oil layers
are capable of active degradation with indigenous organisms or
introduced organisms, whether fermentative syntrophic organisms
that produce hydrogen are present and modifying the formation
environment to increase their activity and whether methanogenic,
sulphate reducing or other hydrogen-oxidizing microorganisms, that
degrade hydrogen produced by the fermentative syntrophic
microorganisms, are present, and if they are present, modifying

the formation environment to reduce their activity.

The process of this invention stimulates and sustains the activity
of a mixture of different microorganisms in a petroleum-bearing,
subterranean formation to convert petroleums to hydrogen, which
can be produced. It also reduces the activity of methanogenic,
sulphate-reducing or other hydrogen-oxidizing organisms that may
be present, to avoid the degradation of the hydrogen produced.
While not wishing to be bound by theory, it is believed that a
mixture of microorganisms converts petroleums to methane and in

the process generates hydrogen as an intermediate by multiple acts
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as follows:

(1) Microbial consortia degrade various petroleum compounds (e.g.,
saturated or aromatic hydrocarbons, asphaltenic, and nitrogen-
sulphur—oxygen bearing organic compounds) by a single act or a
series of acts into various compounds, which may include amines,
alcohols, organic acids, and gases including hydrogen and carbon

dioxide.

(2) Methanogens convert various low molecular weight compounds,
which may include amines, alcohols, organic acids, hydrogen and

carbon dioxide into methane, CO,, and water.

The present inventors have identified two classes of organisms in
reservolrs which convert hydrogen into water and methane or
hydrogen sulphide. These are the methanogens and the sulphate
reducing bacteria. In addition to these, other hydrogen-oxidizing

organisms may be present

The microorganisms naturally present in a subterranean formation
will typically comprise mixed consortia of microorganisms, which
will often depend on each other. For example, in the degradation
of petroleum, syntrophic hydrogen-producing microorganisms obtain
energy from petroleum degradation if their metabolic waste
products (such as organic acids, acetate, and H;) are continuously
removed and kept at a relatively low concentration. Methanogenic
microorganisms perform part of this waste-removal function by
converting at least some of the waste products (for example,

acetate, CO;, and H;) to methane.

This description of one embodiment of the invention will focus on
converting petroleum to hydrogen in a conventional oil-bearing

formation. However, the process of this invention can be applied
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to any petroleum-bearing formation in which environmental
conditions can be modified to stimulate growth of at least one
petroleum-degrading microorganism that is capable of converting
the original petroleum or the degradation products to hydrogen.
The process of this invention can be used to stimulate microbial
activity in oil shale deposits, newly worked and abandoned coal
seams, tar sands and other fossil fuel deposits to transform the
organic compounds contained therein to hydrogen. Additionally the
technique can be used to dispose of waste organic matter such as
chemical wastes or sewage and in the process aid in the generation
of fuel gases including hydrogen and methane from pefroleum or
directly from waste organic matter in reservoirs. As used in this
description, the term "fossil fuels" is used in a broad sense to
include solid carbonaceous deposits such as kerogen, peat,
lignite, and coal; liquid carbonaceous deposits such as oil;
gaseous hydrocarbons; and highly viscous carbonaceous deposits

such as bitumen and tar.

This process of the invention can also be applied to reclamation
projects where petroleum—contaminated soils and aquifers can be
treated to enhance microbial conversion of petroleums or petroleum

or chemical products to recoverable hydrogen and other fuel gases.

In this description, indigenous microorganisms that transform
petroleums to hydrogen are identified and then stimulated, whilst
indigenous microorganisms that degrade hydrogen are identified and

then suppressed.

The term “microorganisms” is intended to include bacteria and
archaea organisms, their enzymes, and other products as well as
relevant eukarya. It will be understood that bacteria and archaea

are representative of microorganisms in general that can degrade
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petroleum and/or consume the resulting products under anoxic

conditions.

Brief Description of Figures

Figure 1 shows the processes involved in the transformation of oil
into hydrogen in a petroleum reservoir, along with competing
processes;

Figure 2 shows an ideal configuration for an oil and gas field to
produce hydrogen and recover both residual oil and producible oil
as hydrogen; and

Figure 3 shows a diagrammatic representation of an example of the

invention.

Analyzing the Fluid/rock Chemistry and Microbiology

In practicing the process of this invention, the first step is to
analyze one or more samples of fluids (waters, oils and gases) and
rocks in the petroleum-bearing formation in which microbial
activity is to be stimulated. While one sample is sufficient to

practice the invention, multiple samples may be obtained.

Collecting Samples

The samples can be obtained by sampling procedures that are known
to those skilled in the art. Normally, a fluid or gas sample is
retrieved from the formation through perforations in a well casing
or from an open-hole or production test. The fluids can be sampled
either downhole with a wireline formation fluid tester or fluid
sampler or at the surface wellhead from a subsurface test, such as
drill stem tests, production tests, or normal production. Both
formation water and petroleum (oil and gas) samples are useful for
evaluation of the formation environment. Rock samples can be
retrieved from drill cores, cuttings, produced sediments
(including bailed samples) and/or outcrop sites or rock data can

be secured by interpretation of well logs. Analyses from downhole
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chemical sensors may also be used.

Environmental Analysis

An analysis of the formation's environment provides crucial
information in determining suitable microbial growth stimulants or
in situ environmental conditions for microbial activity. This
analysis preferably includes determining the formation's
temperature and pressure, which can be obtained in any suitable
manner. While many reservoirs contain biodegraded oils, not all
reservoirs contain currently active microbial populations. A key
part of the process is the definition of reservoirs that contain
relevant active organisms that can be stimulated, to recover

economic levels of hydrogen through oil biodegradation.

To determine the environment in the reservoir, a geochemical
analysis can be made of one or more fluids of the formation, such
as formation water and petroleums, and/or one or more solids of
the formation, which analyses are familiar to those skilled in the
art. Preferably, the analysis is made of fluid and/or rock samples
obtained from the formation. The fluid analysis can include
measurement of the state values (for example, témperature and
pressure) as well as a geochemical analysis of the formation water
which can include assay for major anions and cations, pH,
oxidation potential (Eh), chloride, sulphate, phosphate, nitrate,
ammonium ion, sulphate, salinity, selenium, molybdenum, cobalt,

copper, nickel, and other trace elements.

The geochemical analysis will preferably also identify products
that are known to be produced by indigenous microbial activity.
For example, presence of methane, CO,, RNA, DNA, enzymes, and
specific lipids and carboxylic acids can be indicative of
microbial activity. Methane relatively depleted in the carbon 13

isotope is frequently found in oilfields where natural
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methanogenesis has occurred. In particular, anaerobic hydrocarbon
degradation metabolites, such as alkyl and aryl substituted
succinates or reduced naphthoic acids, are critical markers of
systems in which the anaerobic degradation of hydrocarbons is
taking place and a good indication of hydrogen production as an
intermediate in the degradation process. The identification of
such markers can be used as a first step in determining the
presence of active anaerobic petroleum degrading microbial

consortia.

A number of laboratory studies using aliphatic, aromatic, and
polycyclic aromatic hydrocarbons as substrates for a variety of
sulfate-reducing, denitrifying and methanogenic cultures have
identified alkyl and aryl succinates, formed by the addition of
fumarate either to a sub-terminal carbon of an alkane or to an
alkyl substituent of an aromatic hydrocarbon, as the initial
relatively stable metabolite in the degradation process (Widdel
and Rabus, 2001; Wilkes, et al., 2002). Succinates have also been
reported as metabolites from the biodegradation of both saturated
and aromatic hydrocarbons in anoxic zones of petroleum-
contaminated aquifers (Beller, et al., 2002). A recent study of
an anoxic zone in an aquifer contaminated with gasoline has also
identified 2-naphthoic acid and reduced 2-naphthoic acids as
evidence of anaerobic degradation (Annweiler, et al., 2002 ).
Aitken, et al. (2002) have shown that actively degrading oilfields
were found to contain 2-naphthoic acid and, more significantly,
amounts of reduced 2-naphthoic acids, such as 5,6,7,8-tetrahydro-
2-naphthoic acid which are exclusively indicators of anaerobic
hydrocarbon degradation under the conditions appropriate for
hydrogen generation. The presence of such compounds is indicative
of anaerobic degradation conditions appropriate for hydrogen

generation and subsequent methanogenesis.
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Other compounds which are indicative of active hydrogen generation
and methanogenesis under indigenous conditions are phospholipids
characteristic of syntrophic bacteria and specific archaeols
characteristic of hydrogenotrophic methanogenic archaea which the
inventors have identified in fossil fuel deposits undergoing
active biodegradation. Specific phospholipids and microbial DNA
characteristic of syntrophic bacteria or methanogenic archaea can
also be used to positively identify petroleum fields with active
methanogenic processes that are capable of control and

acceleration to commercial rates of hydrogen production.

An important feature of these analyses is that they should be
focussed on the oil-water transition zones in reservoirs.
Specific indicators of active petroleum degradation have been
shown to be preferentially concentrated in samples near
petroleum/water contacts and it is here that sampling and

characterisation should be targeted.

Actively degrading petroleum reservoirs can also be identified by
several geochemical proxies. Elevated carbon dioxide levels in
produced gases, isotopically distinct methane enriched in the
carbon 12 isotope, acidic metabolite markers as described above
and crucially by the detection and measurement of compositional
gradients in the oil columns. Gradients in oil columns such as
variations in the saturated hydrocarbon contents versus depth in
the oil layer have been detected in several oilfields by the
authors and'these have been used to assess the indigenous rates of
hydrocarbon metabolism by reservoir microorganisms. The gradients
are produced when organisms destroy hydrocarbons at the base of an
0il column and the compositional profile of the oil column changes
in response to this to produce a vertical and or lateral gradient

in composition in such parameters including but not limited to
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saturated hydrocarbon content, n-alkane distribution or content or
in the distribution of more resistant compounds such as isoprenoid
alkanes or hopanes We claim here that the detection of such
gradients can be used to identify fields where hydrogen generation
can be accelerated as organisms are active where gradients are
present. The rate of biological activity can be calculated from
the gradient and thus indicate the extent to which acceleration of
natural rates of degradation are required. This can be used to
assess the extent of additive treatments necessary for enhancement

of hydrogen generation to desired rates.

It is not only organic geochemical signatures that give
indications of active processing of the oil naturally by
microorganisms. High concentrations of metals such as Cobalt,
Nickel or iron in the oils in the vicinity of the oil water
contacts in the field’s column are commonly found in reservoirs

where active biodegradation has occurred and may be occurring.

Petroleum analyses will include quantitation of the major
hydrocarbon types such as saturated hydrocarbons, aromatic
hydrocarbons, resins and asphaltenes and detailed molecular
characterisation of the specific hydrocarbon fraction such as n-
alkanes, isoprenoid alkanes, alkylbenzenes, alkylnaphthalenes and
so on. Chemical analyses of oil and gas will aid in identifying
the abundances and compositions of the different carbon substrates
for the microorganisms. While in principal many of the components
of crude oils can be used for hydrogen production the most
reactive oils and the fields most suitable for hydrogen generation
will still contain abundant n-alkanes, isoprenoid alkanes and
other more reactive components such as light alkanes and aromatic
hydrocarbons. Analysis of petroleum extracted from produced fluids
or cuttings or core samples taken through the oil column will

allow chemical analyses to define the extent of any compositional
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gradients that exist in the o0il column. Determination of the
compositional gradients can be used to determine the current rates
of biodegradation of the o0il column and thus the extent to which
biodegradation rates and methanogenesis rates in particular need

to be accelerated.

The rock analysis may include mineralogical, chemical and facies
descriptions as well as measurements of formation properties such

as porosity, permeability, capillary pressure, and wettability.

Microbial Analysis

Collecting Indigenous Microorganisms

Correct sampling is a vital element of these analyses. Microbial
populations in deep subsurface environments are typically very low
and on the order of five to six orders of magnitude less abundant
than in near-surface sediments (ca. 10° to 10! cells per cubic
centimetre in the deep subsurface). Thus to avoid
misidentification of contaminant organisms as indigenous, it is
essential that stringent contamination control measures are
adopted. Treatment of all reagents and materials, except
amplification primers, with UV and enzymatic treatment with DNase
I are essential when nucleic acid based analyses are conducted.
Samples for nucleic acid analysis should also be frozen
immediately or fixed by addition of filtered 50% ethanol.
Subsamples should be taken from the centre of whole cores under
sterile conditions to avoid contamination from the exterior of the
core contaminated during drilling. Samples for cultivation based
studies should be stored either chilled or at close to- in situ
temperatures to reduce the growth of contaminating microorganisms
during storage and transport. Ideally samples should be of core
material to increase the likelihood of obtaining indigenous
organisms free from contaminants however formation water and/or

drill cutting'samples may be analyzed for the presence of active
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microorganisms if conditions are maintained to inhibit exogenous
contaminant organisms while promoting those adapted to in situ
conditions. Microorganisms in water samples are preferably
concentrated by filtration and/or centrifugation before the
analysis is performed. The amount of the indigenous microbe
population will typically be a small fraction of the sample’s
volume. In a typical oil-bearing formation, water may contain less"
than 0.025 mg of microorganisms per liter. Alternatively, the
indigenous microorganisms can be first cultured in the laboratory
using techniques familiar to those skilled in the art and then
concentrated and collected. Microorganism concentrations can be
amplified to facilitate detection using conventional microbial
detection techniques, which are familiar to those skilled in the
art. Incubation of samples in microcosms that replicate as much
as possible in situ conditions to identify factors that promote or
inhibit particular metabolic processes is also a key approach to
identifying candidate petroleum systems for successful microbial

stimulation.

Characterizing the Indigenous Microorganisms

Microorganism characterization as used in this description means
identifying the key characteristics of a microorganism or
consortium of microorganisms using one or more of the following
methods: biochemical methods, physiological methods,
biogeochemical process measurements, optical methods, or genetic
methods. The degree of similarity between these key
characteristics of sampled microorganism and known microorganisms
can be used to establish identity and infer the physiology,
metabolic functions, and ecological traits of the sampled
microorganisms by techniques well established in the field of
microbial ecology (for example see, Head, et al., 1998; Head,
1999; Gray and Head, 2001; Roling & Head, 2004; Stahl, 1997;
Triiper, and Schleifer,1992).
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Non-limiting examples of characterization methods that can be used
in the process of the invention include:

(a) Enrichment culture techniques to obtain microorganism
isolates from which key biochemical, morphological, physiological,
ecological, and genetic traits may be determined and compared

against the traits of known microorganisms.

(b) Determination of the phospholipid fatty acid composition
(PLFA) of the microorganisms and comparison with PLFA

distributions of known microorganisms.

(c) Determination of isoprenoid glyceryl ether distributions
(archaeols) characteristic of methanogenic or other archaea and
comparison with isoprenoid glyceryl ether distributions of known

microorganisms.

(d) Genetic characterization methods, of which two non-limiting

examples (among many) are listed below:

1. Sequences of genetic fragments from sampled microorganisms
including but not restricted to 16S rRNA genes (bacterial,
archaeal) genes encoding the alpha subunit of methyl coenzyme A
reductase (mcrA)from methanogenic and methane oxidizing archaea
and genes encoding the alpha-subunit of benzylsuccinate synthase
(bssA) and homologues, involved in the initial activation of
hydrocarbons by anaerobic hydrocarbon degrading bacteria. These
are compared against nucleic acid sequences from known
microorganisms (for example, -using the Ribosomal Database Project,
Michigan State University, East Lansing or the Genbank database at
the National Center for Biotechnology Information located in the
National Library of Medicine (Building 38A Room 8N805), Bethesda,
Md. 20894, U.S.A.) to establish the phylogenetic identity with
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nearest known relatives using established techniques (Réling &

Head, 2004).

In particular quantitative analysis of these target genes (using
real-time PCR)characteristic of particular organisms or processes
that must be controlled for maximizing recovery of hydrogen is of
use, including but not exclusively dissimilatory sulfite reductase
(dsrAB), nitrite reductases (e.g. nirS and nirK) and hydrogenases,
and for quantification of potential primary hydrocarbon-degrading

fermentative syntrophs.

2. Oligonucleotides designed to hybridize to the 16S rRNA genes of
specific microorganisms and target genes indicative of key
processes (hydrocarbon activation, methane generation, hydrogen
oxidation - see specific examples detailed above) should be used
in polymerase chain reaction-based methods. Although potentially
applicable the use of such oligonucleotide probes labeled with
radioactive phosphorus, biotin, fluorescent dyes, enzymes and
other suitable tags are likely to lack the sensitivity required
for analysis of subsurface samples unless linked to amplification
techniques such as the polymerase chain reaction or culture-based

enrichment or analysis of microcosms.

The following paragraphs describe an application of DNA probes to
identify the presence and identity of methanogens and
methanotrophic archaea which must be inhibited respectively to

achieve maximal hydrogen recovery.

(1) Determining the presence and identity of methanogens, sulphate
reducers and other hydrogen oxidizing organisms.

The conversion of petroleum to organic acids and hydrogen is a key
step in the syntrophic metabolism of petroleum. Under different

conditions different hydrogen-oxidizers will be associated with
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the syntrophic petroleum degrading organisms. These must be
distinguished in order to design the most appropriate
interventions to maximise hydrogen production. 163 rRNA genes and
genes encoding the alpha subunit of methyl coenzyme M reductase
can in principle be used to detect methanogenic archaea. Methyl
coenzyme M reductase is found in methanogenic archaea. Homologues
of methyl coenzyme M reductase are also found in anaerobic methane
oxidizing archaea (Kriuger et al., 2003; Hallam et al., 2003) and
thus oligonucleotide primers targeting regions which are conserved
in methanogen mcrA genes and distinct in methane-oxidizer mcrA
genes (Kriiger et al., 2003; Hallam et al., 2003) must be designed
to distinguish the two types of organism. Alternatively broad
specificity mcrA primers must be used (e.g. Lueders and Friedrich,
2003) followed by cloning and sequencing of the mcrA genes sampled
in order to determine their provenance. The same principles can
be used for different gene targets characteristic of different

groups of hydrogen oxidizing microorganisms as described above.

Determining an ecological environment to stimulate Petroleum
Degradation and Hydrogen generation and to retard Hydrogen
oxidation

From knowledge of the indigenous microorganisms and their
nutritional requirements, the chemical composition of the
formation’s oil and water and matrix rock, and the physical
characteristics of the formation (pressure, temperature, porosity,
saturation, etc.), the overall ecological environment needed to
promote and retard the activity of the microbial consortium can be
determined. This information is then used to modify the
formation's environmental parameters to promote microbial
conversion of petroleums to hydrogen and to retard microbial

degradation of hydrogen.

Altering the activity of microorganisms in the subsurface dépends
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on at least one of the following factors:

1) Adding and/or subtracting and/or maintaining key components
required for microbial growth and/or activity as determined by the
laboratory and/or in situ pilot studies;

2) Controlling and/or maintaining the subsurface environment (for
example, chemistry, temperature, salinity, and pressure); and

3) Specifically inactivating hydrogen consuming organisms either

chemically or physically.

Microbial Ecology

In order to stimulate and/or sustain commercial rates of petroleum
degradation and hydrogen generation and to reduce the rate of
hydrogen degradation, basic components of the subsurface
environment and microbiota are determined. The basic system active
in petroleum reservoirs is shown in Fig 1. To accelerate hydro@en
production it is necessary to accelerate the fermentative
syntrophs while reducing the activity of methanogens, sulphate
reducers and other hydrogen-oxidizing organisms coupled to other

means of removing the hydrogen generated to a production system.

To convert petroleums to hydrogen, the formation’s indigenous
microbial consortium may comprise petroleum-degrading
microorganisms having similar genetic characteristics to one or
more of the microorganisms listed below. Note that if hydrocarbon
degrading iron-reducing, nitrate-reducing (including, but not
exclusively, denitrifiers) sulphate-reducing bacteria and/or
archaea are present specific steps must be taken to inhibit their
activity otherwise hydrocarbons will be degraded to carbon dioxide
and water (or methane) without the accumulation of hydrogen as an
intermediate. Any aerobic hydrocarbon degrading organisms
identified are unlikely to be indigenous to the formation. These
too however would be detrimental to the process of petroleum

hydrocarbon conversion to hydrogen. Such organisms will most
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likely be inactive unless substantial quantities of oxygen are
provided. Potential fermentative, syntrophic organisms that will
convert complex organic carbon in petroleum into hydrogen and
other fermentation products include organisms related to the
following: Syntrophobacter spp., Syntrophus spp., Syntrophomonas
sSpp., Thermoanaerobacter and relatives, Thermotoga,
Thermoanaerobacterium, Fervidobacterium, Thermosipho,
Haloanaerobium, Acetoanaerobium, Anaerobaculum, Geotoga,
Petrotoga, Thermococcus, Pyrococcus, Clostridium and relatives.
Organisms‘that may result in lower hydrogen yields will also be
present in the formation and must be identified in order to design
appropriate inhibition strategies. These will primarily be
anaerobic hydrogen-oxidizing bacteria and archaea including but

not exclusively methanogens and sulphate-reducers.

Understanding the subsurface ecology allows one skilled in the art
to deduce likely additives that can stimulate subsurface activity.
Additives could include (in an appropriate form for distribution
throughout the formation) but are not limited to:

* major nutrients containing nitrogen and phosphorus that do
not accelerate competing processes such as nitrate or
sulphate reduction, non-limiting examples may include Na,HPO,,
K>HPO4, NH,Cl added via water injection or ammonia gas (NH;)
or volatile phosphorus (PH;,CH3—PH;) compounds added which can
be quickly dispersed through the gas caps facilitating
nutrient supply very quickly over large areas of the fields.
Phosphates may precipitate chemically in formations and
therefore less reactive forms of phosphorus such as
polyphosphate and phosphorus pentoxide may be more
appropriate additives; NaNOjz, KNOs;, NH,NO;, would accelerate
syntrophiv hydrogen generation. However addition of nitrate
would stimulate nitrate reducing bacteria which would consume

hydrogen. Ammoniumion can support subsurface microbial
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activity and does not facilitate adverse processes such as
nitrate reduction. It is therefore vital that the correct
form of nitrogen and phosphorus as determined experimentally
are added in order that processes that would inhibit hydrogen
production are not fortuitously stimulated.

vitamins (non-limiting examples may include folic acid,
ascorbic acid, and riboflavin);

trace elements (non-limiting examples may include B, %Zn, Cu,
Co, Mg, Mn, Fe, Mo, W, Ni, and Se);

buffers for environmental controls; and

addition of artificial electron acceptors (non-limiting
examples may include S04%, NO3*, Fe'’, humic acid, mineral
oxides, quinone compounds, CO,, O,, and combinations thereof)
may be added to stimulate microbial activity. However,
although these amendments will stimulate microbial activity
all will be detrimental to hydrogen generation from
petroleum. All of these electron acceptors will stimulate
organisms that will efficiently consume hydrogen and thus
alter the pathway of petroleum degradation such that hydrogen

is not an accumulating intermediate.

. waters of different salinities and pH values or
containing complexing agents such as organic acids such as
oxalate, EDTA or other multi-dentate ligand organic compounds
including but not limited to hydroxylated acids to facilitate
mineral dissolution and release of natural nutrients included
but not limited to such as ammonium or potassium or phosphate
ion from dissolution of feldspars, clays or other silicates

and carbonates.
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For example, if potassium is known to stimulate growth of the
closest-matching syntrophic fermentative microorganism, and if
potassium is present in the formation in only limited
concentrations in a labile accessible form , then addition of
potassium in an accessible soluble form to the formation should

also stimulate the uncharacterized fermentative organisms.

Suitable stimulants can be tested and optimized using indigenous
microorganisms in laboratory microcosms, cultures or in situ pilot
sites to determine their effectiveness at promoting rapid
petroleum-degradation. However, any stimulants chosen are also
likely to increase the rate of activity of any methanogenic,
sulphate-reducing or other hydrogen-oxidizing microorganisms.
Steps must therefore be taken to inactivate or inhibit these

organisms.

Indigenous microbial consortia are grown in nutrients using a
range of nutrient media, with varying pH, salinity, trace metals,
and electron acceptors to find those conditions which support high
rates of syntrophic petroleum degradation. Syntrophic petroleum
degradation by fermentative bacteria must be linked to hydrogen
removal by terminal hydrogen oxidizing organisms. These microcosm
and culture studies should be used to identify the major terminal
oxidation process and steps taken to inhibit this appropriately
(see below) to permit accumulation of hydrogen. These culture
studies will typically involve several cycles of
stimulant/inhibitor addition and stimulant/inhibitor combinations
as well as modified environmental conditions (e.g. salinity,
temperature, pH see below). Because the indigenous microorganisms
found in a given formation and the chemistry of the formation
fluids and formation rocks will typically be unique to that
formation, the conditions for promoting growth of indigenous

microorganisms may vary from one petroleum accumulation to another
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and may vary from one location in the petroleum accumulation to
another. Conditions favourable for microorganism growth in part of
the petroleum accumulation may not be optimum for another part of

the petroleum accumulation.

The inventors have concluded that hydrocarbon degradation in deep
subsurface petroleum reservoir environments is often phosphorus,
potassium or nitrogen limited. In pivotal studies, Bennett and
co-workers (Summarised in Bennett et al, 2001l; Rogers and Bennett,
2004 and references therein) have shown a close relationship
between the geomicrobiology of petroleum-contaminated aquifers,
mineral alteration and groundwater chemistry. Biological activity
perturbs general groundwater chemistry and therefore mineral-water
equilibria, and at the microscale, attached organisms locally
perturb mineral-water equilibria, releasing limiting nutrients.

In an oil-contaminated aquifer it was shown that feldspars weather
exclusively near attached microorganisms in the anoxic region of
the contaminant plume and that indigenous bacteria colonized
feldspars that contain potassium or trace phosphorus. Most
phosphorus in many petroleum reservoir and reservoir encasing
sediments is in feldspars and it has been suggested that natural
feldspar dissolution in some o0il reservoirs (e.g. the Gullfaks
field in the North Sea) is related to biodegradation of the
associated oils (Ehrenberg and Jacobsen, 2001). Phosphorus
contents of oils are low (approximately lppm or much less) whereas
phosphorus contents of sandstone reservoirs or reservoir encasing
shales are much higher (up to 1000ppm or more of oxide
equivalents). The phosphorus is thus generally present in mineral
phases of low water solubility. Indeed, the inventors believe that
supply of limiting nutrients from mineral dissolution in
reservoirs or reservoir encasing shales in many instances may be
the rate-limiting step in subsurface petroleum biodegradation.

Addition of phosphorus as soluble forms of phosphates in injected
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waters or alteration of reservoir water chemistry by change of pH,
salinity or addition of complexing agents including organic acids
or multi dentate organic chelating agents can be used to release
available phosphorus or potassium to accelerate petroleum
biodegradation. Ammonium phosphate or potassium ammonium phosphate
would add both essential nitrogén and phosphate and also

potassium.

The present inventors have determined that concentration of
ammonium ion (NH,") in the formation waters is also critical to the
rate of biodegradation. Naturally in petroleum reservoirs mean
concentrations of ammonium ion range from a few ppm up to a up
around 500ppm but are typically around a few tens of ppm (Manning
and Hutcheon, 2004). In contrast in near surface anoxic
environments (e.g. landfills) concentrations of ammonium ion range
up to over 1000ppm. Nitrogen supplied in the form of ammonium ion
will accelerate biodegradation whereas if supplied as nitrate,

nitrate reduction will eliminate or reduce hydrogen production.

In sandstone reservoirs, reser&oirs in which petroleum is trapped
in the pore systems of sandstones, the present inventors have
determined that the concentration of nutrients such as phosphorous
is rate limiting on overall oil biodegradation rate and thus
hydrogen production. The concentration of phosphorous may be
increased by the addition of exogenous phosphorous, or by release
of phosphorous from the reservoir matrix by modifying the
characteristics of the reservoir waters such that the phosphorus
containing minerals in the reservoir such as silicates or
carbonates dissolve releasing their phosphorus. For example
injection of fresh, low salinity waters or acidic waters will aid
in feldspar dissolution releasing nutrients. Addition of organic
acids such as oxalate, EDTA, citrate or other multi-ligand

chelating agents including hydroxylated acids and other multi
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functional chelating agents would facilitate mineral dissolution
and release of natural phosphorus and other essential nutrients
from reservoir minerals. These treatments may stimulate all
microorganims present, not only those required for conversion of
petroleum to hydrogen. To prevent the activity of organisms that
will consume any hydrogen generated certain amendements or
physical treatments may be required to suppress their activity.
These may include (but are not exclusive to) sodium molybdate (or
other hexavalent cation) to inhibit sulphate-reducing bacteria and
sodium chlorate to inhibit nitrate-reducing bacteria. Methanogens
can be inhibited with bromoethane sulfonic acid, N-substituted

derivatives of paraaminobenzoic acid and several other compounds.

In addition a number of fermentative syntrophic microorganisms
form spores whereas most of the terminal hydrogen-oxidizing
organisms do not and are hence more temperature sensitive.
Selection of low temperature reservoirs that have previously been
exposed to higher temperatures (palaeopasteurized; Wilhelms et
al., 2001) or artificially pasteurizing low temperature reservoirs
by steam injection for example and then stimulating syntroph
activity may be used to promote fermentation reactions while
inactivating hydrogen-oxidizing components of the microbial
consortium present. Sterile reservoirs may be inoculated with
exogenous fermentative syntrophic organisms that generate

hydrogen.

Formation Conditions

Environmental conditions in petroleum bearing, subterranean
formations may not be conducive to thriving populations of the
appropriate indigenous microorganisms. The appropriate
microorganisms may need to be stimulated to be more active. This
stimulation is carried out by modifying one or more parameters of

the formation environment. For example, high-salinity environments
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may greatly slow the rates of petroleum degradation. Introduction
of low salinity waters may stimulate the degradation and hydrogen

formation.

Equally, the environment may also be altered to slow the rate of
hydrogen degradation. Ideally, the changes required to increase
the rates of petroleum degradation or hydrogen production will

simultaneously decrease the rate of hydrogen degradation.

The present invention can be practiced in any petroleum-bearing
formation that is suitable for microbial life or that can be
modified to be suitable for microbial life. In general, the
formation fluids will have a temperature less than about 135°C, a
pressure less than about 10,000 psig (6895 kPa), a subsurface pH
between about 3 and 10, and a salt concentration less than about
300,000 parts per million. Reservoirs cooler than 80 degrees
centigrade or which can be cooled to below 80 centigrade are the
optimal reservoirs for treatment. The inventors have shown that
indigenous organisms are not likely to be active in reservoirs
hotter than 80°C or where geochemical and geological data indicate
the reservoir has ever been heated to more than 80°C (Wilhelms et
al, 2001). In these circumstances injection of exogenous hydrogen

generating consortia will be necessary.

Formation environmental parameters of principal concern for
providing optimal petroleum degradatiop and hydrogen generation
conditions include, but are not limited to, temperature, salinity,
pH, alkalinity, organic acid concentration, nutrients, vitamins,
trace elements, availability of terminal electron acceptors (high
levels will suppress hydrogen generation), and toxic substances
(to suppress the activity of competing microorganisms). One or
more of these environmental parameters may require adjustment or

maintenance within specific ranges to initiate or sustain
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commercial rates of hydrogen generation.

The environmental conditions for promoting growth of a microbial
consortium in a formation will necessarily involve many factors
including, without limiting the scope of this invention, the

following, either alone or in combination:

¢ changes in the formation temperature, pH, Eh, mineralogy, and
salinity and the concentrations of CO,, 0,, and H, in the
formation; and

e creation, movement and/or maintenance of boundaries,
sometimes referred to as “environmental interfaces’”, between
different petroleum-degradation microbial populations, and/or

microbial hydrogen generating zones.

Modifying the Formation Environment (Adding Stimulants, inhibitors
and/or Changing Environmental Factors)

The additions of stimulant(s), inhibitor(s) or change(s) of
environmental factor(s), either alone or in combination, are
referred to in this description as microbial growth “modifiers”.
The particular modifier, or combination of modifiers, suitable for
a particular application will depend on the microbial consortium
to be modified and the formation environmental conditions. Since
certain indigenous microorganisms are typically in a nutrient
deprived state, one stimulation strategy will typically involve
addition of nutrients. However, since stimulating hydrogen
production is also likely to stimulate hydrogen degradation, the
modifier package will often contain an inhibitor of hydrogen-
oxidizing organisms (see comments above). Once a modifier package
is determined, the formation environment can be altered on a
continuing basis or discontinued after a suitable perioed of time

to permit change in the populations of the microorganisms.
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Injection Process

For growth or activity modifiers that involve injecting a material
into the formation, the material can be added to a fluid flood
such as an aqueous solution or gas (such as CO;) or solvent or
polymer that is injected into the formation by any procedure found
most convenient and the invention is not limited to any particular
process of introducing the stimulants. The implementation of the
present invention will often involve adding the stimulant package
to a waterflood program. To simplify the following discussion, the

above-identified injection carrier will be referred to as water.

Formation stimulants can be added to water and injected into the
formation through one or more injection wells and pressured to
flow toward one or more production wells. Underground oil
formations are frequently flooded with water in order to supply
additional pressure to assist oil recovery. The microbial
stimulant is preferably injected into a well as part of the

injection program of the waterflood.

The amount of water introduced into the formation and the amounts
of microbial modifiers contained in the water will depend upon the
results desired. Those skilled in the art can determine the amount
needed to provide hydrogen production based on the information in

this description.

Multiple modifiers can be injected into the formation together or
in separate injection steps. For example, a slug or bank of water
carrying one modifier may be followed by a second bank or slug of
water carrying a second modifier package. Another example may

include injecting one water bank followed by a gas injection step,
sometimes referred to as a WAG process. Injection of gas below the

degrading o0il column may facilitate circulation of waters and
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nutrients to the microorganisms and may also allow for injection
of soluble or volatile microbially accessible nutrients which

would disperse rapidly in the reservoir environment.

Layered reservoir bioreactors are the most feasible to implement
for hydrogen production and facilitated hydrogen removal. In such
a reservoir bioreactor, the biodegrading oil column and/ or
residual oil zones could be vertically segmented and the

environments could be controlled in the following manner:

(a) A lower zone of degradation of o0il or injected reactive
organic substrates is environmentally modified to produce abundant

free gas-usually methane but possibly methane and carbon dioxide.

(b) An upper zone of degradation of oil or injected reactive
organic substrates is environmentally modified to produce abundant

free hydrogen.

(c) Free gas or gas charged water from the lower layer buoyantly
moves up through the layered reservoir bioreactor and any free
hydrogen or hydrogen in aqueous or oil solution partitions into

the moving fluids and is carried to the gas cap for production.

Gas sparging or flushing of degrading oil columns by injecting gas
from a well or by producing gas in a biodegrading reservoir layer
below the zone to be flushed could also be employed. A gas phase
(methane, carbon dioxide, air) could be injected below the
degrading oil column. With methane and carbon dioxide simple
partitioning would occur and remove hydrogen as a free gas phase.
With air, aerobic degradation of organic matter at the base of the
column would facilitate pressure production and large volumes of
gas (carbon dioxide) to carry up into an anaerobic zone where

hydrogen production was occurring.
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Gas sparging or flushing of degrading oil or residual oil zones
would also facilitate introduction of nutrients either as
entrained water soluble nutrients or via volatile gas transported
nutrients. This would be a very fast way of getting nitrogen,

phosphorous and other nutrients to the hydrogen production zones.

Gas sparged reservoirs or reservoirs operating without gas
sparging ideally would have injector wells below the initial oil
water contact (owc) to inject nutrients, inhibitors and metabolic

modifiers.

Gas production would be from conventional production wells
producing either free gases or gases dissolved in fluids-water or
0il. Hydrogen could be separated from the produced gases by a
variety of separation schemes including membranes or other
physical separation systems. Environmentally unfriendly gases such

as carbon dioxide could be reinjected to the formations below.

Production of hydrogen would be aided by production plans designed
using reservoir simulators than can simulate gas generation and

gas and oil migration within reservoirs.

Creation/Maintenance of Environmental Interfaces

Microorganisms in subterranean formations tend to be most active
at environmental boundaries such as between fermentation zones and
methanogenesis zones. Therefore, microorganism activity in a
formation may be increased by increasing the number of such
boundaries, which serve as environmental interfaces. US 6,543,535
claims one method for increasing the number of environmental
interfaces is to modify the water flood injection rates. A second
method is to alternate or vary the injection modifiers into the

formation to in effect create moving environmental fronts. A third
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method involves forming small-scale environmental interfaces by
forming petroleum-water emulsions in the formation or by changing
the clay chemistry. The present inventors consider that a very
practical fourth method relies on knowledge of field geometry and
knowledge of the relationships of oil and water layers naturally
distributed. The optimal fields for processing for hydrogen
production are fields where already existing natural interfaces
between water and oil are large. These include any fields with
residual oil columns produced either naturally over geological

time or via primary or enhanced recovery procedures.

The most optimal fields for recovery of oil as hydrogen would be
those fields that have large residual oil columns below the

producible oil legs.

Though not limited by field configuration, the most optimal fields
for recovery of oil as hydrogen would be those fields that have
large residual oil columns below the producible o0il legs. A common
process during field filling is movement of oil legs through field
tilting, leakage of oil through seals and during the
biodegradation process oil is naturally consumed and oil legs move
upwards leaving a residual oil zone with large water/oil
interfacial areas. The inventors have determined that the best
fields for recovery of oil as hydrogen such as the Troll field or
Frigg field in the N.Sea often have have thick residual oil zones
ideal for processing to hydrogen through microbial activity
(Horstad and Larter, 1997; Larter et al, 1999).(Fig 2) These
fields are ideally produced without sulphate injection in seawater
using other schemes such as gas cap expansion or natural

depletion.

Figure 2 shows an ideal configuration for a field to produce

hydrogen and recover both residual oil and producible oil as
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hydrogen. The figure shows the oil yield as a function of depth in
the reservoir for a large oil and gas field in the North Sea
(Troll field-after Horstad and Larter, 1997). Gas production from
the gas cap would recover gas which is partly derived from
microbial conversion of oil in the oil leg and residual oil zone
to hydrogen. As oil is produced from the oil leg water moves up
into the residual oil zone and oil leg facilitating petroleum
biodegradation and oil recovery as hydrogen by increase of oil/
water surface area and addition of nutrients, metabolic modifiers
or organisms under the o0il leg which can migrate up through the
reacting petroleum column to accelerate hydrogen generation

processes and retard hydrogen destruction processes.

Such high interfacial area zones can also be produce through
normal recovery processes as oil legs are produced to leave a
residual oil zone. Such dispersed oil zones are ideal for

promotion of microbial activity as the water/oil interface is
large facilitating easy transmission of nutrients, metabolic

modifiers or organisms to the reaction sites in the oil leg.

Changing Environmental Conditions

Changing the environmental conditions for promoting growth of the
microbial consortium in a formation can be accomplished by
injection of material into the formation. Environmental factors
that can be changed include formation temperature, pH, Eh, and
salinity and the concentrations of CO,, 0,, and H, as well as other
electron donors and acceptors. As discussed above, the most likely
process of environmental change will be by injection of fluids
(e.g. water, solvent, and polymer) or gases as part of the

secondary or tertiary recovery process.

The ideal location of injection wells is below the current oil

water contacts or residual oil zones that migrate upwards during
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normal oil production or consumption of oil during biodegradation
that allows the oil zone to move upwards facilitating movement of
water through any residual oil remaining. This allows for
modifying agents to be dispersed upwards into the remaining oils

facilitating increased degradation rates and hydrogen production.

As an example of changing environmental conditions, oil formation
waters often contain low concentrations of indigenous phosphate
ion which the inventors consider to be a rate controlling nutrient
in most biodegrading reservoirs. Injecting water of very low
salinity or with a pH different from the formation pH or waters
containing organic acids such as oxalate or citrate or other
complexing agents including multidentate chelating agents would
aid in the dissolution and release from minerals such as feldspars
or clays key nutrients such as phosphorous, nitrogen, potassium,
cobalt or nickel. Alternatively phosphorus could be added as
phosphate, polyphosphate or phosphorus pentoxide, nitrogen as
ammonium ion or urea and potassium, cobalt or nickel as water

soluble salts.

Monitoring the Process

During the injection process for stimulating microbial
transformation of petroleums to hydrogen and inhibiting microbial
degradation of hydrogen, both the formation conditions and the
microbial dynamics (ecology) are preferably monitored. This
monitoring can be performed in any suitable manner. Normally fluid
(for example, oil, gas, and water) samples will be obtained from
the formation through one or more wells in communication with the
formation. The samples are analyzed to determine the concentration
and type of microorganisms in the fluid as well as the
concentration of modifiers and microbial products in the fluid.
Other geochemical analyses may also be performed to assess the

effectiveness of the stimulants on the formation environment and
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to confirm the chemical compatibility of the desired injectant and
the subsurface fluids and solids. If based on this monitoring the
modifier effect in the formation is outside the desired range, the
concentration of modifier in the waterflood may be adjusted
accordingly to bring the modifier effect back within acceptable

range to optimise hydrogen production.

Production

Recovery of hydrogen produced by the microbial activity can be by
any suitable gas production technology. The described process is
not in any way restricted to secondary or tertiary oil recovery.
The process can be used simultaneously with injection of water in
secondary oil recovery, at the end of secondary recovery, or at
the start of production of an oil field if and when injection of
water 1s found feasible. After introduction of the stimulant
package into the formation, the formation may be shut in for a
sufficient period of time to allow the microorganisms to produce
hydrogen or production may be maintained throughout. The hydrogen
may accumulate in a gas zone or gas cap, a free-gas phase
overlying a petroleum zone or as an enhanced hydrogen
concentration within the original petroleum phase. This gas may be
withdrawn through a conventional gas production well that
communicates with the gas zone or gas cap. In other formations,
the gas may be produced as a product entrained in produced oil and
water. In still other formations, the gas may be produced through
different zones of wells previously used in production of liquid
petroleums from the formation. To enhance microbial gas exsolution
(release) from unrecoverable oil and subsequent gas production, it
may be beneficial to drop the overall formation pressure by water
well production. This invention is not limited by the technology

used to recover the hydrogen.
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Biodegrading reservoirs allow novel forms of gas recovery. Layered

reservolir bioreactors are discussed above.

Acceleration of hydrogen generation, provision of nutrients,
injection of organic matter degrading microorganisms and
production of gases(methane and carbon dioxide) can be facilitated
by injection of reactive organic matter into or below biodegrading
petroleum columns. Organic matter may be from sewage, waste
waters, biomass and industrial chemical wastes and farm wastes
among others. Such materials could be injected as part of a normal
reservoir pressure maintenance program into actively degrading
petroleum columns or into sterile columns needing inoculation with

organic matter degrading organisms.

While microorganisms can be injected into a reservoir formation
microorganisms naturally present in the formation are preferred
because it is known that they are capable of surviving and
thriving in the formation environment. Indeed the inventors
consider that the fields most favourable for petroleum recovery as
hydrogen are fields that are cﬁrrently actively biodegrading.
However, this invention is not limited to use of indigenous
microorganisms. Exogenous microorganisms suitable for growing in
the subterranean formation may be introduced into the formation by
known injection technidues before, during, or after practicing the

process of this invention.

The following field example illustrates a specific actual

embodiment of the invention.

For this hypothetical example, reference is made to Figure 3,
which illustrates a horizontal production or injection well 5 in a

field with a mobile producible o0il leg 2 and a residual oil zone 3
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below it with a water leg 4 below that. The oil leg 2 is overlain
by a producible gas cap 1. The reservoir shows indications of
active indigenous microorganisms. A horizontal injector well 6
underlies the petroleum accumulation in the water leg 4. 0il
production initially occurs from the upper production well 5
allowing water to migrate up through the residual oil zone 3 below
the 0il column 2. To facilitate hydrogen production by
acceleration of the indigenous microorganisms in the upper part of
the residual oil zone and the oil leg, water containing one‘or
more stimulants or adverse process suppressants may be injected
through the upper well 5 or injected through the lower injection

well 6.

As the subsurface microbes increase the conversion of oil in the
pores to hydrogen, the hydrogen concentration (not shown)
increases in the fluid phases (water and oil). Eventually the
hydrogen concentration may exceed the saturation level in the
fluids and form bubbles of hydrogen. The generated hydrogen can
migrate to the top of the formation to add to the existing gas cap
1 which is under production 7 or flow as dissolved gas in oil
produced at an oil production well 5. The hydrogen can for example
be dissolved in o0il in the mobile o0il zone or dissolved in
produced water. The hydrogen can also flow as a separate gas phase
along with produced oil and water. The hydrogen is recovered at a
production well along with produced oil and water. As oil and gas
is produced the waters containing any injected stimulants or
suppressants rises through the residual oil zone facilitating
further acqelerated conversion of 0il to hydrogen. Injection of
fluids or fluid organic wastes such as sewage into the injector
well below the petroleum column would introduce microorganisms,
nutrients and reactive organic matter which would produce abundant
gas (methane, carbon dioxide and possibly some hydrogen), increase

in formation pressure improving oil recovery and produce gas
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bubbles which would aid in movement of waters up through the oil
zones transporting nutrients and help transport hydrogen through
to the gas cap or oil leg where it can be produced in conventional
production wells. Gas dissolving in the oil would decrease its
viscosity and this together with any increase in pressure would
facilitate any continuing oil recovery process in addition to any

hydrogen production.

In the example shown export of hydrogen from the zone of enhanced
syntrophic bacterial activity in the upper residual oil zone and
0il leg is facilitated by methane and carbon dioxide flushing from
the degradation zone in the lower residual oil zone below the
hydrogen generating zones or from gases injected into the lower
injector well 6. This hydrogen removal facilitates increased

extent and rate of hydrogen production.
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CLAIMS

1. A process for stimulating microbial hydrogen production in a
petroleum-bearing subterranean formation, comprising:

(a) analyzing one or more components of the formation to determine
characteristics of the formation environment;

(b) detecting the presence of a microbial consortium, comprising
at least one fermentative syntrophic microorganism, within the
formation;

(c) assessing whether the formation microrganisms are currently
active;

(d) determining whether the microbial consortium comprises one or
more fermentative syntrophic microorganisms;

(e) characterization of one or more fermentative syntrophic
microorganism of the consortium, and comparing the one or more
characterized organisms with at least one known characterized
known microorganism having one or more known physiological and
ecological characteristics;

(f) characterizations of one or more hydrogen consuming
microorganism, such as (but not exclusively) methanogens and
sulphate reducers, of the consortium, and comparing the one or
more characterized microorganims with at least one known
characterized, known microorganism having one or more known
physiological and ecological characteristics;

(g) using information obtained from steps (a) through (e) for
determining an ecological environment that promotes in situ
microbial degradation of petroleum and promotes microbial
generation of hydrogen by at least one fermentative syntrophic
microorganism of the consortium;

(h) using information obtained from steps (a) and (f), if
methanogenic, sulphate reducing, or other hydrogen consuming
microorganisms are present, for determining an ecological

environment that inhibits in situ microbial degradation of
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hydrogen by at least one hydrogen-oxidizing microorganism of the
consortium;

(i) modifying the formation environment based on the
determinations of step (g) and (h), if methanogenic sulphate
reducing or other hydrogen-oxidizing microorganisms are present,
to stimulate microbial conversion of petroleum to hydrogen; and
() removal of the hydrogen generated from the sites of
generation, so as to maintain an energetically feasible microbial

conversion of petroleum to hydrogen.

2. A method according to claim 1, wherein the removal of
hydrogen may be accomplished by using purge or sparge gases

generated or injected into the reservoir.

3. A method according to either claim 1 or claim 2, wherein the
step of detecting the presence of anaerobic hydrocarbon-degrading

bacteria is part of step (b).

4. A method according to any one of claims 1 to 3, which
includes attempting to identify by-products of indigenous

microbial activity.

5. A method according to claim 4, wherein the products attempted
to be identified include anaerobic hydrocarbon degradation

metabolites.

6. A method according to any one of claims 1 to 3, which

includes attempting to identify archaeols.

7. A method according to any one of claims 1 to 6, wherein the
analysis in step (a) is focussed on the oil-water transition zones

in the formation.
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8. A method according to claim 1, wherein geochemical proxies

are used to assess whether the formation is actively degrading.

9. A method according to any one of claims 1 to 8, wherein steps

(e) and (f) include characterisation of the micororganisms using

genetic characeterisation methods.

10. A method according to claim 9, wherein the genetic
characterisation methods include comparison of sequences of
genetic fragments sampled from the microorganisms against

sequences from known microorganisms.

11. A method according to any one of claims 1 to 10, wherein the
step of modifying the formation environment includes introducing

an additive selected from:

(a) major nutrients;
(b) vitamins;
(c) trace elements;
(d) buffers;
(e) waters of: (i) different salinities;
(ii) different pH values;
(iii) containing complexing agents.
12. A method according to claim 11, wherein the concentration of

phosphorus is increased.

13. A method according to claim 11, wherein the concentration of

ammonium ion is increased.

14. A method according to any one of claims 1 to 13, wherein the

step of modifying the formation environment includes gas sparging.
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15. A method according to any one of claims 1 to 14, wherein
hydrogen production is promoted by the use of a layered reservoir
configuration whereby hydrogen generation in an upper reservoir
layer is maintained and promoted by hydrogen removal using gas

generated or injected into a lower reservoir layer.

16. A method according to any one of claims 1 to 15, wherein the
step of modifying the formation environment includes injection of

reactive liquid organic matter into the formation.



WO 2005/115648 PCT/GB2005/002109
1/3

Fe reduction

Nitrate reduction
syntrophs
Petroleum Hydrocarbons——y—p—-> CO, t+ H, + acetate /

Non-hydrocarbons \

Sulphate reduction

Methanogeneis

Fig. 1



WO 2005/115648 PCT/GB2005/002109
2/3

1280 §
A
1330
J3IRG
1430
- Gas cap
|
2
£ & -
5 1480 | Oil leg
[
¢ \ 4
1530 j— '
00 Sk L
15201 +—m-t%—+ Thick residual
N oil zone
1830
0 10 A} 30 40
EOM (mgfg rock)

Fig. 2



PCT/GB2005/002109

WO 2005/115648

3/3

3

ig

F



INTERNATIONAL SEARCH REPORT ntemi 2 Application No
PCT/GB2005/002109

A._CLASSIFICATION OF SUBJECT MATTER
IPC 7 B09C1/10 E21B43/22 C01B3/24 C12P3/00

According to International Patent Classification ({PC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documeniation searched (classification system followed by classification symbols)

IPC 7 B09C CO9K CO1B Cl2P

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, WPI Data, PAJ

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2004/050778 Al (NOIKE TATSUYA ET AL) 1-16
18 March 2004 (2004-03-18)

paragraph ‘0001! - paragraph ‘0009!
paragraph ‘0016! - paragraph ‘0017!
paragraph €0023! - paragraph ‘0024!
paragraph ‘0026! — paragraph ‘0027!

_____ -

Further documents are listed in the continuation of box C. Patent family members are listed in annex.

° Special categories of cited documents :

*A* document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

*L* document which may throw doubts on priority claim(s) or
which is cited fo establish the publication date of another
citation or other special reason (as specified)

*O" document referring 1o an oral disclosure, use, exhibition or
other means

*P" document published prior 1o the international filing date but
later than the priority date claimed

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited §o understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
.me“r:ls. :rstuch combination being obvious to a person skilled
in the art.

*&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search repoit
25 August 2005 02/09/2005
Name and mailing address of the ISA Authorized officer
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31~70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016 Boulon, A

Form PCT/ISA/210 (second sheet} (January 2004)




INTERNATIONAL SEARCH REPORT

Intern al Application No

PCT/GB2005/002109

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category °

Gitation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

WO 01/68904 A (EXXONMOBIL UPSTREAM
RESEARCH COMPANY)

20 September 2001 (2001-09-20)

page 3, line 19 - page 4, line 14
page 4, T1ine 29 - page 5, 1ine 14
page 6, line 15 - page 7, 1ine 15
page 8, Tine 1 - 1ine 20

page 9, Tine 3 - page 11, Tine 10
page 12, line 16 - line 22

page 13, line 23 - page 14, line 25
page 15, Tine 14 - line 25

page 17, line 4 - 1line 26

claims 14,5,7,9-14,19,24,25,35

WO 02/06503 A (UNITED STATES DEPARTMENT OF
ENERGY) 24 January 2002 (2002-01-24)
page 4, Tine 13 - 1ine 22

page 5, 1ine 15 - page 6, 1ine 7
page 11, Tine 5 - page 14, line 26
page 15, line 12 - Tine 14; claims
1,5,14,20,29

US 5 464 539 A (UENO ET AL)

7 November 1995 (1995-11-07)

column 4, Tine 20 - Tine 45; example 1

1-16

1,2,11,
14

1,11-13

Form PCT/ASA/210 (continuation of second sheet) {January 2004)




INTERNATIONAL SEARCH REPORT

Information on patent family members

Interr

ial Application No

PCT/GB2005/002109
Patent document Publication Patent family Publication
cited in search report daie member(s) date
US 2004050778 Al 18-03-2004 WO 03052112 Al 26-06-2003
AU 2002219509 Al 30-06-2003
EP 1457566 Al 15-09-2004
WO 0168904 A 20-09-2001 AU 4731201 A 24-09-2001
Wo 0168904 Al 20-09-2001
Us 2001045279 Al 29-11-2001
W0 0206503 A 24-01-2002 CA 2416377 Al 24-01-2002
EP 1301617 A2 16-04-2003
WO 0206503 A2 24-01-2002
US 5464539 A 07-11-1995 JP 2657763 B2 24-09-1997
JP 7075588 A

20-03-1995

Form PCT/ASA/210 (patent family annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

